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Fractured basement hydrocarbon reservoirs are widely distributed worldwide in more than 30 basins, where
volcanic and plutonic rocks have produced significant quantities of oil and gas. The Upper Magdalena Valley
Basin (UMVB) is a mature and productive hydrocarbon basin located in the Colombian Andes. In this basin,
plutonic and volcaniclastic Jurassic rocks are thrusted on top of Cretaceous to Cenozoic sedimentary rocks, which
constitute the petroleum system. Multi-scale fracture analysis together with petrography, petrophysics, and low-
temperature thermochronology were conducted in and outcrop analogue of this basement to assess the structural
evolution and investigate the main factors controlling the development of fracture properties in igneous base-
ments. Thermochronological data indicate the occurrence of three exhumation events between the Early
Cretaceous and Miocene, suggesting that most of the fracture networks within the Agrado-Betania hanging-wall
were likely formed before hydrocarbon migration. Structural analysis has identified a fault damage zone with a
width of approximately 746 m. Volcanic breccias and ash tuffs exhibit slightly higher areal fracture intensities
(P21 > 30 m/m?) compared to plutonic and clastic rocks (P21 < 20 m/m?). Furthermore, the fracture networks
exhibit good connectivity, with connection per branch (Cg) values exceeding the 1.5 percolation threshold.
Petrophysical calculations of matrix-fracture properties indicate high permeabilities (ranging from 1000mD to
10000000mD) and low porosities (<10%). The structural position and the diagenetic transformation of the
volcanic rocks are the primary factors controlling fracture intensity in the igneous rocks within the Agrado-
Betania fault. Results from this outcrop analogue also show that polyphasic structural histories and the burial
history positively influence the quality of fractured basement reservoirs.

1. Introduction

Fracture attributes, including kinematic aperture, intensity, and
connectivity have been related to rheology or fault deformation history.
These attributes influence the structural geometries and the flow prop-
erties and the accumulation capacity of reservoir rocks (Cooke, 1997;
Ferrill et al., 2017; Laubach et al., 2009, 2019; Manniello et al., 2022;
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Saein and Riahi, 2019; Wennberg et al., 2007). Fracture variations be-
tween different rock types have been conceptualized as “fracture stra-
tigraphy” and can be used to understand subsurface reservoir conditions
(Laubach et al., 2009). Research in fracture stratigraphy has been mostly
developed on clastic and carbonate successions, which are common
hydrocarbon reservoirs (Dashti and Rahimpour-Bonab, 2022; Manniello
et al., 2022; Saein and Riahi, 2019; Todaro et al., 2022; Ukar et al.,
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2019).

Numerous studies, performed in sedimentary rocks, have demon-
strated that fracture attributes are controlled by many factors, such as
the position in relation to regional structures ;, tectonic stress magnitude
and intensity;, long-term structural history, mechanical stratigraphy,
lithological properties, diagenesis, and the pre-deformational structural
configuration (Nelson and Serra, 1995; R. J. Lisle, 1994; Wennberg
et al., 2007; Laubach et al., 2009, 2019; Ortega et al., 2010; Li et al.,
2018; Watkins et al., 2018; Manniello et al., 2022; Mora et al., 2013;
Saein and Riahi, 2019; Sanchez-Villar et al., 2011; Tamara et al., 2015;
Todaro et al., 2022; Ukar et al., 2019).

Crystalline hydrocarbon reservoirs have been discovered in over 30
basins worldwide, some of which are characterized by a significant
production of oil and gas (Bonter and Trice, 2019; Cuong and Warren,
2009; Koning, 2019; Sun and Zhong, 2018; Tang et al., 2022; Wen et al.,
2019; Zou, 2017), reaching rates of oil production as high as 280,000
barrels of oil per day (Koning, 2019). In these basins, fractured volcanic
and plutonic units have been found charged with liquid and gas
(Debenham et al., 2019; Dimmen et al., 2017; Sanderson and Nixon,
2018).

Understanding the rheological and diagenetic properties that control
fracturing in volcanic rocks can be challenging due to their stratigraphic
heterogeneity. These units include pyroclastic facies interbedded with
sedimentary rocks that are commonly associated with intrusive bodies,
such as domes, sills, and dykes (Sun and Zhong, 2018; Zheng et al., 2018;
Wen et al.,, 2019). Furthermore, rock rheology, and ultimately the
fracture networks, can also be affected by rock composition (mafic to
felsic) as there will be variation in the resistance of minerals to defor-
mation in the burial and diagenetic histories (Wei et al., 2022) and in the
superimposed tectonic deformation and exhumation.

Located in the southern Colombian Andes, the Upper Magdalena
Valley Basin (UMVB) is the result of Mesozoic to Cenozoic sedimentation
and deformation linked to the formation of the adjacent mountain belts
(Fig. 1). Several NNE-SSW regional faults that bound this basin expose
the volcano-plutonic basement as a result of a polyphasic structural
evolution (Espitia et al., 2022; Jiménez et al., 2012; Mora et al., 2010;
Rosero et al., 2022). This basin holds commercial accumulations of
conventional oil and gas generally trapped in Cretaceous reservoirs,
which have been exploited since 1962 (Sarmiento and Rangel, 2004).
The economic basement of this basin is mainly constituted of Jurassic
volcanic and plutonic rocks, which are juxtaposed against the Creta-
ceous source and reservoir rocks (de Freitas, 2000; Ramon and Rosero,
2006; Rosero et al., 2022; Sarmiento and Rangel, 2004), opening the
possibility for hydrocarbon migration into the fractured igneous
basement.

Since the Early Cretaceous, this basin has been shaped by a poly-
phasic tectono-structural history, which encompasses an initial exten-
sional phase, which is superposed by several later compressional phases
(Carvajal-Torres et al., 2022; Cooper et al., 1995; Espitia et al., 2022;
Jiménez et al., 2012; Mora et al., 2010, 2020; Rosero et al., 2022) that
may have been responsible for the development of an open and inter-
connected fracture network, which could have enhanced the flow and
accumulation capacity.

In this contribution, we present a multi-scale structural analysis,
including the identification of topographic lineaments, fracture analysis,
and petrography, to investigate the structural evolution and evaluate the
main factors controlling the fracture network properties. Additionally,
low-temperature thermochronology, such as zircon fission-track, apatite
fission-track, zircon U-Th/He, and apatite U-Th/He was used to
constrain major deformational events. We aim to understand the plau-
sible relations of fractures with the thermal and exhumation history of
Jurassic igneous rocks within the damage zone of the regional Agrado-
Betania Fault System, which thrusts the Jurassic basement against the
Cretaceous-Cenozoic sedimentary rocks of the Upper Magdalena Valley
Basin (Espitia et al., 2022; Jiménez et al., 2012; Rosero et al., 2022;
Sarmiento and Rangel, 2004). These basement exposures could act as an
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outcrop analog for the UMVB because they share similar rock types and
structural settings with subsurface system (Ukar et al., 2019).

Exposures of Jurassic igneous rocks in this polyphasic fault present
an excellent opportunity to compare the effect of thrust fault deforma-
tion on contrasting magmatic lithologies. We highlight the importance
of the diagenetic history of the volcaniclastic sequences and that their
complex burial history, which results in the homogenization of the
mechanical strength of different lithologies. Consequently, these li-
thologies exhibit a uniform response to subsequent brittle deformation.
This contribution addresses a notable scientific gap concerning fractured
basement reservoirs in volcanic settings with complex diagenetic
histories.

2. Geological framework
2.1. Tectonic setting

The Cretaceous to recent uplift and sedimentation history of the
Colombian Andes have been related to the interactions between the
Nazca and Caribbean plates with the northwestern margin of the South
American plate (Montes et al., 2019; Parra et al., 2012; Restrepo-Moreno
et al., 2009; Siravo et al., 2019; Zapata et al., 2020; Villagomez and
Spikings, 2013; Mora et al., 2020; Horton et al., 2020). As a result of the
interactions, this orogen now includes the Western, Central, and Eastern
Cordilleras, which are separated by the Cauca and Magdalena inter-
mountain valleys (Fig. 1).

From the west, the Nazca Plate subducts obliquely underneath South
America at a rate around 53-58 mm/yr, triggering right lateral trans-
pressive movements in the overriding plate (Kellogg and Vega, 1995;
Mora-Péez et al., 2019; Taboada et al., 2000; Trenkamp et al., 2002).
The current convergence suggest a NE-SW direction of the maximum
horizontal stress in this area (Mora-Paez et al., 2019), with shortening
perpendicular to the margin and a northeast displacement with respect
to the South American Plate at a rate 8.6 mm/year (Mora-Paez et al.,
2019).

The Upper Magdalena Valley Basin is located between the southern
segments of the Central and Eastern Cordilleras; this basin is divided into
the Girardot and Neiva sub-basins by the SSW-NNE Natagaima-Patd
structural high (Fig. 1; Beltran and Gallo, 1968; Ramon and Rosero,
2006; Sarmiento and Rangel, 2004). The UMVB includes a protracted
sedimentary history that began in the Cretaceous as part of a retroarc
extensional basin that transitioned into a foreland basin during the Late
Cretaceous-Paleogene due to the uplift of the Central Cordillera (Car-
vajal-Torres et al., 2022). Finally, the UMVB turned into a hinterland
basin during the late Miocene, when the uplift of the southern Eastern
Cordillera separated it from the Llanos and Putumayo basins (Bayona
et al., 2008; Carvajal-Torres et al., 2022; Cooper et al., 1995; Mora et al.,
2006, 2013; Pérez-Consuegra et al., 2021; Reyes-Harker et al., 2015;
Zapata et al., 2023).

The structural evolution of the UMVB has been controlled by
contractional events between the Late Cretaceous and Miocene, which
have been responsible for deformation along several NNE-SSW regional
thrust faults, which include the reactivation of the structures formed
during an older Jurassic to Early Cretaceous extensional event (Fig. 1;
Butler and Schamel, 1988; Espitia et al., 2022; Guerrero et al., 2021;
Jaimes and de Freitas, 2006; Jiménez et al., 2012; Mora et al., 2010;
Ramon and Rosero, 2006; Rosero et al., 2022; Villamizar-Escalante
et al., 2021). The western and eastern boundaries of the basin have
experienced thick-skinned deformation, through the La Plata-Chusma
and the Algeciras fault systems (Fig. 1; Butler and Schamel, 1988;
Saeid et al., 2017; Velandia et al., 2005). In contrast, combined thick and
thin-skin deformation has been the dominant deformation style in the
inner part of the UMVB, as observed along the Agrado-Betania and San
Jacinto fault systems (Fig. 1b; Espitia et al., 2022; Jiménez et al., 2012).
La Plata-Chusma fault system represents the limit between the eastern
flank of the Central Cordillera and the basin. The contractional



J.C. Valencia-Gomez et al.

a

4°0’

| Sedimentary rocks
=4 Neogene-Quaternary
volcaniclastic rocks
‘ Paleogene sedimentary
(] rocks y
Cretaceous sedimentary
== rocks
i Basement rocks
Jurassic volcaniclastic
L rocks
Il Jurassic plutonic rocks
[ Paleozoic- Triassic rocks
Proterozoic
(. metamorphic rocks
Others
7 Upper i
y Magdalena Fa.nult
@ City

A basement

Marine and Petroleum Geology 165 (2024) 106850

Meso-Cenozoic oceanic

Late Jurassic metamorphic

7] rocks with Permian-Triassic
basement <
Jurassic magmatic rocks 2

[T with Proterczoic-Paleozoic

basement
-80°0° -70°0
b e Gigante
: La Canada A Garzon
A s’;f,,s:,f',fe Field Agrado  Neiva ©'eld Massif SE N’
Km \ Anticline  Syncline

7

Fig. 1. Geological map showing regional thrust faults throughout the Upper Magdalena Valley Basin, modified after Gomez and Montes (2020). White box encloses
the area in Fig. 2a; white dashed line represents the location of the A-A’ cross section shown in Fig. 1b. The inset map illustrates the current tectonic configuration of
the Northern Colombian Andes; red box depicts the study area; vector motions, relative to stable South America, were taken from Mora-Paez et al. (2019). CC: Central
Cordillera; EC: Eastern Cordillera; NAB: North Andean Block; PCB: Panama-Choc6 Block; DPRF: Dabeiba-Pueblo Rico Fault; RFS: Romeral Fault System; PF: Palestina
Fault; OPF: Oti-Pericos Fault; SBF: Santa Marta-Bucaramanga Fault; OF: Oca Fault; EAFS: Eastern Frontal Fault System.
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Fig. 2. a) Geological map of the study area (see Fig. 1 for location) showing the NNE-SSW striking Agrado-Betania fault system. The map was modified after Gomez
and Montes (2020). Red and green dots are the field stations located in the damage zone and host rock zone of the Agrado-Betania fault respectively. White ellipses
represent the four study zones of fracture orientations. Orange stars represent the location of the two thermochronological samples from the Astillero Pluton modeled
in this study. White stars represent the location of the published geochronological data after (Rodriguez et al., 2016, 2018); b) Generalized stratigraphic section
showing the main sedimentary units of the Upper Magdalena Valley Basin. Modified after Roncancio and Martinez (2011) and Sarmiento and Rangel (2004).

deformation migrated from La Plata-Chusma fault to the east of the
basin through low-angle thrust faults (i.e., Dina and Palogrande Thrusts;
de Thrusts; Butler and Schamel, 1988). These faults formed an eastward
verging imbricate thrust belt including shallowly dipping
basement-cored ramp anticlines (i.e., La Hocha Anticline and Upar High,
Butler and Schamel, 1988; Jiménez et al., 2012).

Eastward dipping backthrusts (i.e., El Vergel Fault, La Canada Fault)
were developed associated with the ongoing contractional deformation
related to the Mio-Pliocene uplift of the Eastern Cordillera (Anderson
et al., 2016; Butler and Schamel, 1988).

The Agrado-Betania fault is a thrust fault striking NE-SW with a fault
plane that dips steeply (~50-60°) to the west (Figs. 1 and 2; Butler and

Schamel, 1988; Espitia et al., 2022; Jiménez et al., 2012). Seismic
interpretation suggests that the deformation of this fault is associated
with a fault throw of at least 4 km (Espitia et al., 2022). Volcanic rocks of
the Jurassic Saldana Formation and the Astillero Pluton are thrusted
against the Miocene Gigante Formation by the Agrado-Betania fault,
recording the latest-phase of deformation in the basin (Fig. 1b and 2a;
Gomez and Montes, 2020).

Despite several studies focused on understanding the style and
timing of the deformation on the UMVB, with the recognizing of an
inversion history that occurred in several phases from the Eocene to the
present day (Anderson et al., 2016; Butler and Schamel, 1988; Espitia
et al., 2022; Jiménez et al., 2012; Mora et al., 2010; Saeid et al., 2017;
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Villamizar-Escalante et al., 2021), the role of the basement in the
structuration and the timing of deformation events have not been fully
understood.

2.2. Petroleum system

The UMVB is one of the most prolific basins in Colombia, with sig-
nificant oil and gas accumulations discovered since 1951 (Roncancio
and Martinez, 2011). It encompasses over 30 oil and gas fields, with an
annual production of approximately 18 million hydrocarbon barrels.
The exploration efforts in these hydrocarbon accumulations have
resulted in the discovery of 630 million barrels of oil and 123 billion
cubic feet of gas across 38 fields (Roncancio and Martinez, 2011; Sar-
miento and Rangel, 2004).

The Villeta Group encompasses the main hydrocarbon source rocks
of the UMVB; this sedimentary succession was deposited during a
maximum marine flooding event in the Cenomanian (Fig. 2b; Sar-
miento-Rojas et al., 2006; Sarmiento and Rangel, 2004). Source rocks
consist of shales and limestones deposited in an anoxic environment,
with an average of Total Organic Carbon (TOC) ranging from 1% to 4%
(Sarmiento and Rangel, 2004). The main reservoir rocks in the UMVB
are deltaic quartz-arenites, which were formed during Aptian-Albian
stages (i.e., Caballos Formation; FEtayo-Serna and Carrillo, 1996,
Fig. 2b) and Maastrichtian stage (i.e., Monserrate Formation; Sarmiento
and Rangel, 2004: Fig. 2b). Other minor reservoirs include fluvial to
alluvial fan environments of Eocene to Miocene ages, associated with
the Chicoral, Doima, and Honda formations (Fig. 2b). The primary seal
rocks in the basin are composed of muddy Cenozoic fluvial and lacus-
trine sedimentary rocks within the San Francisco, Potrerillos, Barzalosa,
and Honda formations (Ramon and Rosero, 2006; Sarmiento and Ran-
gel, 2004).

The deformation history of the UMVB has resulted in the structural
juxtaposition of Jurassic plutonic and volcanic rocks on top of the Meso-
Cenozoic hydrocarbon source rocks (i.e., Villeta Group) and reservoir
rocks (i.e., Caballos and Monserrate Formations) (Ramon and Rosero,
2006; Sarmiento and Rangel, 2004). Many wells producing conventional
hydrocarbons are located in the footwall of the Agrado-Betania and San
Jacinto faults, where the Jurassic basement is in contact with the pro-
ducing rocks (Fig. 1b-Espitia et al., 2022; Jiménez et al., 2012). Drilled
wells have proven that the igneous Jurassic rocks represent the under-
lying pre-Cretaceous basement in most of the UMVB (de Freitas, 2000).

Basin subsidence and sedimentation was the main mechanism
responsible for organic maturation in depocenters where sediment
thickness reached a maximum before any tectonic burial. Additionally,
organic maturation occurred in some pods due to tectonic stacking of
thrust sheets in the western part of the basin, resulting from contrac-
tional events between the Eocene and Miocene periods (Sarmiento and
Rangel, 2004). Stratigraphic traps were developed during
Meso-Cenozoic sedimentation, while structural traps primarily formed
during the Mio-Pliocene deformation. Furthermore, hydrocarbon
migration occurred from the Miocene to the present day in most of the
basin (Ramon and Rosero, 2006; Sarmiento and Rangel, 2004).

2.3. Jurassic igneous rocks

Jurassic volcanic and plutonic rocks are widely distributed in the
Northern Andes of Ecuador and Colombia. These rocks units are exposed
along discontinuous and elongated NNE-SSW bodies in the Central and
Eastern Cordilleras of Colombia, as well as in the Upper and Middle
Magdalena Valleys (Bayona et al., 2006, 2010, 2020; Bustamante et al.,
2010, 2017; Leal-Mejia et al., 2019; Rodriguez-Garcia et al., 2020;
Spikings et al., 2015). They include plutonic rocks from the Ibagué
Batholith, the Paez Massif, the Algeciras Massif, and the Astillero Pluton,
as well as the volcaniclastic Saldana Formation (Fig. 1; Gomez and
Montes, 2020). Within the Neiva Sub-basin, in the southern sector of the
UMVB, several well-preserved outcrops of Jurassic igneous rocks are
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present around its western and eastern boundaries.

The Jurassic plutonic rocks throughout the UMVB are grouped into a
mafic-intermediate quartzmonzonite-quartzdiorite series and the most
evolved ones are grouped in the granodiorite-syenogranite series
(Rodriguez et al., 2018). Geochemical and geochronological constraints
suggest that these rocks are related to a long-lived magmatic arc on a
continental margin that was active between 195 Ma and 153 Ma (Bay-
ona et al., 2020; Bustamante et al., 2010, 2016; Restrepo et al., 2021;
Rodriguez et al., 2018, 2020).

Volcaniclastic and plutonic rocks related to the Saldana Formation
are the basement of the UMVB (Fig. 1). The Saldana Formation overlays
Late Triassic calcareous rocks from the Payandé Formation in the
northern part of the basin (Girardot Sub-basin); however, in the Neiva
sub-basin this relationship is not clear, therefore crystalline rocks are
referred to as pre-Cretaceous basement (Espitia et al., 2022). The Bar-
remian fluvial Yavi Formation and the deltaic Albian-Aptian Caballos
Formation overlay the Jurassic volcaniclastic basement through a
well-defined angular unconformity (Fig. 2a; Cediel et al., 1980). The
Saldana Formation has been separated into the lower Chicala and upper
Prado members, which record the transition from shallow marine
depositional systems with minor volcanic contribution to fluvial conti-
nental environments dominated by explosive volcanic activity (Bayona
et al., 1994; Mojica and Llinas, 1984). The fossiliferous record of the
Chicala Member indicates a Rhaetian (Late Triassic) age for its sedi-
mentation (Mojica and Llinas, 1984). Petrography, geochemistry, and
geochronology data from the Prado Member in the UMVB suggest that
these rocks were also part of the continental magmatic arc with crys-
tallization ages between 189 Ma and 168 Ma (Bayona et al., 1994;
Rodriguez et al., 2016).

This Jurassic magmatic record has been related to a transtensional
tectonic setting, being also affected by northward strike-slip displace-
ment between the Late Jurassic and the Early Cretaceous as a result of
the oblique convergence between the Farallon oceanic plate and
northwestern South America (Bayona et al., 2006, 2010, 2020; Busta-
mante et al., 2010).

3. Methodology

We conducted a multiscale analysis in the SW portion of the UMVB,
near the Agrado town (Fig. 2a), where the igneous Jurassic basement (i.
e., Saldana Formation and Astillero Pluton) is well exposed in the
hanging-wall of the Agrado-Betania fault system. Because we analyzed
an outcrop analog, the lack of subsurface data is a limitation for pre-
dicting how the fracture properties and reservoir quality can change
with depth.

We mapped macroscale topographic lineaments using satellite data,
mesoscale outcrop analysis using scanlines and circular windows, and a
microscale study using thin sections of rock samples. Also, these
methods were integrated with low-temperature thermochronological
and petrophysical data to assess the structural evolution and reservoir
quality of the igneous rocks, that are exposed in the hanging-wall of the
Agrado-Betania fault.

3.1. Topographic lineament analysis

The development of linear features on the surface such as drainage,
crests, and valleys have been associated with fault and fracture zones
(Wise et al., 1985). Several workers have utilized topographic lineament
mapping, through remote sensing, to characterize regional scale,
sub-parallel linear topographic features, referred to as “lineaments”
(Cianfarra and Salvini, 2015; Wise et al., 1985 and references therein).

The regional topographic lineament analysis was carried out
following the methodology proposed by Wise et al. (1985) and imple-
mented by Celestino et al. (2020). A Digital Elevation Model was freely
downloaded from the Alos-1 Palsar satellite through the website htt
ps://asf.alaska.edu, which provides 12.5m of spatial resolution per
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pixel. Crests and valleys were discriminated through an interactive
shadowing technique in different orientations of light incidence (Az0°,
Az45°, Az270°, and Az315°) using the QGIS 3.18 software on a Digital
Elevation Model (DEM) (Fig. 3a). We have selected the southwestern
segment of the Upper Magdalena Valley Basin (Neiva Sub-basin) and the
Central Cordillera, where La Plata-Chusma and Agrado-Betania fault
systems are well exposed (Fig. 2a) to perform the lineament analysis
(Fig. 3a). As a result, the lineaments were manually drawn over an area
of ~1452Km?.

Lineament orientations and lengths were calculated through the
NetworkGT plugin in QGIS (Nyberg et al., 2018), and plotted on rose
diagrams using the Stereonet software (Cardozo and Allmendinger,
2013). Additionally, 2D lineament intensity was calculated following
the circular window scanning method with 100 m grid cells and a
sampling window with a 900 m radius (Cawood et al., 2023; Mauldon
et al., 2001).

3.2. Field observations and petrography

Lithological descriptions include composition, classification, grain
size, and weathering. The description of ignimbrites was conducted
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following the non-genetic lithofacies scheme from Branney and Koke-
laar (2002), sedimentary lithologies were classified after Folk (1980),
and igneous rocks were classified according to Le Maitre (2002).

The petrographic analysis followed the conventional methodology
(Suttner et al., 1981), encompassing the identification of grain types,
characteristic textures, and interstitial materials such as cement, matrix,
and pores. The petrographic description of ignimbrites was conducted
by describing matrix, vesicles, crystals, shards, and lithic fragments, and
their compositional and textural characteristics (McPhie et al., 1993).

3.3. Outcrop fracture analysis

3.3.1. Fracture intensity and connectivity

The outcrop fracture study included the measurement of the fracture
orientations in forty-seven field stations exposed throughout a west-east
cross-section perpendicular to the Agrado-Betania fault (Fig. 2a). To-
pology, fracture intensity analysis, porosity, and permeability calcula-
tions were carried out in twenty-one stations.

The fracture properties, such as aperture, spacing, fill, and fracture
relationships, were also described (Peacock et al., 2018). Fracture in-
tensity and topology was evaluated following the scan line (Priest and

a Lineament analysis
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Fig. 3. a) Flowchart illustrating the sequence of steps conducted during the analysis of topographic lineaments extracted from the digital elevation model. Modified
from Celestino et al. (2020); b) Explanation of the fracture network configuration based on lines, nodes, and branches when evaluated in a two-dimensional context
after Nyberg et al. (2018). The nodes within the fracture network are categorized as either isolated nodes (I) or connecting nodes (Y or X). Also, the branches are
categorized as either isolated branches (I-1), singly connecting branches (C-I) or doubly connected branches (C-C). This classification is applied within a defined
sample area and interpretation boundary. Cp: average connections per branch; C;: average connections per line; P1o: 1-D frequency; Pyo: fracture intensity (areal
intensity); N;: number of I nodes; Nx: number of X nodes; Ny: number of Y nodes; L¢: characteristic length; Nj: total lines; Np: total branches.
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Hudson, 1981), and the circular scanning window methodologies
(Mauldon et al., 2001; Rohrbaugh et al., 2002; Sanderson and Nixon,
2015, 2018; Watkins et al., 2015, Tables 1 and 2).

Sanderson and Nixon (2015) proposed a relationship between con-
nectivity and fracture intensity, using the tips of the fracture segments,
called nodes (Fig. 3b). Isolated nodes (“I type”) are connected only by
one branch, abutting nodes (“Y type™) are connected by three branches,
and crossed nodes (“X type”) are connected by four branches (Fig. 3b).

The linear frequency, also known as P10 intensity by some authors,
was determined by counting the number of fractures per unit length
(P10 =# fractures/meter). Since fracture-size distributions typically
follow power-law or exponential scaling, associating a size descriptor
(aperture) with the Pj( intensity enhances the usefulness of this
parameter (Ortega et al., 2006). This adjustment is crucial because a set
of fractures has a more significant impact when they are larger (wider)
compared to the same number of smaller (narrower) fractures. There-
fore, we adopted the scale-independent approach to fracture intensity
proposed by Ortega et al. (2006). This approach involves calculating a
cumulative-frequency fracture-size distribution, which provides a
comprehensive measure of fracture intensity that explicitly considers
fracture size allowing comparisons at different locations and observa-
tion scales. To facilitate comparisons among all datasets, we standard-
ized fracture intensities using a consistent fracture-aperture threshold of
0.2mm (Ortega et al., 2006). Fracture aperture was measured using a
logarithmically graduated comparator.

The areal fracture intensity, known as Py, refers to the total length of
fractures in meters per unit area (Py; = total length of fracture (m)/total
area (m?). Areal intensity is estimated within a circular area with
different defined radius, which must encompass more than 30 nodes. In
this area the number of “I”, “Y” and “X” nodes must be counted to
calculate the number of lines (N) and the average length of lines (L¢)
(see equation in Fig. 3b-Sanderson and Nixon, 2015). We were not able
to measure the P32 fracture intensity value because most of the outcrops
were exposed in only 2 dimensions.

Branches can be classified as isolated (“II types™), partially connected
(“IC type™), and totally connected (“CC type™). A high amount of “X” and
“Y” nodes indicates high fracture connectivity. Therefore, following the
equation in Fig. 3b, the average connection per branch index (Cp) is used
to assess the connectivity of a fracture system. This index can be
calculated in terms of the sum of “X” and “Y” nodes divided by the
number of branches (Np) in the circular scanning area. Hence, values of
Cp higher than 1.5 suggest a highly connected network of fractures
(Sanderson and Nixon, 2018). Similarly, we computed the average
connection per line index (Cp) using the proportion of “X” and “Y” nodes
(Sanderson and Nixon, 2018).

Forstner and Laubach (2022) have recently proposed a novel meth-
odology in which connectivity descriptions should include accurate
measurements of fracture properties by employing “contingent” nodes
(C nodes) that consider both scale and diagenesis. The contingent nodes
are useful when complex interactions between fracture segments exist,
for instance, where en-echelon segments overlap (Forstner and Laubach,
2022). Hence, their intersection relations are ambiguous, leading to
uncertainties in defining connectivity and length (Forstner and Laubach,
2022). However, as our study did not identify a significant number of
overlapping fractures or an abundance of mineral-filled fractures, we
decided not to consider contingent nodes. Instead, we followed the
methodology proposed by Sanderson and Nixon (2018) since it remains
suitable and valuable for our specific study.

3.3.2. Evaluation of the fault damage zone

Fracture intensity was conducted at twenty-three stations in order to
estimate the width of the fault damage zone. This analysis was carried
out in different lithologies to explore the possible control of lithology in
fracture intensity by comparing bar diagrams per lithology in both
damage zone and host rock (Fig. 6d and e).

Bar diagrams of Pp( intensity versus cumulative frequency were
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plotted to assess the behavior of the cumulative frequency curve as a
function of distance from the fault core (Choi et al., 2016). The width of
the damage zone was determined by identifying an abrupt reduction in
the slope of the cumulative frequency curve, which marks a decrease of
fracture intensity and defines the boundary of the damage zone (Choi
et al., 2016).

3.4. Petrophysics

Twenty-two core plug samples from different lithofacies of the Sal-
dana Formation and the Astillero Pluton distributed among seventeen
field stations, were collected within the hanging-wall of the Agrado-
Betania fault to calculate matrix porosity and permeability. In five sta-
tions, core plugs were drilled in two orientations perpendicular and
parallel with respect to a fracture plane, to evaluate fluid flow anisot-
ropy. Fracture porosity and permeability were estimated, in the same
outcrops where the matrix plugs were taken, by using equations pro-
posed by Tiab and Donaldson (2015) and Marrett (1996). These petro-
physical properties were computed firstly on individual fractures, using
fracture properties such as intensity, aperture, spacing, and average
fracture length (Table S3). Then, matrix values were added to compute
the total porosity and permeability for each outcrop.

3.4.1. Matrix porosity

The measurements of porosity of the core plugs were carried out
based on Boyle’s Law of gas expansion in the Petrorocas S.A.S Labora-
tory, Medellin, Colombia. Then, grain volume (Vi) was obtained from
a dry sample, where helium is injected and expanded into a chamber
containing the core plugs (Tiab and Donaldson, 2015). The pressure
needs to be recorded in each step. Pore volume (Vyore) was calculated
through the difference between bulk volume and grain volume (Vgrgin).
Finally, porosity (¢) was computed using these values.

3.4.2. Matrix permeability

A gas permeameter was used to estimate the permeability of the core
samples, in which the pressure difference was measured until a steady
state was reached. This test was conducted in a 100% saturated sample
with a brine with a defined concentration of salts. The bulk permeability
was determined following Darcy’s law, which relates the fluid flow
across a transversal area and a determined length (Tiab and Donaldson,
2015).

3.4.3. Fracture porosity and permeability

Petrophysic analysis also included fracture porosity and perme-
ability calculations, which were computed in terms of fracture attributes
such as intensity, aperture, and average fracture height following the
methodology for petrophysical properties estimations of naturally
fractured rocks proposed by Tiab and Donaldson (2015). Given that
fracture aperture populations follow power-law or negative exponential
distributions, we also performed the calculations of fracture porosity
and permeability following the equations proposed by Marrett (1996),
to compare the results obtained by both methodologies.

The porosity of a fracture network was calculated with Equation
(3.1) after Tiab and Donaldson (2015).

Pfractures = (PIO * auv) * 100 (31)

where P = fracture intensity (# fractures/m) and a,, = mean aperture
(m). Furthermore, the aggregate fracture porosity was calculated with
Equation (3.2) after Marrett (1996):

a
¢r= ) g *100 (3.2)

where a = aperture of each fracture (cm) and Ry = sampling line. Before
estimating the permeability of a fracture set, single fracture permeability
must be calculated following Equation (3.3) defined by Tiab and
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Donaldson (2015):

Kjracture = 8.444 % 10° %(ag,)* (3.3)

where Kfrgcnre = permeability of a single fracture (Da), and a4, = mean
aperture (cm). Then, effective permeability, which is computed in terms
of fracture and matrix permeability, can be estimated using Equation
(3.4), suggested by Tiab and Donaldson (2015):

(nf * gy * Huv) * Kfructure>
A

Kejj‘: (nf * Qay * ZIGV) * Kfracture+ <1 _

* Ky
(3.4)

where K, = effective permeability (Da), Ky, = matrix permeability (Da),
Kfracture = permeability of a single fracture (Da), Hgy = average height of
fractures (cm), nf=number of fractures per area, A = circular window
area (cmz), and ag, = mean aperture (cm).

Finally, the aggregate fracture permeability was calculated with
Equation (3.5) after Marrett (1996):

a3
Kr= 3.5
T leRT (3.5

where a=aperture of each fracture (cm) and Ry =sampling line.
Additionally, the effective permeability and porosity were calculated
with the minimum aperture from each outcrop. The results were then
reduced by 70% to approximate the values to well conditions and to
enable the comparison with other data following the results of Rashid
et al. (2023), who found that fracture permeability was reduced around
four orders of magnitude from 0 PSI to 4000 PSIL.

3.5. Low-temperature thermochronology and inverse thermal history
modeling

Thermochronology is based on the quantification of decay products
following the closure of an isotopic system (e.g., Harrison, 2005;
Reiners, 2005). In the zircon (ZFT) and apatite (AFT) fission-track
methods, lattice damage (tracks) resulting from the spontaneous
fission of U238 are quantified (e.g., Malusa and Fitzgerald, 2019). These
tracks can be annealed at temperatures ranging from approximately
60 °C-120 °C for apatite (Green et al., 1986) and 180-300 °C for zircon
(Bernet, 2009), defining the apatite and zircon partial annealing zones,
respectively. In apatites, the distribution of track lengths can be related
to the sample trajectory through the partial annealing zone (Green et al.,
1985). The analyses were carried out at the Low-Temperature Ther-
mochronology Laboratory (LabTer) of Sao Paulo University. Detailed
procedures are presented in Zapata et al. (2020) and Patino et al. (2019).

The apatite (AHe) and zircon (ZHe) helium methods consist of
measuring the helium accumulated in the crystal lattice as result of the
decay of uranium (**8U and 2%°U), thorium (232Th), and samarium
*sm) (only in apatites). The capacity of zircon and apatite to retain
helium is highly influenced by grain size, cooling rates and the amount
of radiation damage, which is proportional to the amount of parent
isotopes (effective uranium; eU = u + 0.235*Th). Under cooling rates of
~10 °C/Ma, apatites can partially retain helium within a temperature
range from 40 to 90 °C, while typical zircons can retain helium within a
range of 140-220 °C (Flowers et al., 2009; Guenthner et al., 2013;
Shuster et al., 2006). Only reproducible ages (SD < 20% of the mean
age) and single-grain aliquots that exhibit size or eU intra-sample trend
susceptible of modeling were included in the model (Brown et al., 2013;
Flowers et al., 2009; Guenthner et al., 2013). The grain degassing was
conducted at the Alphachron laboratory at Potsdam University, while
the measurement of U, Th, and Sm concentrations was carried out at the
German Research Center of Geoscience (GFZ). Detailed procedures are
presented in Zapata et al. (2019a).

The most likely thermal history was obtained from the data using the
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QTQt software (Gallagher, 2012). The AHe models employed the kinetic
model proposed by Flowers et al. (2009), the Guenthner et al. (2013)
model was used for ZHe data, and the one of Ketcham et al. (2007) for
AFT data. The initial 250,000 iterations were discarded (burn-in stage),
and the subsequent 250,000 iterations were used to calculate the pos-
terior probability. Two geological constraints were incorporated into the
model to account for the pluton’s crystallization age and the observed
unconformity between the basement and Cretaceous strata (Fig. 2a).
This relatively large unconformity constraint was established between
140 Ma and 100 Ma due to the lack of accurate depositional ages of the
Caballos Formation in our study area. The model was allowed to
generate solutions within the time range of 0 Ma to 200 Ma and the
temperature range of 0 °C-200 °C.

4. Results
4.1. Topographic lineament analysis

Differences in lineament orientations can be observed between each
shadowing direction, with Az45° direction showing predominantly a
NW-SE orientation, while the Az315° being characterized by a NE-SW
direction (Fig. 4a). However, the orientations of crests and valleys
exhibit similar distributions. We therefore plotted crests and valleys
topographic lineaments on a single rose diagram, including all shad-
owing directions (Fig. 4b). The integrated rose diagram reveals that
lineaments are mainly distributed with three preferred orientations: NE-
SW, N-S, and NW-SE, with a secondary E-W orientation (Fig. 4b). The
topographic lineaments orientations follow the fault strikes in the study
area, as can be observed in the NE-SW striking faults (i.e., Los Frailes, La
Plata-Chusma, and Agrado-Betania faults), as well as the NW-SE striking
faults (i.e., El Paso de Bobo fault, Fig. 2a, 4b and 4c), which are exposed
in the published fault maps. The fault-lineament correlation was also
observed in some outcrops, where the strike of faults mostly follows the
lineament orientations. For instance, the fracture orientation measure-
ments carried out in zones 3 and 4 showed NW-SE striking faults
(Fig. 4d).

The 2D lineament intensity reaches higher values in the westernmost
part of the study area (~0.02 m/mz), where Permian and Jurassic
plutonic rocks are extensively exposed (i.e., La Plata granite and Paez
Massif). In contrast, the eastern part, characterized by volcaniclastic
rocks (i.e., Saldana Formation), exhibits lower values
(~0.002-0.016 m/m?, Fig. 4c).

Crystalline rocks located near the regional faults exhibit higher
lineament intensity compared to those farther away (Fig. 4). For
instance, within the hanging-wall of the Agrado-Betania and La Plata-
Chusma faults (Fig. 4c). However, in the case of the westernmost Los
Frailes Fault and La Plata-Chusma Fault, there are no clear relationships
between lineament intensity and proximity to the fault. High lineament
intensity is also associated with NW lineament orientations (i.e.,
Agrado-Betania fault; Fig. 4c and d). We highlight the presence of these
‘off-fault’ areas with high lineament intensity, situated in the hanging
wall of both La Plata-Chusma Fault and Los Frailes Fault, because they
exhibit the highest intensities within our study region (Fig. 4c).

4.2. Field observations and petrography

The volcaniclastic record of the Saldana Formation consists of a
discontinuous section of ~2.5km of stratigraphic thickness. The field
observations show a monoclinal structure with the strata dipping 40°
and dip azimuth orientation around ~320°. Furthermore, an angular
unconformity with the Lower Cretaceous Caballos Formation was
identified in the northwestern part of the Agrado-Betania hanging-wall
(Fig. 2).

The stratigraphy of the Saldana Formation in the hanging-wall of the
Agrado-Betania fault is represented by thick beds (~1-2 m) of massive
volcanic rocks, which are interbedded with a few beds of red, parallel
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laminated mudstones and gray chert. Also, there are some beds of pumice, lithic fragments, and some crystals of alkali feldspar and
massive tuffaceous sandstones and matrix-to-clast-supported conglom- plagioclase (Fig. 5). The most common lithologies in the Saldana For-
erates, interbedded with the volcanic rocks. mation are massive, well sorted, red to violet ash tuffs, which range from

Volcanic lithologies include massive and poorly sorted volcanic shard-rich to crystal-rich compositions with vitriclastic texture in the
breccias and lapilli tuffs with angular to subangular fragments of pink matrix, where the glassy shards are well preserved (Fig. 5e). Crystals of
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Fig. 5. Field and petrographic characteristics from Jurassic igneous rocks that are exposed in the hanging-wall of the Agrado-Betania fault. a) Volcanic lithic breccia;
b) Quartz-monzonite from the Astillero Pluton; ¢) Hornfels after sedimentary breccia from the Saldana Formation; d) Petrographic details of the quartz-monzodioritic
facies from the Astillero Pluton showing some intragranular microfractures; e) Shard-rich ash tuff displaying vitriclastic texture and alkali feldspar crystals; f)
Tuffaceous litho-arenite showing flexion of pumice fragments and pseudomatrix formation after juvenile fragments; g) Crystal-rich ash tuff with disseminated
chlorite; h) Crystal-rich ash tuff displaying pervasive silicification and broken crystals of alkali feldspar; i) Crystal-rich ash tuff with disseminated chlorite and
dissolution pores after feldspar crystals. L: lithic; Afs: alkali feldspar; Pl: plagioclase; Px: pyroxene; Qz: quartz; Chl: chlorite; Ser: sericite p: pumice fragment; m:

matrix; s: shard glass; mSi: matrix with silicification.

alkali feldspar, plagioclase, and quartz are predominant components in
most of the samples, whose composition ranges from quartz-latite to
alkali feldspar trachyte. Overall, some volcaniclastic rocks exhibit
incipient to intense eutaxitic fabric of deformed juvenile pyroclasts,
which is appreciable both on outcrops and thin sections. Also, the
flexion of juvenile fragments, development of pseudomatrix after pum-
ice fragments, and sutured contact between framework grains are pieces
of evidence of high compaction (Fig. 5f).

The Astillero Pluton intrudes the Saldana Formation, generating
thermal effects evidenced by the formation of hornfels and causing a
pervasive silicification of these volcanics rocks (Fig. 5b, ¢, and 5d). This
igneous body is composed of massive to porphyritic, gray to pinkish-
colored quartz monzodiorites and quartz monzonites (Fig. 5b). These
rocks predominantly consist of plagioclase, alkali feldspar, and quartz,
with a lesser proportion of mafic minerals, including clinopyroxene,
amphibole, and biotite. Intragranular microcracks are observed in the
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plagioclase (Fig. 5d).

Rocks in the Saldana Formation display several diagenetic minerals
and pervasive silicification. The most common product is silica, which is
pervasively disseminated through volcanic rocks. Non-coherent volca-
nic rocks display felsitic and axiolitic textures. Furthermore, some
samples exhibit a different mineral paragenesis as a result of devitrifi-
cation, such as disseminated chlorite, sericite, silica, and epidote (Fig. 5g
and h); while a few samples show vesicular features and dissolution
pores that enhance the secondary porosity in volcanic rocks (Fig. 5i; see
discussion).

4.3. Outcrop fracture analysis

4.3.1. Fracture characteristics and orientations
The Agrado-Betania fault thrusts Jurassic igneous rocks against
Meso-Cenozoic sedimentary rocks from the UMVB (Fig. 2a). Fault
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intensity by lithology.

architecture, including the core, damage zone, and host rock, was
identified (Fig. 6). Transverse faults and different lithologies are also
exposed across the area.

We divided this fault into four zones to evaluate the changes in the
fracture network along its hanging-wall (Fig. 2a). The results of fracture
orientation and characterization are summarized in Table 1.

Conjugate open shear fractures, with slickensides developed in the
fault planes, are the most common type in the area. However,
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extensional fractures with smooth planes are also observed. In the
described field stations, it was not possible to achieve the differentiation
between shear fractures and extensional fractures due to the quality of
the outcrops. Mineralized slickensides were found in some outcrops.
These are characterized by the presence of minerals such as plagioclase,
quartz, and alkali feldspar in the fault damage zone, whereas in the vi-
cinity of the fault core, sericite and chlorite were the most common
minerals found along faults and fractures. Despite this mineralization,
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Table 1
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Summary of the main fracture sets characteristics in the outcrop analog within the hanging-wall of the Agrado-Betania fault. The detailed fracture orientation and

aperture measurements are presented in Tables S1 and S2 respectively.

Fracture Main orientation Mineralization Relative age relationships Minimum Mean Maximum
set (Dip/Dip aperture aperture aperture
azimuth) (mm) (mm) (mm)
NNW- 5-10/250-270 Open/Some of them with The youngest fracture set in the area (exhumation 0.095 0.731 5.000
SSE cataclasites and plagioclase fractures), which is posterior to fractures sets NE-SW
slickensides through secondary and N-S
fault planes
NE-SW 50-80/315-330 Open/Some of them with feldspar ~ These two sets have an intermediate age and were 0.050 0.547 2.150
slickensides through secondary probably developed together as a result of the Agrado-
fault planes Betania faul evolution.
N-S 60-88/260-275 Open/Some of them with quartz 0.175 1.652 10.000
NW-SE 30-40/210-220 Epidote-Chlorite-Sericite The oldest fractures set in the area. This fracture and 0.215 1.058 6.000

fault orientation is probably related to NW-SE
inherited structures in the basement. This set is prior to
NE-SW, N-S, and NNW-SSE fractures set.

fractures are usually open. Some open fracture sets postdate the sericite
and chlorite mineralization; however, there was also reactivation after
mineralization through some pre-existing fault planes.

Zone 1 (Fig. 2a), which is located near the core of the Agrado-Betania
fault, is characterized by two predominant fracture sets. One fracture set
trends in a north-south direction, displaying a steep dip angle ranging
from 45° to 80°, while the other one has a northeast-southwest trend
with a dipping angle of ~60°-75° (Fig. 4d). Open shear fractures are the
dominant type of discontinuities found in zone 1. Alkali feldspar and
plagioclase slickensides that are recognized together with some ~10 cm
width cataclasites indicate the presence of secondary faults with N-S
and NNW-SSE orientations in the zone (Table 1 and Table S1).

Zone 2 includes the Saldana Formation and the Astillero Pluton in a
distal position with respect to the Agrado-Betania fault core (Fig. 2a).
The Astillero Pluton, and hornfels in the Saldana Formation show long
NNW-SSE sub-horizontal fractures and fracture corridors with NW-SE
directions. Also, in the northwestern portion of Zone 2, there are NW-
SE striking faults and fractures affecting the Saldana Formation
(Fig. 4d).

The western part of the hanging-wall of the Agrado-Betania fault
(Zone 3; Fig. 2a) is characterized by high-angle fractures trending N-S,
which are associated with minor faults striking in the same direction
(Fig. 4d). Finally, Zone 4 (Fig. 2a) encompasses the core of a transverse
fault, with NW-SE strike and moderate dip angle (~35-40°), which is
characterized by pervasive chlorite-epidote-sericite mineralization
concentrated along cataclasite planes. Kinematic indicators, like slick-
ensides and conjugate sets of fractures, indicate a strike-slip component
for this fault that controls the orientations of structures in this location
(Fig. 4d).

4.3.2. Evaluation of the fault damage zone

The three fault architectural elements of the Agrado-Betania fault
were observed, including the fault core, the damage zone, and the host
rock. The core experienced higher deformation intensity than the
damage zone, and therefore, as the core approaches, the basement rocks
exhibit higher fracture intensities. The Agrado-Betania fault core is
characterized by non-foliated crackle breccias and cataclasites,
composed of fragments of volcaniclastic rocks from the Saldana For-
mation (Fig. 6a). The core has a thickness of ~40 m. The core of the
Agrado-Betania fault is bounded by the damage zone, which consists of
highly fractured rocks with limited textural and compositional modifi-
cations. Also, the damage zone is defined by ordered sets of fractures and
secondary minor faults (Fig. 4c and 6a). Secondary minor faults, iden-
tified through remote sensing and field data, are associated with the
regional Agrado-Betania fault. These structures are mainly oriented NW-
SE and NNW-SSE(Fig. 4c). Finally, the host rock is represented by a low
fracture intensity zone (Fig. 6a).

Cumulative frequency of P;q fracture intensity through the change
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between the slopes on the hanging-wall was used to calculate a width of
~746 m for the damage zone of the Agrado-Betania fault (Fig. 6a; Choi
et al., 2016). The boundary of the damage zone can also be observed by
the decrease from ~50 fractures/meter to less than 10 fractures/meter
in the host rock at ~1000 m from the fault core (Fig. 6a). Tuffs are
located in both damage zone and host rock; therefore, the reduction of
fracture intensity is mainly associated with structural position (Fig. 6d
and e).

Structural observations from twenty-two field stations are used to
evaluate the relationship between P;g and Po; fracture intensities with
distance from the Agrado-Betania fault core. The linear fracture in-
tensity (P1o) diagram, as well as the areal fracture intensity (P2;) show a
clear reduction as the distance from the fault core increases (Fig. 6b and
7¢). To estimate this relationship, we computed a regression of both
fracture intensities (P10 and Py;) against fault distance, getting an in-
verse power-law distribution. For Py values, the distribution is por-
trayed by Equation (4.1), with an RZ=0.68 (Fig. 6b).

Py = 2744 « (fault distance) *""* 4.1

Likewise, the distribution of the Py; values is represented by Equa-
tion (4.2), with an R% = 0.81 (Fig. 6¢).

Py = 2530 * (fault distance) *% (4.2)

The boundary of the calculated damage zone through cumulative
frequency methodology coincides graphically with the maximum cur-
vature point of the power-law distribution, which confirms ~750 m of
width for the Agrado-Betania damage zone.

4.3.3. Fracture intensity

To compare the effect of lithology and diagenesis in fracture devel-
opment, field stations were separated between the damage zone and
host rock, according to the width calculation presented in the previous
sub-section. We performed scanlines and circular scanning windows in
eight stations within the damage zone and fifteen within the host rock.
Results were integrated to correlate the average intensity of deformation
(P10 and Py;) with the simplified lithologies. Fracture analysis, including
topology, intensity, porosity, and permeability are summarized in
Table 2. This approach enables the estimation of the average brittle
structure intensity by each integrated lithofacies, allowing the identifi-
cation of the changes between the damage zone and host rock. Also, the
influence of rheology in fracture development was evaluated through
this approach.

P fracture intensity within the damage zone ranges from ~11.2
fractures/m to 64.0 fractures/m, while in the host rock P;¢ fracture in-
tensity values are below ~20 fractures/m (Fig. 6b and 7). Areal fracture
intensity Py; displays a similar pattern, ranging from ~25.2m/m? to
136.6m/m? in the damage zone, and reaching values lower than
~31.5m/m? in the host rock (Fig. 6¢ and 8).



Table 2
Summary of the obtained results in the fracture analysis. Fracture orientation results are presented in Table S1, and fracture apertures measured on outcrops are presented in Table S2, matrix porosity and permeability are
shown in Table S3. Cg: average connections per branch; P1o: 1-D frequency (# fractures/m); Po;: areal fracture intensity (m/m?).

€1

Station Longitude  Latitude  Lithology Structural Distanceto Y X I P10 (# P21 CB Fracture Fracture permeability Fracture Fracture
position fault (m) Nodes Nodes Nodes fractures/ (m/ porosity with with minimum aperture  porosity (%) permeability
m) m2) minimum (mD) (Tiab and (Marrett, (mD) (Marrett,
aperture (%) Donaldson, 2015) 1996) 1996)
Ag-02- —75.7141  2.3308 Volcanic lithic Damage 370 76 14 121 45.0 50.9 1.4 0.34 1811.4 1.5 424578.8
2 breccia zone
Ag-02- —75.7145  2.3306 Shard-rich Damage 386 198 8 180 51.8 55.9 1.6 1.88 87884.9 4.5 7364131.1
3 rhyolitic ash tuff zone
Ag-04 -75.7171  2.3292 Tuffaceous Damage 529 151 12 99 23.0 26.3 1.7 3.81 529.0 2.3 3405803.7
conglomerate zone
Ag-06 —75.7170  2.3279 Shard-rich Damage 396 231 21 293 32.1 53.4 1.5 1.09 563.2 2.3 1700179.0
rhyolitic ash tuff zone
Ag-07 —75.7170 2.3279 Volcanic lithic Damage 456 211 30 207 11.5 25.2 1.6 0.53 11423.7 0.8 767628.7
breccia zone
Ag-09 —75.7223  2.3246 Shard-rich Damage 715 39 0 60 25.0 29.9 1.3 0.70 2166.2 1.3 373117.3
rhyolitic ash tuff zone
Ag-10 —75.7233 2.3218 Crystal rhyolitic Damage 660 433 115 212 64.0 136.6 1.8 1.11 9891.2 2.6 302058.9
ash tuff zone
Ag-20 —75.7311  2.3098 Volcanic lithic Damage 482 190 30 165 11.2 30.5 1.6 0.54 2208.5 0.8 618318.0
breccia zone
Ag-46 —75.7314  2.3278 Shard-rich Host rock 1934 171 10 110 10.7 6.6 1.7 0.78 12760.8 0.6 375682.6
rhyolitic ash tuff
Ag-11 —75.7264 2.3187 Crystal qz- Host rock 801 120 8 165 17.8 31.5 1.4 1.87 4045.6 1.0 604925.7
trachyte tuff
Ag-16 —75.7335  2.1380 Crystal qz- Host rock 1023 83 14 25 13.1 26.4 1.8  1.90 2229.5 0.7 282980.0
trachyte tuff
Ag-48 —75.7307  2.3251 Crystal rhyolitic Host rock 1570 129 22 84 9.2 13.9 1.7 10.53 11694.8 0.5 292566.3
ash tuff
PCAg- —75.7311 2.3233 Shard-rich Host rock 1514 128 25 27 8.0 13.0 1.9 6.73 942.0 0.2 18227.4
48 rhyolitic lapilli
tuff
Ag-24 —75.7444  2.3237 Hornfels Host rock 2683 58 3 63 2.1 4.7 1.5 0.90 608.8 0.1 160748.7
(sedimentary
breccia)
Ag-25 —75.7445  2.3237 Hornfels (Crystal Host rock 2641 347 68 272 10.5 20.5 1.7 0.23 17234.3 0.9 3068636.8
qz-trachyte ash
tuff)
Ag-26 —75.7437  2.3240 Hornfels (Crystal Host rock 2664 118 19 131 7.9 11.2 1.5 1.44 808.9 0.4 162360.7
qz-trachyte ash
tuff)
Ag-27 —75.7447  2.3226 Qz-monzodiorite Host rock 3350 38 19 13 5.7 6.7 1.9 033 5602.4 0.3 360702.5
Ag-29 —75.7468  2.3382 Qz-monzodiorite Host rock 3858 30 9 21 7.2 12.2 1.7  0.08 1573.0 0.2 11296.5
Ag-29 —75.7468 2.3382 Qz-monzodiorite Host rock 3865 48 4 22 5.2 9.4 1.8 0.06 1202.5 0.2 42880.5
2)
Ag-30 —75.7455  2.3423 Qz-monzonite Host rock 3940 110 10 124 9.3 14.0 1.5 0.54 42618.1 0.8 2505129.5
Ag-37 —75.7343  2.3376 Crystal qz- Host rock 2595 - - - 3.0 - - - - - -
trachyte tuff
Ag-44 —75.7324  2.3326 Crystal rhyolitic Host rock 2165 - - - 9.0 - - - - - -
ash tuff
Ag-41 —75.7346 2.3345 Shard-rich Host rock 2450 92 15 150 3.0 13.1 1.4 0.02 263.4 0.2 34483.6

rhyolitic ash tuff
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Fig. 7. Field measurements of the fractured rocks within the Agrado-Betania fault damage zone. a) Vitriclastic-bearing ash tuff with high fracture intensity and low
connectivity; b) Crackle breccia after crystal ash tuff displaying high fracture intensity and high connectivity. ¢) Well-connected tuffaceous conglomerate with high
fracture intensity; d) Volcanic lithic breccia showing high fracture intensity with low connectivity. Green dots represent isolated nodes (I), red triangles abutting
nodes (Y), and blue squares connecting nodes (X). Also, the isolated branches (I-I) are represented by green lines, partially connected (I-C) by light violet lines, and
totally connected (C-C) by blue lines. For a better interpretation of the conventions, refer to Fig. 3.

Some rheological differences on fracture intensity between lithol-
ogies were recognized. Volcanic breccias and ash tuffs display fracture
intensities slightly higher than quartz-monzodiorites, hornfels, and
tuffaceous conglomerates in the damage zone as well as in the host rock
(Fig. 6d and e). These differences are more evident in the Py; diagrams
(Fig. 6e and 7). The average of fractures linear intensity (P1o) in the
damage zone has values of 24.6 fractures/m, 23.5 fractures/m, and 23.2
fractures/m for volcanic breccia, crystal ash-tuff, and tuffaceous
conglomerate, respectively, while shard-rich ash-tuff has a lower value
of 17.7 fractures/m. Additionally, P;o intensity in host rock shows
lithological variations: volcanic breccia, shard-rich ash-tuff, shard-rich-
lapilli tuff, hornfels, crystal ash-tuff, and quartz-monzodiorite with
values ranging between 9.2 fractures/m and 5.6 fractures/m (Fig. 6d
and 8). Similarly, P intensity values for crystal ash-tuff (64.8 m/mz),
shard-rich ash-tuff (46.4 m/mz), and volcanic breccias (35.5 m/m?) are
slightly higher than tuffaceous conglomerate (26.3 m/m?) in the dam-
age zone. In the host rock volcanic breccias, Po; has values of 20.2 m/
m?, while in the other lithologies it ranges from 9.9 m/m? to 13.9 m/m?
(Fig. 6e and 8).

4.3.4. Fracture connectivity

Fracture connectivity was estimated in eight stations within the
damage zone and thirteen stations within the host rock. The results of
connection per branch (Cg) were plotted on triangular diagrams repre-
senting nodes and branches, with stations categorized by lithology
(Fig. 9a and b). Additionally, the Cp index was compared to fault dis-
tance using a scatter plot (Fig. 9¢).

14

The topological analysis reveals that both the damage zone and host
rock stations have high connectivity, as indicated by the significant
proportion of C-C branches and the prevalence of X and Y nodes (Fig. 9a
and b). The connectivity surpasses the Cg=1.5 percolation threshold
established by Sanderson and Nixon (2018), with only four stations
falling below this threshold (Fig. 9). Furthermore, the connectivity di-
agrams exhibit high scattering, suggesting a weak relationship between
fracture connectivity, fault distance, and lithology (Fig. 9c).

4.4. Petrophysics

4.4.1. Matrix porosity and permeability

Porosity and permeability were measured from 22 core plugs
sampled in 17 field stations from the Saldana Formation and the Astil-
lero Pluton, including crystal to shard rich ash and lapilli tuffs with
rhyolitic to trachytic composition, volcanic lithic breccias, tuffaceous
conglomerates, hornfels, and quartz-monzodiorites (Table S3).

The average matrix porosity is 1.7% and there is not a clear rela-
tionship with the fault core position. However, a rough lithological
control in porosity can be observed; for instance, tuffaceous conglom-
erate, ash tuffs, and lapilli tuffs show higher values, ranging from 0% to
10.3%, than volcanic breccias, hornfels, and plutonic rocks, which only
achieve values lesser than 1.4%. Additionally, most core samples
exhibited very low permeabilities, where only three samples of crystal
ash tuffs displayed permeability measurements ranging from 0.02 mD to
9.22 mD (Table S3).
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Fig. 8. Field measurements of the fractured rocks within the Agrado-Betania fault host rock zone. a) Crystal ash tuff showing moderate-to-low fracture intensity and
high connectivity; b) Well-connected quartz-monzodiorite from the Astillero Pluton displaying low fracture intensity. ¢) Hornfels after crystal ash tuff with moderate
fracture intensity and connectivity. Note the fracture corridors produced by near-vertical fracture sets; d) Shard-rich lapilli tuff with high connectivity and moderate

fracture intensity. Conventions as in Fig. 7.

4.4.2. Fracture porosity and permeability

The results of fracture porosity and permeability were plotted on a
scatter diagram to make comparisons with reservoir characteristics of
the volcanic rocks pore-fracture units of the Yingcheng Formation,
which is located in the south-eastern part of the productive Songliao
Basin in China (Tang et al., 2022), and the Shiranish Formation in the
Taq Taq Field, Kurdistan Region of North Iraq (Rashid et al., 2023).

The Yingcheng Formation was chosen for the analysis due to the
available data and the similar volcanic lithofacies found in Saldana
Formation, whereas the Shiranish Formation was select as it presents
results of a fractured reservoirs under well pressure conditions. We also
include available data from the Barco and Mirador formations in the
Llanos region of Colombia as they show similar diagenetic properties of
the Jurassic volcaniclastic rocks, such as compaction and quartz
cementation.

By using the Tiab and Donaldson’s equation with mean aperture and
the Marrett’s method, we obtained permeability values ranging from
9816.0 mD to 7364131.1 mD, while fracture porosity displayed values,
ranging from 0.1% to 5.0% (Table 2 and Fig. 10). Nevertheless, the
matrix porosity of some lithofacies, such as crystal ash tuff and shard-
rich lapilli tuff, improved the general porosity of the outcrops, where
at least two stations reached values higher than 5.0% (Fig. 10).

We also obtained minimum values of effective permeability and dual
porosity, which range from 79.0 mD to 26365.5 mD and 0.1%-3.2%,
respectively (Fig. 10). Considering the minimum aperture at each
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outcrop, the results were subsequently reduced by 70% (Rashid et al.,
2023).

Porosity and permeability values of the Saldana Formations on out-
crops display higher values than the Yingcheng Formation in China; the
Shiranish Formation in the Taq Taq Field, Kurdistan Region of North
Irag; and the Barco and Mirador formations in the Cusiana Field,
Colombia(Fig. 10). However, by using the minimum aperture and the
reduction of values by 70%, the results of the studied outcrop analog
reached are similar to the Taq Taq Field (Iraq) and the Cusiana Field
(Colombia) (Fig. 10).

4.5. Low-temperature thermochronology

Two samples of quartz-monzodiorite composition were collected
between 1200 and 1300 m.a.s.l. in a short transect within the Astillero
Pluton in the hanging-wall of the Agrado-Betania Fault. The zircon and
apatite fission-track data and single zircon and apatite helium data are
summarized in Table 3 and Table 4, respectively. AFT and ZFT samples
passed the chi-square test (Table 3), suggesting that single-grain ages for
each sample likely belong to the same population.

ZFT from sample 34029Bz yields an age of 124.7Ma +1.9Ma
(Fig. 2a). AHe and ZHe data were also obtained in this sample. AFT from
the upper sample (34029Bz) yields an age of 46.0 Ma +3.4 Ma whereas
the sample collected at the lower elevation has an age of 19.6 Ma
+1.4 Ma associated with a mean track length of 13.1 pm + 1.4 pm.
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Fig. 9. Summary of fracture connectivity analysis results in the hanging-wall of the Agrado-Betania fault. a) Ternary diagram of the I, X, and Y nodes distribution
showing the Cp values for fault damage zone and host rock plotted by lithology (Nyberg et al., 2018); b) Ternary diagram of the I-I, C-I, and C-C branches dis-
tribution plotted by lithology (Nyberg et al., 2018); c¢) Relationship between fracture connectivity (Cg) and fault core distance classified by Py, fracture intensity.

ZHe ages vary between 85.4 Ma and 22.2 Ma whereas AHe single
grain ages are between ~13.0 Ma and 63.0 Ma, no clear intra-sample eU
or size trend were observed.

For modeling, two AHe corrected reproducible ages overlapping
around 13 Ma and the two ZHe corrected ages of 85.4 Ma +4.0 Ma and
67.0 Ma +1.4 Ma were included in the model, with the younger age of
~22 Ma excluded. The anomalously young, excluded ages may be the
result of unidentified U zonations, helium implantation, and high heli-
um micro-inclusions (Farley, 2002; Murray et al., 2014).

The inverse thermal history model exhibits an Early Cretaceous
cooling event from below the ZFT partial annealing zone up to surface
temperatures, as suggested by the overlying Cretaceous strata. After-
wards, these blocks experienced a reheating event within the zircon
helium partial annealing zone at 90 Ma followed by Late Cretaceous
cooling. After a Paleogene re-heating episode, a final cooling event
occurred around 20 Ma (Fig. 11).

5. Discussion

Multi-scale evaluation of brittle deformation, including the integra-
tion of topographic lineaments together with outcrop structural anal-
ysis, petrographic descriptions, and low-temperature thermochronology
enable us to reconstruct the style, distribution, and timing of the
deformational phases and the reservoir attributes of the Agrado-Betania
fault in the southern UMVB.

We will start discussing the tectonic implications of our findings,
highlighting the significance of superimposed deformation events and

inherited features in basement rocks. Subsequently, we will address
considerations regarding the architecture of the Agrado-Betania fault,
discussing the main factors controlling the distribution of brittle defor-
mation. Finally, we will mention the principal characteristics of the
fractured system that could enhance the reservoir quality in fractured
crystalline rocks and the implications that these results would have in
hydrocarbon exploration in the Upper Magdalena Valley Basin.

5.1. Tectonic implications

The UMVB presents a long-term sedimentary record from the Early
Cretaceous to present day. Different tectonic episodes have affected the
basin, such as extensional regimes during the Early Cretaceous that
changed to a contractional regime during the Cretaceous and the
Cenozoic. Due to this deformational history, different thrust faults were
nucleated and evolved as a result of the reactivation of inherited
structures in a thick-skinned deformation style (Anderson et al., 2016;
Espitia et al., 2022; Jiménez et al., 2012; Mora et al., 2010; Rosero et al.,
2022; Saeid et al., 2017; Villamizar-Escalante et al., 2021).

Our multi-scale analysis shows that the Agrado-Betania and La Plata-
Chusma faults have a NE trending with associated NW and N-S-trending
strike-slip faults (Figs. 4c and 5d). The presence of NW structures in the
UMVB has been previously documented by other researchers, who
interpreted them as inherited faults from the pre-Cretaceous and Early
Cretaceous extensional regimes (Jiménez et al., 2012; Ramon and
Rosero, 2006, and references therein). These NW structures have been
interpreted as extensional transfer structures based on the lateral change
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Fig. 10. Porosity and permeability calculations conducted in Jurassic igneous rocks exposed in the hanging-wall of the Agrado-Betania fault. The results include both
fracture and matrix porosity and permeability. The light-gray shaded area represents the primary porosity of the Yingcheng Formation volcanic rocks in wells Y1D1
and Y3D1 in the Songliao Basin, China (Tang et al., 2022). The medium-gray shaded area represents the porosity and permeability values of the fractured
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portraits the porosity and permeability values for core plug samples from the Shiranish Formation in the Taq Taq Field, Kurdistan Region of North Iraq (Rashid

et al., 2023).

of thickness of Caballos and Villeta formations and the segmentation of
deformation along strike in the southern part of the UMVB (Jiménez
et al., 2012).

The existence of multiple deformational events is supported by
thermochronological data, which indicate a polyphasic deformation
history in the hanging-wall of the Agrado-Betania fault, consisting of at
least three exhumation episodes (Fig. 11). The thermochronological
data suggest Early Cretaceous cooling supported by a ZFT age of 124 Ma.
This exhumation event is also supported by the angular unconformity of
the Saldana Formation with the Caballos Formation, which implies the
exhumation of the Astillero pluton and tilting of the Saldana Formation
between ~140 and 125 Ma. This event aligns with an Early Cretaceous
(140-100 Ma) extensional event recorded throughout the UMVB (Bay-
ona, 2018; Carvajal-Torres et al., 2022; Mora et al., 2006, 2009, 2010;
Sarmiento-Rojas, 2019).

We propose a connection between the first Early Cretaceous exhu-
mation period (140-100 Ma) and the extensional regime experienced by
the UMVB during that time; this may imply that the Agrado block was
probably undergoing extensional exhumation. This means that the
Agrado block was the footwall of a major normal fault to the west, such
as the La Plata-Chusma Fault; the activity of the Agrado fault during this
period remains unknown.

The reheating of at least 120°C, between 110 Ma and 90 Ma,
observed in the Agrado block also suggests that after exhumation, the
Agrado-Betania fault and/or other fault to the east had a normal
behavior facilitating sediment accumulation (Anderson et al., 2016;
Espitia et al., 2022; Jiménez et al., 2012; Mora et al., 2010; Saeid et al.,
2017; Villamizar-Escalante et al., 2021).
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The thermochronological data reveal two additional periods of
exhumation, one in the Late Cretaceous (~70 Ma) and another during
the Oligocene-Early Miocene (~25 Ma). The seismic interpretations in
the south of the UMVB (Neiva Sub-basin) lack of any angular uncon-
formity or syn-tectonic strata between the early Eocene and early
Miocene, suggesting that despite the onset of deformation and exhu-
mation occurred during the late Oligocene and the early Miocene, major
uplift occurred after deposition of the upper Miocene units (Espitia et al.,
2022). These late phases of uplift and deformation may not be recorded
by the thermochronological data, likely because they were related to
low exhumation due to the exposure of a crystalline basement more
resistant to erosion (Sobel and Strecker, 2003; Zapata et al., 2019b).
These late Miocene deformation events are also evidenced by the
thrusting relationship between the Jurassic Saldana Formation and the
upper Miocene volcaniclastic Gigante Formation (~8 Ma), located in the
footwall of the Agrado-Betania fault (Fig. 2; Espitia et al., 2022).

Our data suggest that basin inversion started during the Late Creta-
ceous (~70 Ma). Extensive intra-basinal deformation between the Late
Cretaceous-Paleogene and the Eocene is well documented in a pro-
nounced regional unconformity that characterized several basins in
eastern Colombia (Cooper et al., 1995; Gomez et al., 2003, 2005; Espitia
et al., 2022; Parra et al., 2012; Ramon and Rosero, 2006).

We suggest that the chlorite and sericite mineralization could have
probably been developed during the Early Cretaceous extensional
deformation, contemporary with hydrothermal activity. Then, contrac-
tional phases generated the open fractures, which are superimposed on
the previous mineralization. These contractional phases promoted
fracture development in the Agrado-Betania fault, resulting in the
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Table 3

Zircon and apatite fission-track data. Complete single-grain data is presented in Table S4. N*: number of grains; Ns: number of spontaneous tracks; Ni: number of induced tracks; Nd: number of tracks during dosimetry;

RhoD: dosimeter track density; P(X)d: Chi-square; Ne: number of grains with length of tracks; MLT: Average track length; SD: Standard deviation; {: Zeta number of the analyst.
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formation of the architectural elements such as fault core and fault
damage zone.

In the Garzén Massif, at the eastern boundary of the UMVB, ther-
mochronological ages in the basement suggest a history of exhumation
during the Mio-Pliocene (12.5 Ma - 3.6 Ma), possibly associated with the
activity of the Algeciras fault in the Eastern Cordillera (Anderson et al.,
2016). Additionally, the evolution of the Eastern Cordillera may have
played a significant role in the final configuration of the basin, causing
greater internal deformation and favoring thick-skin deformation (Saeid
et al., 2017).

The width of the damage zone and the total displacement of a fault
have a proportional relationship, which can vary according to lithology,
fault type, and fault segment interactions (Choi et al., 2016; Hansberry
et al., 2021; Kim et al., 2004; Lin and Yamashita, 2013; Peacock et al.,
2017a, 2017b). For instance, Celestino et al. (2020) calculated the
best-fit equation Y = 0.69 X%74,

The footwall of the Agrado-Betania fault comprises approximately
4-5 km of Meso-Cenozoic sedimentary rocks, which were likely eroded
from the hanging-wall, exposing the Jurassic basement of the basin.
Additionally, as the latest cooling episode starts at 25 Ma from about
120°C, we can calculate a minimum exhumation (fault throw),
assuming that there are no hydrothermal modifications in the basin.
Therefore, considering a geothermal gradient between 25 and 30 °C/km
and a surface temperature of 20 °C, thermal data suggest around 4 km of
Miocene exhumation relative to the adjacent basin. These calculations
are supported by seismic data that suggest a minimum fault throw of
about 4-5 km (Espitia et al., 2022). To estimate the total displacement of
the Agrado-Betania fault, including vertical and horizontal movement,
we used the aforementioned equation along with the width of the
damage zone (Fig. 6a). A damage zone width of approximately 746 mis
expected to have a displacement of 12 km, which is significantly greater
than the Miocene displacement estimates derived the sedimentary
thickness and the thermochronological data. Thus, we propose that the
additional 7-8 km of displacement may be attributed to fault move-
ments related to previous deformation events, as suggested by the
thermochronological data (Fig. 11). Furthermore, considering the
dextral strike-slip component of the Agrado-Betania fault (Diederix
et al., 2020), the total fault displacement can also be achieved through
lateral movement during Cretaceous to Miocene deformation events.

5.2. Fault architecture and its relations with brittle deformation
heterogeneity

Numerous studies have established a clear correlation between
topographic lineaments and the presence of geological structures at
regional scales (Celestino et al., 2020; Cianfarra and Salvini, 2015;
Rahiman and Pettinga, 2008; Wise et al., 1985). Our research has
enabled the identification of regional fault zones where lineament in-
tensity (highlighted in red in Fig. 4c) aligns parallel to the trends of the
regional faults, particularly in the hanging-wall of the La Plata-Chusma
and Agrado-Betania faults. However, some NW trending patterns with
high lineament intensity are observable in the hanging-wall of the
Agrado-Betania fault (Fig. 4c), which can be explained by the presence
of secondary NW-SE and NNW-SSE striking faults, which were observed
in the field and their orientations were measured in different outcrops
(Fig. 4c and d). These minor faults could be enhancing the brittle
deformation in the host rock zones.

While the “off-fault” areas with high lineament intensity from the La
Plata-Chusma and Los Frailes Faults could potentially be linked to sec-
ondary NW-SE and NNW-SSE striking faults with complex linking fault
damage zones (Kim et al., 2004; Peacock et al., 2017a, 2017b), the
absence of outcrop data in these regions precludes the possibility of
confirming these relationships.

We observed slight variations in deformation intensity from west to
east, with a gradual decrease in lineament intensity towards the east
(from ~0.02 m/m2 to ~0.002-0.016 m/m2, Fig. 4c). This spatial
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Table 4
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Single zircon and apatite helium data. The reported data are ZHe and AHe corrected ages. U: uranium concentration; Th: Thorium concentration;'#’Sm: Samarium
concentration; He: Helium concentration; Ft: Ft correction; ESR: equivalent spherical radius; Term: number of terminations.

Sample code Mineral Age (Ma) +1c6 (Ma) U (ppm) Th (ppm) 147Sm (ppm) He (nmol/g) mass (ug) Ft ESR (um) Term
34029BZ-al Ap 14.2 0.8 12.3 23.4 95.6 1.0 1.4 0.70 50.9 2.0
34029BZ-a2 Ap 63.3 2.3 6.8 15.0 75.1 2.7 1.4 0.70 49.3 1.0
34029BZ-a3 Ap 13.5 0.5 28.6 48.5 1119 2.3 1.5 0.80 55.7 1.0
34029BZ-a4 Ap 23.6 1.1 10.8 37.2 69.8 1.9 1.4 0.70 47.2 0.0
34029Bz-z1 Zr 85.4 4.04 1.59 5.0 5.5 1.0 5.25 0.79 57.07 2.0
34029Bz-z2 Zr 67.0 1.34 72.41 102.3 1.4 26.9 3.41 0.77 49.57 2.0
34029Bz-z3 Zr 22.2 2.52 3.67 42.8 22.0 1.3 3.33 0.75 48.74 2.0
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Fig. 11. Inverse thermal history models were generated using bedrock data acquired in the hanging-wall of the Agrado-Betania fault. The upper panel displays the
thermal histories, along with 2-sigma confidence intervals, for both cold-sample (blue) and hot-sample (red). On the lower panel, observed and predicted data are
shown. The thermochronological system is indicated by marker color and shape, while light colors represent the observed data. The inverse thermal history models

were conducted using uncorrected He ages.

distribution could be related to a higher structural level reached by the
tectonic block located in the Central Cordillera, which was exhumed
through the La Plata-Chusma fault due to a possible long-term defor-
mation history and also the major magnitude of deformation associated
with more fault displacement. This idea finds further support in the
differences in magmatic rocks exposed along both faults, with deep-crust
plutonic rocks exposed along the La Plata-Chusma fault and shallow-
crust volcanic facies exposed in the hanging-wall of the Agrado Fault
(Butler and Schamel, 1988; Jiménez et al., 2012; Villagomez et al., 2011;
Villamizar-Escalante et al., 2021).

P19 and Py; fracture intensity values can be used to evaluate the ef-
fects of lithology and structural position. Results showed that volcanic
rocks, such as volcanic breccias and ash tuffs have a slightly higher
degree of fracturing than tuffaceous conglomerates and quartz-
monzonites (Fig. 6d and e). This difference could be explained by the
presence of more brittle minerals in volcanic rocks, such as glass with
devitrification, feldspar, and quartz, while tuffaceous conglomerates are
pumice-rich, which have a more plastic response to deformation
(Mousavi and Bryant, 2013; Sun and Zhong, 2018 Wei et al., 2020;
2022). The isotropic nature of the plutonic rocks and the content of

19

mafic minerals could be the main factor producing low fracture in-
tensities and resulting in rather long and spaced fractures.

Although it was possible to observe some differences in fracture in-
tensity between lithologies, these differences are not as significant as
seen in other volcanic examples (Jiang et al., 2017; Sun and Zhong,
2018). We suggest that the intense diagenetic process and the silicifi-
cation undergone by Jurassic igneous rocks of the Saldana Formation
(Fig. 4) caused a homogenization of the mechanical strength of the
different lithofacies that turned out to have the same response to the
brittle deformation experienced later (Wei et al., 2020, 2022; Laubach
etal., 2019; Li et al., 2022; Zhou et al., 2016), and therefore we infer that
structural position is the first-order factor controlling the development
of high fracture intensities in the hanging-wall of the Agrado-Betania
fault (Fig. 6).

Fracture connectivity can be increased in 4 ways: (1) higher fracture
intensity; (2) increasing fracture length; (3) higher number of fracture
sets; and (4) geometrical arrangement of fractures (Sanderson and
Nixon, 2015, 2018). Results of connectivity showed that the majority of
the field stations exceed the Cg = 1.5 percolation threshold established
by Sanderson and Nixon (2018), with only four stations falling below
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this threshold (Fig. 9¢). Within the damage zone, the high fracture in-
tensity is the main factor that enhances the interconnection between the
fracture networks; however, the low connectivity in some stations is the
result of the presence of just one sub-parallel fracture set and short
fractures, triggering a topology arrangement dominated by type I nodes
(Fig. 7a and d).

On the other hand, the host rock zone shows high values of con-
nectivity (Cpg > 1.5; Fig. 9¢) associated with low fracture intensities,
thus, the length and geometrical arrangement of fractures are the
principal factors increasing the connection between networks (Fig. 8a, b,
and 8d). The presence of fracture corridors in some stations could result
in low connectivity because connections are limited in a single fracture
set, but such fracture corridors could play an important role in acting as
fluid migration pathways from depth.

Finally, the development of exhumation horizontal fractures can also
improve fracture connectivity, because of their long length. Thus,
plutonic rocks and hornfels, which are farther from the Agrado-Betania
fault core and where horizontal fractures are well-developed, have
better connectivity (Watkins et al., 2018; Sun et al., 2021; Bonato et al.,
2022; Wang et al., 2023).

The effects of chemical processes on fractures during diagenetic
processes (50°C-200 °C) have been presumed to be slight, but recent
studies have documented more profound interactions (Laubach et al.,
2019). For instance, field studies and some model results have shown
correlations between the amount of cement accumulated during frac-
turing and fracture size distribution, spatial arrangement, and connec-
tivity in both clastic and carbonate rocks (Hooker and Katz, 2015;
Hooker et al., 2011, 2013, 2018; Laubach et al., 2014). Fracturing
significantly influences dissolution and precipitation processes within
fracture systems, where cementation plays a substantial role in shaping
the evolution of both fractures and host rocks. The interconnection be-
tween host rock and fracture diagenesis plays a crucial role in the
development and evolution of fracture systems.

Despite the demonstrated interplay between fracture development
and diagenesis in clastic and carbonate rocks, our understanding of the
relationship between volcanic rocks and diagenetic processes remains
limited (Wei et al., 2020, 2022). For instance, Laubach et al. (2019)
suggest that fractures in diagenetically altered rocks may be effective
long-term fluid conduits. Also, in diagenetic settings, fracture-wall
cementation may even hold fractures open when loading conditions
might otherwise close them (Olson, 2004).

Therefore, in light of our results, we suggest that the long-term
diagenetic evolution enhances the fracture systems properties, such as
intensity, connectivity, and apertures, in volcaniclastic sequences as
similarly occurs in sedimentary rocks. (Laubach et al., 2019). Addi-
tionally, because of the intense diagenesis undergone by Jurassic vol-
canic rocks in tandem with the cementation of some minerals
throughout the fracture walls, we propose that fractures may be open
and well-connected in the subsurface of the Upper Magdalena Valley
Basin.

5.3. Reservoir quality

The temporal framework for the fracture systems in the hanging-wall
of the Agrado-Betania fault has significant implications for the petro-
leum system of the UMVB. It indicates that the fracture networks were
formed before the Mio-Pliocene period, during which hydrocarbon
generation and migration occurred (Sarmiento and Rangel, 2004). As a
result, the high connectivity, intensity, and permeability of these frac-
ture systems, along with their pre-existing nature before oil and gas
migration, highlight the importance of Jurassic igneous rocks as a
promising target for exploration in fractured basement reservoirs within
the Upper Magdalena Valley Basin, Colombia. Furthermore, the current
oblique convergence between Nazca and South American Plates results
in a NE-SW maximum horizontal stress suggesting that the most plau-
sible open fractures would be the NE striking ones, at least for the
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fractures that do not exhibit clear evidence of cementation. Neverthe-
less, Laubach et al. (2004) demonstrated that contrary to widespread
expectation, opening-mode fractures that are not aligned concerning
modern maximum horizontal compressive stress (Sgmax) may not close
due to chemical process, which can account for the resistance of frac-
tures to closure (Laubach et al., 2004). Consequently, the degree of
cement fill in natural fractures governs fluid flow instead of fracture
orientation (Laubach et al., 2004). Therefore, we suggest that the frac-
ture sets near to the fault core, which display cements such as plagio-
clase and quartz in the wall of the fracture plane, may not be necessarily
oriented parallel or nearly parallel to modern-day Symax in the Upper
Magdalena Valley Basin. Additional information regarding the chemical
history of fractures and the surrounding rock may provide a clearer
insight to assess the fractures that could be open to fluid flow in the
subsurface.

Overall, matrix porosity and permeability of the Jurassic igneous
rocks display very low values (Table S3) as a result of compaction and
pervasive silicification undergone during diagenesis. Higher values of
porosity (>5%) found in some samples are associated with secondary
pores produced by mineral dissolution (Fig. 4). However, fracture
analysis led us to calculate a wide damage zone (~746 m), in which the
fracture networks are well connected, open, and have high fracture
intensity.

Tang et al. (2022) demonstrated the impact of different types of
reservoirs pores, such as vesicles, dissolution pores, and tectonic frac-
tures on petrophysical properties. Also, they revealed that permeability
of fractured igneous reservoirs increases with porosity (Fig. 10). Our
fracture porosity and permeability calculations show similar trends to
producing wells in fractured carbonate reservoirs from the Taq Taq Field
in North Iraq and conventional reservoirs developed in cemented
quartz-arenites from the Cusiana Field in Colombia (Fig. 10; Cazier
et al.,, 1995; Rashid et al., 2023; Tang et al., 2022), suggesting that the
studied igneous Jurassic basement has a high potential for fluid flow and
accumulation.

Furthermore, our porosity and permeability results are several orders
of magnitude above known values in fractured basement reservoirs,
probably because the main fault activity was developed after the silici-
fication and mineral segregation related to diagenesis allowing the
preservation of open fractures (Fig. 10; Debenham et al., 2019; Ma et al.,
2023; Meng et al., 2023; Tang et al., 2022; Walter et al., 2018). Also,
brittle deformation associated with the Agrado-Betania fault could have
happened in a shallow crustal location, where dissolution contempora-
neous with the compression associated with the faulting must be lower,
resulting in low rates of re-precipitation of silica locally in the newly
formed fractures (Watkins et al., 2018).A recent study of volcanic res-
ervoirs has demonstrated that primary pores associated with the
magmatic history of rock generation, such as intra-spherulite micro-
fractures, inter-spherulite microfractures, devitrification pores, and
vesicles, constitute the main accumulation spaces in these reservoirs
(Zheng et al., 2018). However, diagenesis in volcanic rocks substantially
reduces primary porosity due to their ash-rich composition and the
presence of glassy fragments and plagioclase, that favors the compaction
during progressive burial (Mousavi and Bryant, 2013; Sun and Zhong,
2018; Wei et al., 2020, 2022). Also, it has been demonstrated that pre-
cipitation of authigenic minerals by rock-fluid reactions negatively
impact the porosity and permeability of mixed rocks reservoirs (Wei
etal., 2022). For instance, the predominant clay minerals, which consist
of fibrous or lath-like illite and grain-coating chlorite, are found in high
abundance, occupying the pore spaces and throats, and exerting a
negative influence on permeability, thereby impeding fluid flow within
the system (Wei et al., 2022).

Despite the reduction of permeability and porosity, the compaction
and silicification resulting from diagenetic alterations enhance the me-
chanical properties of volcanic rocks, thereby promoting their subse-
quent fracturing (Laubach et al., 2019; Wei et al., 2022). Li et al. (2022)
documented that the uniaxial compression strength and tensile strength
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values are different between strongly welded tuffs and weakly welded
tuffs, where welded tuffs displayed a more brittle behavior with higher
values of strength than the weak tuffs.

Thus, we suggest that the volcanic rocks of the Saldana Formation
experienced significant fracturing as a result of increased compression
strength and tensile strength values, which were enhanced by the high

Average properties of fractures
within the fault host rock zone

Marine and Petroleum Geology 165 (2024) 106850

degree of welding and elevated compaction undergone by the rocks
(Fig. 4f, g, 4h, and 4j).

In Junggar Basin, China, the highest porosity values (1.26%-30.08%,
with an average of 9.84%) have been found in pyroclastic rocks, fol-
lowed by andesites (8.14%) and basalts (5.89%) (Zou, 2017). However,
Jiang et al. (2017) demonstrated in the Songliao Basin that rhyolitic and
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Fig. 12. 3D diagram showing the average of fracture properties within the hanging-wall of the oblique Agrado-Betania fault, enhanced by brittle fault deformation.
In the fault damage zone, fractures have high intensity, whereas in the host rock, fractures display lower intensities. Both in the fault damage zone and host rock,
fractures have high connectivity and permeability, with low porosity. Also, fractures are mainly open in both zones. There are some places which have fracture
corridors that accommodate high strain. Minor faults, within the host rock zone, could be controlling the fracture properties, therefore, enhancing the reser-

voir quality.
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andesitic lithofacies near the crater exhibit higher porosity than pyro-
clastic breccias and tuffs. Therefore, the quality of a volcanic reservoir
can vary significantly, depending on its specific magmatic, diagenetic,
and tectonic history. Also, burial can enhance the compaction and
diagenesis of rocks, resulting in a significant reduction of matrix
porosity and permeability. The pyroclastic facies of the Saldana For-
mation in the study area underwent great compaction and silicification
due to the Meso-Cenozoic sedimentation, triggering a matrix porosity
and permeability decrease.

We conducted an empirical zonation analysis of the outcrop analog
in the hanging-wall of the Agrado-Betania fault as a guide for pro-
spectivity of a possible fractured basement reservoir in depth (Fig. 12).
Based on the calculated damage zone width (~746 m) and the fracture
analysis carried out, we suggest that the areas with more potential to act
as fractured basement reservoir include the damage zones associated
with regional faults (i.e., seismic scale faults in the subsurface). Addi-
tionally, considering that fracture systems develop in the brittle regime
of the crust (<7 km depth), we assume that the volume of fractured rock
might narrow in depth.

The fault damage zone displays high average fracture intensity
(P10 =33.0 fractures/m and P5; =51.1 m/mz), and high fracture con-
nectivity (Cg = 1.6 and Cy = 2.3) (Fig. 12). Furthermore, the host rock
zone also exhibits high average fracture connectivity (Cg=1.7 and
CL=2.8) but displays low average fracture intensity (P1o=28.1 frac-
tures/m and Py =14.1 m/m?). However, this fractured area is
segmented by minor secondary faults with NW-SE and NNW-SSE ori-
entations which have their own fault damage zones, enhancing the
porosity and permeability of the basement rocks, in areas outside the
Agrado-Betania damage zone fault (Fig. 12). Therefore, these minor
faults could play an important role in hydrocarbon exploration.

Our dual-porosity calculations show that petrophysical properties
are mainly controlled by fractures in the damage zone and host rock.
Damage zones could reach values of fracture porosity of ~5.0% and
permeability of ~1927215.6 mD, in which the average fracture porosity
and permeability are 1.9% and 695085.0 mD, respectively (Fig. 12).
Host rock zones also reach high average values of permeability
(2788526.4mD) and low average values of porosity (0.6%) (Fig. 12).
This difference in permeability can be related to the effect of minor
faults that extend to the host rock of the Agrado-Betania fault and to the
greater fracture heights developed in these zones (see equation (3.6)).

In some places of the hanging-wall of the Agrado-Betania fault,
where volcanic lithologies are affected by minor faults, the fracture in-
tensity is greater than for sedimentary and plutonic rocks (Fig. 12).
These results suggest a second-order control exerted by differences in
mechanical behavior, which could be an important target in fracture
reservoir exploration.

However, due to the lithostatic stress experienced by rocks at greater
depths, aperture and intensity of fractures can be substantially lower,
leading to a significant reduction in accumulation capacity.

In the northern part of the study area, seismic sections show the
location of producing wells (i.e., La Canada Field and Gigante Field) in
the footwall of the Agrado-Betania fault system (Fig. 2b: Espitia et al.,
2022). Here, it is observed that the Jurassic basement is in contact with
the source rocks and reservoir rocks, which could potentially have acted
as carriers of hydrocarbons charging the fractured basement. In other
parts of the basin the fractured basement is covered by Villeta Group
which could act as seal rocks in the hanging-wall of the fault. We suggest
that theoretically, all the elements required for the development of a
possible fractured hydrocarbon reservoir in the basement of the Upper
Magdalena Valley Basin are present.

6. Conclusions
Our integrated approach, conducted in the Jurassic igneous rocks,

enabled us to assess the tectono-structural evolution and investigate the
primary factors governing the development and spatial distribution of
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fracture networks along the hanging-wall of the Agrado-Betania fault
damage zone. Low-temperature thermochronological data reveals the
presence of multiple Cretaceous to Miocene deformational events, which
is consistent with our structural data, topographic lineaments, and
existing literature. These findings suggest a polyphasic deformation
history within the hanging-wall of the Agrado-Betania fault, encom-
passing at least three exhumation events during which fracture systems
were formed.

The results from our outcrop analog show that fracture intensity is
mainly controlled by diagenetic history and structural position with a
low influence of lithology. small differences between fracture stratig-
raphy could be related to burial diagenesis suffered by the Saldana
Formation where silicification and compaction resulted in the homog-
enization of the mechanical properties. Diagenetic evolution enhanced
the tensile and contractional strength of volcaniclastic rocks, which
favored a more brittle behavior to the later deformation. Also, fracture
analysis suggests that high connectivity is mostly controlled by
diagenesis, geometry, topology, and type of fractures, instead of lithol-
ogy or structural position.

Furthermore, petrophysical properties calculation displays perme-
ability values above 1000 mD, while fracture porosity has lower values,
ranging from 0.2% to 5.0%. They agree with typical values of fractured
hydrocarbon reservoirs in volcanic rocks worldwide.

Consequently, fracture attributes such as high connectivity, in-
tensity, and permeability including their formation before oil and gas
migration indicate a high-quality reservoir. These findings highlight the
importance of Jurassic igneous rocks located near the regional fault
damage zones, where fracture networks are well developed, as a
promising target for exploration in fractured basement reservoirs within
the Upper Magdalena Valley Basin, Colombia.
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