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1 | INTRODUCTION

Major tectonic events can modify relief, local climate
and sedimentary routing systems (e.g., Bookhagen &
Strecker, 2012; Horton, 2018a; Poulsen et al., 2010) and
thus exert a first-order control on landscape and ecosystem
evolution (e.g., Antonelli et al., 2018; Hoorn et al., 2018;
Horton, 2018b). In particular, strike-slip tectonics can be
responsible for the fragmentation and displacement of
mountain belts, coeval along-strike extension and com-
pression and major drainage rearrangements (e.g., Fossen
& Tikoff, 1998; Gibson et al., 2021; Krstekani¢ et al., 2021;
Liu et al., 2021). The Northern Andes is a cordilleran oro-
gen that resulted from prolonged subduction, terrane ac-
cretion and oblique convergence (Cardona et al., 2020;
Montes et al., 2019; Spikings et al., 2014); especially dur-
ing the Miocene when oblique plate convergence and
the collision of the Panama-Chocé Block caused strike-
slip deformation along the NW South America margin
(Acosta et al.,, 2007; Escalona & Mann, 2011; Montes
et al.,, 2019; Sanin, Mejia-Franco, et al., 2022; Siravo
et al., 2021). Given that these major tectonic events in
the Northern Andes were coeval with the development
of the highly diverse Amazon, Caribbean and Pacific re-
gions (e.g., Hazzi et al., 2018; Hoorn et al., 2010; Montes
et al., 2019), this region is an ideal place to understand the
role of major tectonic events, such as strike-slip tectonics,
on landscape evolution and ultimately on diversity (e.g.,
Antonelli et al., 2009; Réjaud et al., 2020; Sanin, Cardona,
et al., 2022).

The Pebas system was a continental-scale wetland-like
ecosystem that developed during the Early Miocene in
the western Amazonia and terminated due to the Middle
to Late Miocene rise of the Northern and Central Andes
(Costantino et al., 2021; Hoorn et al., 1995, 2010; Hoorn,

The appearance of Eocene to Miocene volcanic sources in the Honda Group
after ca. 16 Ma suggests the development of fluvial passages, which connected
the Pacific with the western Amazonia and Caribbean regions. These passages
were synchronous with a time of Miocene exhumation and topographic growth
(ca. 16 to 10Ma) in the Central Cordillera and the transition from lacustrine to
fluvial deposition in the Magdalena Basin. Middle to Late Miocene strike-slip de-
formation promoted by oblique plate convergence and the oblique collision of the
Panama-Choco6 Block likely explains the synchronous along-strike fragmentation
and exhumation in the Central Cordillera.

Lake stratigraphy, low-temperature thermochronology, Northern Andes, Pebas system,
sedimentary provenance, strike-slip deformation

Highlights

« Drainage reorganization and mountain-belt ex-
humation and fragmentation due to strike slip
tectonics.

« Erosion and volcanism caused the premature
termination of the western border of the lacus-
trine Pebas system.

« Short lived connections (6 Ma) between the
Northern Andes hinterland and Western
Amazonia

Kukla, et al., 2021; Mora et al., 2010). Both the Andes and
the Pebas systems played a role in the process of biolog-
ical diversification that led to the high diversity of the
Amazonia and northern South America (e.g., Antonelli
et al.,, 2009; Hoorn et al.,, 2018; Hoorn, Boschman,
et al., 2021; Pirie et al., 2006; Rahbek et al., 2019; Réjaud
et al., 2020; Wesselingh & Salo, 2006). The question of
whether land connections existed between the Pebas sys-
tem and the Colombian hinterland basins, specifically the
Magdalena Basin, remains a subject of research interest.
This has prompted scholars to propose divergent paleo-
geographic models, including the hypothesis of a Miocene
trans-Andean passage (Montes et al., 2021; Rodriguez-
Munoz et al., 2022) and the disconnection between the
hinterland and foreland regions since the Oligocene
(Anderson et al., 2016; Horton et al., 2015; Reyes-Harker
et al., 2015).

The Magdalena Basin preserves an extensive Miocene
record that offers an opportunity to explore possible re-
lationships between these basins and the Pebas wetlands
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and to investigate how these sedimentary systems re-
sponded to Miocene strike-slip tectonics. The refinement
of the Miocene paleogeography of the Northern Andes
is a key input to understanding the high diversity ob-
served in the Amazonian, Pacific and Caribbean regions.
However, despite the large amount of research dedicated
to this paleogeography (Anderson et al., 2016; Costantino
et al., 2021; Horton et al., 2015; Montes et al., 2021; Mora,
Villagémez, et al., 2020; Parra, Mora, Sobel, et al., 2009;
Restrepo-Moreno et al., 2019; Reyes-Harker et al., 2015);
the lack of stratigraphic, provenance and deformation
data in several segments of the Northern Andes, and the
absence of regional compilations have prevented refined
reconstructions of the drainage network, the sedimentary
systems and the deformation patterns.

This contribution presents new stratigraphic data and
multi-technique provenance data from the Miocene strata
in the Magdalena Basin, and low-temperature thermo-
chronology from the Southern Central Cordillera inte-
grated with available provenance, thermochronological
and stratigraphic data. We utilize this database to pres-
ent a Miocene paleogeography of highly diverse regions,
which will ultimately serve as a framework for future
paleobiogeographical studies. Furthermore, our model
shows how strike-slip deformation promoted surface up-
lift, fragmented past orographic barriers and modified the
drainage network and the sedimentary systems: a tectonic
scenario that controlled landscape evolution and species
connectivity in NW South America.

2 | GEOLOGICAL BACKGROUND
2.1 | Tectonic evolution of the Northern
Andes

The Cretaceous to Miocene tectonic evolution of the
Northern Andes was characterized by oblique plate con-
vergence which has been responsible for block displace-
ments, the oblique collision of allochthonous terranes
(Caribbean Plateau and Panama-Chocé Block) and the for-
mation of pull-apart basins (Jaramillo et al., 2022; Montes
et al., 2010; Pindell & Erikson, 1993; Siravo et al., 2021;
Spikings et al., 2014; Zapata, Cardona, et al., 2019). During
the Miocene, the oblique collision of the Panama-Chocé
Block and the eastern advance of the Caribbean Plate with
respect to the South American continental margin, pro-
moted intense strike-slip deformation along the Northern
Andes (Acosta et al., 2007; Amaya et al., 2017; Escalona
& Mann, 2011; Galindo & Lonergan, 2020; Kennan &
Pindell, 2009; Montes et al., 2012, 2019). Additionally,
changes in the geometry and composition of the subduct-
ing plate and the architecture of the upper plate systems

have been responsible for the development of contrast-
ing Cenozoic magmatic spatiotemporal patterns along
the Northern Andes (Cardona et al., 2018; Jaramillo
et al., 2019; Leal-Mejia, 2011; Wagner et al., 2017).

The Central, Western and Eastern Cordilleras of
Colombia delimit two parallel intermountain river val-
leys: the Magdalena Valley in the east and the Cauca-Patia
Valley in the west (Figure 1). Several NE strike-slip struc-
tures, such as the Ibagué, Chusma,and Algeciras fault
systems, cut across the Central Cordillera, the Magdalena
Valley and the Eastern Cordillera. The Ibague fault sep-
arates the Antioquia Altiplano Province (AAP) from
the Southern Central Cordillera, while the Algeciras
and Chusma faults represent the southern limit of the
Southern Central Cordillera (Figure 1).

Compressional tectonics have characterized the
Northern Andes since the Cretaceous (ca. 90 Ma)—major
topographic growth and foreland sedimentation started
during the Late Cretaceous (ca. 72 Ma) because of the col-
lision between the continental margin and the Caribbean
Plateau (George et al., 2021; Jaramillo, Cardona,
et al.,, 2017; Pardo-Trujillo et al., 2020; Villagémez &
Spikings, 2013; Zapata et al., 2021). After this collision,
arc magmatism restarted and several disconnected blocks
from the northern segment of the Eastern Cordillera were
uplifted (Bayona et al., 2020; Jaramillo et al., 2022). Several
authors have suggested that between the Late Eocene
and the Oligocene, the continental margin was charac-
terized by the absence of major compressional events, an
interpretation that is supported by low subsidence and
exhumation rates in the Central and Eastern Cordilleras
(Mora et al., 2010; Reyes-Harker et al., 2015; Villamizar-
Escalante et al., 2021; Zapata et al., 2021).

During the Early and Middle Miocene (24—10Ma),
dynamic and flexural subsidence in Western Amazonia
promoted the development of a continental-scale wetland-
like system known as the Pebas system, which lacks a
modern analogue (Bicudo et al., 2020; Eakin et al., 2014;
Hoorn, Kukla, et al., 2021; Miller et al., 2020). By the Late
Miocene (ca. 9Ma), the Andes had major deformational
and uplift events that shifted the drainage system to-
wards the east—ending the Pebas system and starting the
modern Amazonian fluvial system (Hoorn et al., 2017).
Northern South America has a rich Miocene fossil re-
cord (Figure 1a) that documents diversity and the role of
landscape in the paleobiogeographical evolution of this
region (Carrillo et al., 2015; Montes et al., 2021; Moreno
et al., 2015; Pérez-Consuegra et al., 2017). Based on fos-
sil and phylogenetic data, several authors have proposed
a lowland connection between the Northern Andes hin-
terland and Western Amazonia until ca. 8 Ma (Lundberg
& Chernoff, 1992; Montes et al., 2021; Rodriguez-
Muiioz et al., 2022). In contrast, other authors have used
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FIGURE 1 (a)Location of the study region, yellow stars indicate the most important neotropical fossil sites after Carrillo et al. (2015).

(b) Geology of the Northern Andes modified from Gomez and Montes (2020). (c) Principal basins (numbers), basement-core structural

blocks (black letters) and faults (red letters) from the Northern Andes; abbreviations are presented in the figure legend.
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provenance and stratigraphic data to indicate a discon-
nection with the Pebas system before 8 Ma (Anderson
etal., 2016; Horton et al., 2015; Reyes-Harker et al., 2015).

In regions such as the Western and the Southern Central
Cordilleras, the deformational phases are poorly known,
however, available data suggest contrasting Miocene spa-
tiotemporal deformational patterns along the Northern
Andes (Mora, Villagomez, et al., 2020; Restrepo-Moreno
et al., 2019). Low-temperature thermochronology, seismic
images and stratigraphy data suggest Oligocene to Pliocene
deformation, exhumation and topographic growth along
the northern Eastern Cordillera—deformation rates sig-
nificantly increased after 13Ma (Costantino et al., 2021;
Mora et al., 2013; Mora, Teson, et al., 2020; Reyes-Harker
et al., 2015; Siravo et al., 2019). In the southern Eastern
Cordillera (Colombia, Garzéon and Quetame massifs), de-
formation and exhumation began around ca. 12Ma, but
major uplift and exhumation phases occurred between
ca. 8 and 3Ma (Anderson et al., 2016; Bayona et al., 2008;
Mora et al., 2008; Pérez-Consuegra, Ott, et al., 2021; Saeid
et al., 2017). Although low exhumation rates characterized
the AAP during the Miocene, thermochronological and
geomorphological data suggest Late Miocene to Pliocene
(7-4Ma) deformation and uplift (Pérez-Consuegra, Oftt,
et al., 2021, Pérez-Consuegra et al., 2022). In the Southern
Central Cordillera, seismic information suggests major com-
pressional and strike-slip deformational phases during the
Miocene (Espitia et al., 2022; Jiménez et al., 2012; Ramon
& Rosero, 2006); however, the lack of thermochronological
data and temporal constraints in the Miocene strata have
prevented a precise temporal definition of these events.
Miocene deformation phases in the Northern Andes have
been related to the break-up of the Farallon Plate at ca.
25Ma, an increase in the convergence rates during the
Middle Miocene, the collision of the Panama-Chocé Block
around 16Ma and flat-slab subduction (Lara et al., 2018;
Montes et al., 2015; Mora et al., 2013, 2015; Pérez-Consuegra
et al., 2022; Siravo et al., 2019; Wagner et al., 2017).

2.2 | Geochronological provinces of the
Northern Andes

The reconstruction of past drainage networks requires a
correlation between sedimentary provenance signals and
possible source areas; in this section, we describe the most
important geochronological provinces in the Northern
Andes. The Western, Central and Eastern Cordilleras and
the intermontane Cauca and Magdalena valleys are char-
acterized by geological units formed in contrasting tec-
tonic settings, which have facilitated the reconstruction
of past source areas in the Northern Andes (e.g., Bayona
et al., 2020; Horton et al., 2015, 2020; Nie et al., 2012;

Reyes-Harker et al., 2015; Valencia-Gomez et al., 2020;
Zapata, Cardona, et al., 2019).

The basement rocks of the Western Cordillera are com-
posed of Jurassic to Lower Cretaceous (150 to 105Ma)
basaltic and sedimentary rocks that were part of the al-
lochthons Caribbean Plateau; these rocks are intruded by
Cretaceous (90 to 65Ma) gabbros and tonalites formed in
an oceanic volcanic arc (Villagémez et al., 2011; Zapata-
Villada et al., 2021).

The metamorphic basement in the Central Cordillera
(AAP +Southern Central Cordillera in Figure 1b,c) is mostly
composed of Paleozoic to Jurassic (ca. 460 to 150 Ma) am-
phibolites, gneisses, granulites and low-grade schists and
phyllites. These metamorphic units are characterized by
major Palaeozoic (ca. 540 to 400 Ma) and Mesoproterozoic
(ca. 1600 to 1000 Ma) inherited and detrital U-Pb zircon age
populations (Carmona & Pimentel, 2002; Correa-Martinez
et al., 2020; Martens et al., 2012; Ordoéfiez-Carmona
et al., 2006; Restrepo et al., 2011; Villagomez et al., 2011;
Vinasco et al., 2006). This Paleozoic metamorphic basement
is intruded by arc-related Permian to Early Cretaceous (ca.
280 to 130 Ma) intermediate plutonic rocks formed in a con-
tinental arc (Bayona et al., 2019; Bustamante et al., 2016;
Spikings & Paul, 2019).

The pre-Cretaceous crystalline basement rocks of the
Central Cordillera are overlain by several volcanoclastic
units deposited between 125Ma and 80Ma, as a result of
rift and arc magmatism; these units are characterized by
Cretaceous (ca. 120 to 80Ma), Jurassic (ca. 200 to 160),
Permo-Triassic (300 to 220), Paleozoic (ca. 400 to 650 Ma),
Mesoproterozoic (1000 to 1600 Ma) zircon age populations
(Jaramillo et al., 2014; Villagémez et al., 2011; Zapata,
Cardona, et al., 2019). Finally, Late Cretaceous (ca. 100
to 70Ma) and Paleocene to Eocene (62to 50 Ma) granodi-
orites, diorites and tonalites intrude Paleozoic to Lower
Cretaceous rocks from the Central Cordillera (Duque-
Trujillo et al., 2019; Jaramillo et al., 2022; Leal-Mejia
et al., 2019; Spikings et al., 2014).

The south-eastern segment of the Central Cordillera,
the San Lucas Range and the Santander Massif are charac-
terized by an ample record of Permian to Jurassic plutonic
rocks while in the AAP the Late Cretaceous plutonic rocks
and Cretaceous sedimentary strata are more abundant
(Figure 1b,c). In summary, the Central Cordillera is mostly
composed of Pre-Cretaceous metamorphic rocks overlay by
Cretaceous volcanoclastic strata and intruded by abundant
Mesozoic and Paleogene plutonic rocks; these units repre-
sent source areas with distinctive Mesoproterozoic (1000
to 1600Ma), Paleozoic to Triassic (650 to 400Ma and 300 to
220Ma), Jurassic (ca. 200 to 160), Cretaceous (ca. 120 to 70Ma)
and Paleogene (62 to 50Ma) U-Pb zircon age populations.

The Eastern Cordillera is characterized by a Paleozoic
sedimentary basement covered by rift-related Cretaceous
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strata, which have detrital zircon ages from the eastern
cratons—older than 900 Ma—and minor syn-depositional
ages (Bayona et al., 2020; Horton et al.,, 2010, 2020).
Paleogene to Miocene foreland sedimentary units pre-
served in the Eastern Cordillera are characterized by
the appearance of Permian to Eocene zircons derived
from the Central Cordillera (Horton et al., 2020 and ref-
erences therein). North of the Eastern Cordillera, the
Santander Massif is characterized by Paleozoic plutonic
and metasedimentary rocks intruded by Jurassic plutons
(Bayona et al., 2019; van der Lelij et al., 2016). The Garzon
and Quetame massifs are composed of Proterozoic (1500-
900Ma) metamorphic rocks intruded by Ordovician
plutons (ca. 450Ma) (Horton et al., 2010; Ibanez-Mejia
et al., 2015) (Figure 1b,c).

The spatiotemporal distribution of Cenozoic arc volca-
nism in the Northern Andes provides an additional prov-
enance constraint (Figure 1). The plutonic record of the
post-collisional Paleocene to Early Eocene volcanic arc (66
to 50 Ma) is restricted to minor intrusive rocks distributed
along the Central Cordillera, several Caribbean crustal
blocks and the Panama-Chocé Block (Bayona et al., 2012;
Bustamante et al., 2017; Duque-Trujillo et al., 2019).
Additionally, Paleocene-Eocene volcanic zircon grains
and reworked volcanoclastic rocks were preserved in the
Eocene units in the Magdalena Basin and the Eastern
Cordillera (Bayona et al., 2012; Bustamante et al., 2017;
Cardona et al., 2018; Jaramillo et al., 2022). After a mag-
matic gap of ca. 7Ma, Late Eocene to Oligocene (40 to
30Ma) igneous rocks restricted to the allochthonous
Panama-Choc6 Block and the southern segment of the
Western Cordillera (Barbosa-Espitia et al., 2019; Cardona
et al., 2018). Between 20 and 8 Ma, the volcanic arc mi-
grated from the Western Cordillera to the Cauca Basin
and the western flank of the Central Cordillera (Wagner
et al., 2017). The migration towards the eastern flank of
the Southern Central Cordillera occurred after ca. 8 Ma,
resulting in the deposition of volcanoclastic rocks in the
Magdalena Basin (Anderson et al., 2016).

2.3 | Stratigraphy of the Upper and
Middle Magdalena Basins

The Magdalena Basin has been divided into the Upper,
Middle and Lower Magdalena basins, these definitions
refer to their relative topographic positions along the
Magdalena Valley. The limit between the Upper and
Lower Magdalena basins is the Guataqui High (Figures 1c
and 2). The Upper Magdalena Basin is divided into the
Girardot and Neiva sub-basins, which are separated by the
Pata and Natagaima highs (Figures 1c and 2). The base-
ments of these basins comprise Jurassic volcanoclastic

and plutonic rocks in the Upper Magdalena Basin and
pre-Mesozoic metamorphic rocks and Jurassic plutons
in the Middle Magdalena Basin; in both basins, base-
ment rocks are unconformably overlain by rift-related
Cretaceous strata (Gomez et al., 2003; Sarmiento &
Rangel, 2004; Sarmiento-Rojas et al., 2006). A pronounced
angular unconformity separates deformed Cretaceous
and Lower Paleocene units from the Middle Eocene to
Oligocene Gualanday Group in the Upper Magdalena
Basin and from the San Juan de Rio Seco Formation in the
Middle Magdalena Basin (Gémez et al., 2005; Ramon &
Rosero, 2006; Sarmiento & Rangel, 2004). The Gualanday
Group is characterized by pebble-to-boulder conglomer-
ates interpreted as alluvial fans sourced from the Southern
Central Cordillera, while the San Juan the Rio Seco
Formation is composed of sandstones and mudstones
deposited in a fluvial system (Gomez et al., 2003, 2005;
Ramon & Rosero, 2006).

During the Lower Miocene, fine-grained lacustrine
strata were deposited on top of the Cretaceous, Eocene
and Oligocene rocks in the Middle (Santa Teresa and La
Cira formations) and the Upper (Barzalosa Formation)
Magdalena basins. Several authors have used palynolog-
ical biostratigraphy to constraint the depositional age of
these sedimentary units, a technique commonly used in
many tropical American sedimentary basins (Carvalho
et al.,, 2021; Jaramillo, Ochoa, et al., 2010; Jaramillo,
Romero, etal.,2017; Parra, Mora,Jaramillo, etal., 2009). The
most up-to-date biostratigraphic zonation for these basins
(Jaramillo et al., 2011) is based on the information from 70
sections and 6707 samples covering the entire Cenozoic.
This zonation was calibrated with published data, includ-
ing magnetostratigraphy (Herrera, 2008), carbon isotopes
(Carvalho et al., 2021; Jaramillo et al., 2006), zircon U-Pb
geochronology (Carvalho et al., 2021; Jaramillo, Torres,
etal., 2010) and foraminifera data (Linares, 2004, Wozniak
& Wozniak, 1987). Therefore, this method provides a reli-
able tool to precisely constrain Cenozoic depositional ages
in the Northern Andes. Fossil palynological data suggest
an Early Miocene ca. 17.7Ma to 16.1Ma (palynological
zone T13 of Jaramillo et al., 2011) depositional age for
the La Cira, Santa Teresa and Barzalosa formations (de La
Parra et al., 2019; Gomez et al., 2003; Guzman-Speziale
et al., 2005; Jaramillo, Romero, et al., 2017; Nuttall, 1990).

The Barzalosa Formation has been divided into three
members, which include a lower member dominated by
siltstones and conglomerates, a middle member com-
posed of monotonous claystones and siltstones that ex-
hibit distinctive gypsum veins, and an upper member
dominated by conglomerates and siltstones (de La Parra
et al., 2019). The Santa Teresa, La Cira and Barzalosa
formations were deposited in lacustrine sedimentary
systems, similar to the Lower and Middle Miocene strata
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FIGURE 2 Geology of the Upper and Middle Magdalena Basin (a) Girardot sub-basin in the Upper Magdalena Basin and the (b) Middle
Magdalena Basin. Map locations are presented in Figure 1b and available seismic lines are presented in Figure 11b.
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deposited in the Llanos and Putumayo basins during the
development of the Pebas system in Western Amazonia
(de La Parra et al., 2019). However, the lacustrine strata
in the Upper and Middle Magdalena basins were de-
posited in a freshwater system, while the Pebas sys-
tem included two major marine Caribbean incursions
during the Lower Miocene (ca. 18.1 to ca. 17.2Ma) and
the Middle Miocene (ca. 16.1 to ca. 12.4Ma) (Jaramillo,
Romero, et al., 2017).

Middle to Upper Miocene sand-dominated clastic
strata deposited in braided to meandering depositional
systems have been described as the Honda Group. Our
results suggest that clastic strata in the western segment
of the Girardot sub-basin are not correlatable with the
Honda Group, and thus a new unit (Rovira Formation) is
presented in this contribution. In the Neiva sub-basin, the
Honda Group is divided into the Victoria and Villavieja for-
mations. At the top of the Honda Group, an erosional con-
tact separates the Villavieja Formation from the Gigante
Formation, which is composed of boulder conglomerates
and abundant volcanoclastic strata deposited between
10Ma and 6 Ma (Anderson et al., 2016; Montes et al., 2021;
van der Wiel et al., 1992). In the Middle Magdalena Basin,
the Pliocene volcanoclastic strata of the Mesa Formation
are unconformably deposited on top of the Honda Group
(de Porta, 1966).

3 | METHODS

We used a source-to-sink approach in the Upper and Middle
Magdalena basins and combine it with data from previous
studies; this dataset is used to reconstruct the Miocene pale-
ogeography of the Northern Andes hinterland region and
the western border of the Pebas system and to understand
their response to tectonic events, such as terrane accre-
tion and oblique convergence. We obtained 19 new ther-
mochronological ages from two transects in the Southern
Central Cordillera (Figure 2). Additionally, we described
seven stratigraphic sections accompanied by provenance
data that include 15 samples with U-Pb detrital zircon
ages, 45 petrography samples and 8 clast counts. Sample
locations are presented in Table 1. Thermochronological
and zircon U-Pb data are fully available in the Geochron
database (https://www.geochron.org/dataset/html/geoch
ron_dataset_2023_03_11_pOaYX).

3.1 | Stratigraphy and provenance
methods

The stratigraphic sections were measured using Jacob's
staff and facies identification and description were

carried out following Miall's method (Miall, 1977, 1985).
The stratigraphic columns were plotted using the pack-
age of R: Stratigraphic Data Analysis (SDAR) (Ortiz &
Jaramillo, 2018). The petrographic compositional anal-
yses were carried out following the Gazzi-Dickinson
method (Dickinson, 1985); we counted at least 300 points
in each sample, including framework, matrix and cement.
For the metamorphic lithics, a textural classification was
made according to Garzanti and Vezzoli (2003) and the
categories proposed therein, detailed data are presented
in Table S1. Eight conglomerate counts were performed,
following the ribbon counting method (Howard, 1993).

3.2 | U-Pb zircon geochronology
Fifteen detrital zircon U-Pb geochronological analyses
were performed. Zircon grains were separated from sand-
stones using standard techniques. A random selection of
zircons from each sample was analyzed using laser abla-
tion inductively coupled plasma mass spectrometry (LA-
ICP-MS) at Washington State University and following the
standard procedures presented in Chang et al. (2006). The
296ph /297ph zircon age is reported for all grains older than
1500 Ma, while for younger grains, the **°Pb/***U age is
reported (Spencer et al., 2016). Kernel Density Estimation
(KDE) was obtained using the software DensityPlotter
(Vermeesch, 2012). Two different maximum depositional
ages (MDA) were calculated for each sample using the
youngest single grain (YSG) and the weighted average
age from two or three youngest zircons that overlap at 2
sigmas (Y2Z and Y3Z) (Coutts et al., 2019; Gehrels, 2012).
Zircon ages older than 250 Ma and with discordance >30%
were not considered. Complete single-grain zircon data
are fully available in the Geochron database and Table S2.
To compare and visualize the similarities between
the zircon age distributions from the Miocene strata and
several basements of the Northern Andes, we used the
software Isoplot R (Vermeesch, 2018a) to implement a
multi-dimensional scaling (MDS) method, which uses
the Kolmogorov—Smirnov (KS) statistics. The MDS
method creates a map where the Euclidian distances be-
tween the samples are proportional to their disparities
(Vermeesch, 2013, 2018b).

3.3 | Low-temperature
thermochronological methods

The apatite fission-track (AFT) method is based on the
quantification of damage (tracks) caused by the spontane-
ous fission of **U to the apatite crystal lattice. Between
ca. 60 and 120°C, these tracks are partially annealed:
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TABLE 1 Samples localization.

Longitude Latitude Elevation Zircon
Sample ID ©) ©) (m.asl)  Petrography U-Pb AHe AFT  Unit
21158Bz —74.7523 4.3236 305 X Honda Group
21159Bz —74.7523 4.3236 305 X Honda Group
34001Cy —75.1622 3.8090 409 X Honda Group
34002Cy —75.1752 3.8012 416 X Honda Group
21144To —74.6484 4.4231 364 X Honda Group
JC-T001 —74.6024 5.4888 270 X Honda Group
JC-T004 —74.5981 5.4295 465 X Honda Group
JCM-T007 —74.6034 5.4799 336 X Honda Group
JC-T007 —74.6052 5.4943 228 X Honda Group
JC-T008 —74.5992 5.4479 508 X Honda Group
JC-M009 —74.6024 5.4888 270 X Honda Group
JC-M012 —74.6011 5.4654 438 X Honda Group
JC-M015 —74.5978 5.4441 498 X Honda Group
JC-MO017 —74.6961 5.1943 279 X Honda Group
JC-M018 —74.7002 5.1902 274 X Honda Group
JC-M019 —74.7084 5.1894 309 X X Honda Group
JC-M020 —74.7127 5.1889 265 X Honda Group
JC-M022 —74.7166 5.1926 227 X Honda Group
JC-M023 —74.7186 5.1984 234 X Honda Group
JC-M024 —74.7239 5.2023 234 X Honda Group
JC-M025 —74.7263 5.2028 256 X Honda Group
19033Ro —75.1479 4.1230 554 X Rovira Formation
19043Ro —75.2410 4.2197 854 X Rovira Formation
19048Ro —75.2532 4.2244 909 X Rovira Formation
20112Ro —75.2411 4.2483 890 X Rovira Formation
20113Ro —75.2411 4.2483 890 X Rovira Formation
20114Ro —75.2404 4.2484 897 X Rovira Formation
20116Ro —75.2401 4.2485 910 X Rovira Formation
20118Ro —75.2401 4.2486 912 X Rovira Formation
20120R0 —75.2366 4.2493 889 X Rovira Formation
20121Ro —75.2350 4.2486 912 X Rovira Formation
20125Ro —75.2426 4.2488 897 X Rovira Formation
20122Ro0 —75.2364 4.2503 902 X Rovira Formation
21162Cp —75.5064 3.8599 1057 X Rovira Formation
21166Cp —75.5055 3.8557 1011 X Rovira Formation
21167Cp —75.5055 3.8557 1011 X Rovira Formation
21169Cp —75.5035 3.8535 1002 X Rovira Formation
21170Cp —75.5035 3.8535 1002 X Rovira Formation
19036Bz —74.7947 4.3605 330 X Barzalosa Formation
19037Bz —74.7947 4.3605 330 X Barzalosa Formation
19038Bz —74.7967 4.3526 329 X Barzalosa Formation
20133Bz —74.7978 4.3649 354 X Barzalosa Formation
20134Bz —74.7960 4.3627 345 X Barzalosa Formation

(Continues)
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TABLE 1 (Continued)
Longitude Latitude Elevation
Sample ID ©) ©) (m.a.s.l.)
20135Bz —74.7953 4.3609 345 X
20137Bz —74.7969 4.3557 342 X
20138Bz —74.7931 4.3554 325 X
21141Bz —74.7953 4.3575 331 X
21143Bz —74.7949 4.3561 330
21148Me —74.6744 4.1938 323
21149Me —74.6744 4.1938 323 X
21151Me —74.6744 4.1938 323 X
21154Me —74.6840 4.1957 358 X
20155Bz —74.7801 4.3479 315 X
21156Me —74.6840 4.1957 358
JC-M002 —74.6228 5.4989 227 X
JC-M003 —74.6194 5.4989 219
JC-M007 —74.6100 5.4983 218 X
21147Me —74.6744 4.1938 323
20130Bz —74.8042 4.3683 468
19042Ro —75.2410 4.2197 854
19046Ro —75.2277 4.1965 1424
19052Lu —75.2535 4.2449 999
19054Lu —75.3187 4.2486 1399
19056Lu —75.3375 4.2531 1740
19058Lu —75.3383 4.2552 1799
20140Cp —75.5575 3.7887 1299
20142Cp —75.5619 3.8123 1665
20148Cp —75.5979 3.8454 1982
20150Cp —75.6276 3.8596 1754
20152Cp —75.6889 3.8889 1865

a temperature interval defined as the apatite partial an-
nealing zone (APAZ) (Wagner et al., 1989). The detailed
procedures for etching, Dpar measurements and sam-
ple preparation are presented in Text S1 (Dunkl, 2002;
Galbraith & Laslett, 1993; Green, 1981). Analyses were
carried out using the External Detector Method in
the thermochronology laboratory and research centre
(CPGeo_LTC) at the University of Sao Paulo, Brazil (USP).
Complete single-grain data is presented in the Geochron
database and Table S3.

Apatite U-Th-Sm/He thermochronology is based on
the production and accumulation of helium that forms
from the alpha decay of uranium (U), thorium (Th) and
samarium (Sm). In apatites, this method provides infor-
mation on the thermal history between 40 and 90°C, and
this temperature interval is known as the apatite par-
tial retention zone (APRZ) (Farley, 2002). The helium
retentivity of the crystal can be affected by the effective

Zircon

Petrography U-Pb AHe AFT Unit

Barzalosa Formation
Barzalosa Formation
Barzalosa Formation
Barzalosa Formation

X Barzalosa Formation

X Barzalosa Formation
Barzalosa Formation
Barzalosa Formation
Barzalosa Formation
Barzalosa Formation

X Barzalosa Formation
Santa Teresa Formation

X Santa Teresa Formation

Santa Teresa Formation

X Eocene strata

X Cretaceous strata
X Jurassic plutonic rocks
X Permian plutonic rocks
X X Permian plutonic rocks
X X Permian plutonic rocks
X X Permian plutonic rocks
X Permian plutonic rocks
X X Jurassic plutonic rocks
X X Jurassic plutonic rocks
X X Jurassic plutonic rocks
X X Jurassic plutonic rocks
X X Jurassic plutonic rocks

uranium content (eU=U+0.235*Th), size, geometry and
cooling rate (Brown et al., 2013; Flowers, 2009; Guenthner
et al., 2013; Shuster et al., 2006). The analyses were car-
ried out at the Potsdam University Alphachron laboratory.
Detailed procedures are presented by Zhou et al. (2017).

3.4 | Thermal modelling approach
and parameters

We performed inverse modelling with the QTQt soft-
ware (v.5.7.0), which uses a Bayesian transdimensional
statistical approach to extract the most probable thermal
history from a given dataset (Gallagher, 2012; Gallagher
et al., 2009). QTQt finds thermal histories by consider-
ing multiple thermochronometers, the natural dispersion
of data and the kinetic models of each thermochonom-
eter. We used the radiation damage models from Flowers
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et al. (2009) for AHe data and the annealing model of
Ketcham et al. (2007) for AFT data. Only U-Th/He single-
grain aliquots with reproducible ages or dispersed ages
with possible size or eU age controls were included in the
models. We consider ages to be reproducible when the
1o SD is <25% of the mean age (e.g., Flowers et al., 2009;
Flowers & Kelley, 2011).

Major basement structures and positive elevation ver-
sus age relationship were used to identify blocks with pre-
sumably similar thermal histories. Geological constraints
and modelling time intervals were fixed according to rock
crystallization and thermochronological ages. In all the
models, the initial iterations were discarded (burn-in)
and the subsequent iterations were used for the inference
of the thermal history (Gallagher, 2012). During inverse
modelling in QTQt, the coldest and hottest samples repre-
sent the rocks assumed to have relatively colder and hot-
ter thermal histories within a rock body. After identifying
a coherent basement block, the elevation was used as a
proxy for paleodepth, and consequently a proxy for rela-
tive past temperatures. Model constraints and parameters
are presented in Table S4 and likelihood chains are pre-
sented in Figure S1.

4 | RESULTS

4.1 | Stratigraphy of the Miocene units
in the Girardot sub-basin in the Upper and
Middle Magdalena Basins

4.1.1 | Rovira formation

We described this unit for the first time near the Rovira
town, in the Girardot sub-basin (Figure 2a). The Rovira
Formation has been previously mapped as part of the
Honda Group, but differences in the observed facies
were enough to describe this unit separately. The Rovira
Formation was described in sections 1-3. This unit con-
stitutes a clastic wedge parallel to the eastern flank of
the Southern Central Cordillera. In sections 1 and 2,
this unit was observed overlying the Permo-Triassic
igneous basement of the Southern Central Cordillera
(Figure 2a).

The Rovira Formation is characterized by facies associ-
ation I (Tables 2 and 3), which is mostly composed of thick
beds (1 to 4m) of massive, parallel laminated and graded
sandstones and conglomerates (Sm, Gp and Gm) interbed-
ded with red and grey mudstones and paleosols (Fmr, Fmg
and P in Figures 3a-c, and 4a,b). Paleosols are composed
of grey and red mudstones (argilisols and oxisols) charac-
terized by the absence of sedimentary textures; occasion-
ally, paleosols also exhibit gypsum and carbonate veins

Research

and nodules (Tables 2 and 3). This facies association is
characterized by beds that are 1 m to 5m thick, and some
laterally continuous beds (up ca. 50m) with tabular ge-
ometries; occasionally coarse-grained facies are presented
in discontinuous beds (channels and splay deposits)
that lateral transition to fine-grained facies (Figure 3a).
Lateral facies variation is evident in sections 2 and 3: in
the west, section 2 is characterized by the prevalence of
coarse-grained clastic strata, while in the east (section 3)
fine-grained strata are more abundant (Figure 4a). The ab-
sence of tractive structures and the presence of massive
sandstones and gravels (Gm and Sm) with channel and
sheet bed geometries suggest that this unit was deposited
by successive confined and unconfined high-density and
more diluted flows (Miall, 2014; Zavala et al., 2011) accu-
mulated in a well-developed flood plain characterized by
periods of sub-areal exposition.

4.1.2 | Barzalosa and Santa
Teresa formations

The Barzalosa Formation was described in sections 5 and
6 in the NE segment of the Girardot sub-basin while the
Santa Teresa Formation was described in the lower seg-
ment of section 7 (Figures 2a,b, 5, and 6). The Barzalosa
Formation unconformably overlies the Cretaceous (section
5) and Eocene (section 6) strata while the lower contact of
the Santa Teresa Formation was not observed (Figure 5).
In the Barzalosa Formation, three different facies asso-
ciations were identified (II, III, IV); facies assemblages
IT and V were described in the Santa Teresa Formation
(Tables 2 and 3; Figures 5 and 6). Facies association II is
composed of conglomerates and sandstones with trough
or cross-stratification and imbrication (Figures 3d, 5, and
6)(Gt, St, Sc and Gi) interbedded with fine-grained red and
grey mudstones and paleosols (Fmr, Fmg and P). Coarse-
grained rocks are presented in very thick (1 to 2m) beds
with channel geometries while fine-grained facies are in
very thick and laterally continuous tabular beds. Facies
assemblage IIT is dominated by red-mottled paleosols (oxi-
sols) and massive sandstones presented in relatively thin
(<1m) beds with channelized geometries (Figures 3e,
and 5a,b). Facies association IV is characterized by planar
laminated mudstones and sandstones (Sp and Fp) organ-
ized in tabular beds that are between 1 cm and 10 cm thick
(Figures 3f and 5b). Facies association V contains organic-
rich laminated mudstones and siltstones interbedded with
massive sandstones and coal beds (Figure 6).

Facies assemblages II, III and IV described above are
interpreted as part of the marginal facies of a playa lake or
ephemeral lacustrine system (Briere, 2000; Nichols, 2009),
where facies assemblage II corresponds to marginal

85U0|7 SUOWIWOD aA1e8ID 3|qeol(dde aup Aq pausench afe sejoie O ‘8sn J0 SajnJ Joy AriqiT8UIUO /8|1 UO (SUORIPUOD-pUe-SW.eI W00 A 1M ARe.d Ul juo//Sdny) SUORIPUOD pue sw.e 1 8y} 88s *[£202/50/2z] Uo AriqiTaulluo A8|iM ‘@oueios JO AsieAlun LNossIl A 69/2T 940/TTTT 0T/I0p/W00" A8 1M Akeid 1 juljuo//Sdny wo.j pepeojumod ‘0 ‘L TTZS9ET



7

il_wl LEY- Basin IAS EAGE

ZAPATA ET AL.

I

lacustrine facies characterized by the presence of bed-
forms deposited by unidirectional currents (Gt, St and
Sc); facies assemblages IIT and IV correspond to inner lake
deposits. The fine-grained facies in assemblage III are in-
terpreted as fallout lake deposition and Sm facies are in-
terpreted as lake underflows (Carroll & Bohacs, 1999). The
development of paleosols suggests that lake deposits expe-
rienced periods of subaerial exposition characteristic of
an intermittent water body, which is indicative of a playa
lake depositional system (Briere, 2000). The preservation
of the lamination and the absence of paleosols in facies
assemblage IV suggest times when the water body was
more permanent. Paleosol facies interbedded with stag-
nant water conditions suggest constant submergence and
emergence of the lake bottom (Hatano & Yoshida, 2017;
Nichols, 2009). In contrast, continuous mud-rich sedi-
mentation and the preservation of organic matter in fa-
cies association V are indicative of sediments deposited
in an anoxic lake bottom under a permanent water body
(Renaut et al., 2010).

4.1.3 | Honda Group

The Honda Group was described in the central and east-
ern segments of the Girardot sub-basin in the Upper
Magdalena Basin (sections 4 and 5, Figure 2a) and the
northern Middle Magdalena Basin (section 7, Figure 2b).
We observed the Honda Group conformably overlying the
Barzalosa and Santa Teresa formations in sections 5 and 7
(Figures 5b and 6). This unit is composed of facies associa-
tion VI and VII (Tables 2 and 3). Facies association VI is
characterized by laterally discontinuous and very thick (1
to 2m) beds of conglomerates and sandstones with trough
stratification (Gt and St) and sandstones with cross lami-
nation (Sc) interbedded with massive sandstones (Sm)
presented in thick and very thick (0.5 to 2m) tabular and
laterally continuous beds (Figure 3g,h). These lithofacies
are interbedded with tabular beds of red and green mud-
stones (Fmr and Fmg).

Facies association VII is characterized by a succession
of laterally continuous thick beds with fallout ashes (As),
tuffaceous sandstones and conglomerates with pumice
fragments (Stf) interbedded with massive sandstones and
conglomerates (Gm and Sm) (Figure 3i). The two facies as-
semblages described in the Honda Group are interpreted as
part of a fluvial system characterized by abundant tractive
bedforms (Gt, Sc, St), overbank deposits (Sm) and a well-
developed flood plain (Fmr and Fmg) (Miall, 2014). Facies
association VII represents segments of the fluvial systems
that were close or proximal to volcanic sources. Similar
fluvial depositional environments have been described
in the Victoria and Villavieja formations (Honda Group)

in the Upper Magdalena Basin (Anderson et al., 2016;
Guerrero, 1993; van der Wiel et al., 1992; Wellman, 1970).

4.2 | Sandstone petrography and
conglomerate clast counting

The Rovira Formation comprises sandstones mostly com-
posed of quartz, feldspars and metamorphic lithics while
conglomerates are composed of chert, quartz and distinctive
plutonic and metamorphic clasts (Figure 7a—c). Sandstones
exhibit medium to coarse, rounded and subrounded grains
embedded in a mud-rich matrix. Sandstone composition is
characterized by 45% to 83% of quartz, followed by 8% to
35% of feldspar (Figure 7b and Table 4). The lithic fraction
varies between 7% and 27% and is composed of metamor-
phic and plutonic lithics (Figure 7c,d). One conglomer-
ate clast count in this unit presents 48% of milky coloured
quartz, 22% of chert and 11% of lidites and mudstones, 9%
of gneisses, 7% of plutonic rocks and 2% of volcanic frag-
ments (Figure 7a and Table 5).

The Barzalosa and the Santa Teresa formations are char-
acterized by quartz-rich sandstones and conglomerates with
abundant sedimentary lithics and clasts (Figure 7a—c). The
sandstones are characterized by sub-rounded to rounded
grains embedded in a mud-rich matrix with siliceous and
ferruginous cement. Compositionally, these sandstones
have quartz content varying between 55% and 90%, feldspar
content between 1% and 11% and lithics between 3% and
40%, with abundant sedimentary lithics (>50% of the lithic
fraction; Figure 7c,e). Two conglomerate clast counts were
carried out in the Barzalosa Formation, with both showing
a predominance of sedimentary clasts, including chert and
lidites (55% and 76%), sandstones (16% and 22%) and 27% of
mudstones in one of the counts (Figure 7a). One conglom-
erate clast count from the Santa Teresa Formation presents
80% of milky coloured quartz, 10% of metamorphic lithic
fragments, 9% of chert and lidites and 2% of mudstones
(Figure 7a and Table 5).

The Honda Group marks the appearance of a massive
volcanic component in the Upper and Middle Magdalena
basins, evidenced in volcanic lithics and clasts (Figure 7a-
c). Samples correspond to medium to very coarse-grained
sandstones characterized by sub-rounded to angular
grains and a mud-rich matrix with siliceous cement.
These sandstones are characterized by a high content of
lithics (16% to 55%) with a predominance of sedimentary
and volcanic lithics (Figure 7c,f) and variable amounts of
metamorphic fragments (10% to 40%). The quartz content
varies between 15% to 50% and feldspar content is between
3% and 21%. One conglomerate clast count was carried out
in the Honda Group in the Upper Magdalena Basin, and
the results show milky-coloured quartz (48%), volcanic
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TABLE 2 Facies description; codes

Research

Pebble and granule matrix-supported
conglomerates with a planar
lamination defined by normally
graded centimetric sets

Pebble and granule class-supported
and imbricated conglomerates

Structureless pebble and granule
matrix-supported conglomerates

Pebble matrix-supported
conglomerates with trough

Fine- to coarse-grained structureless
sandstones with floating clasts and

Fine- to coarse-grained sandstones
with planar bedding with internal

Medium- to coarse-grained grey
sandstones with well-defined and
incipient stratification

Medium- to coarse-grained sandstones
with trough stratification

Tuffaceous medium- to coarse-grained

Red mudstones with horizontal
lamination organized in tabular

Dark grey to green mudstones with
horizontal lamination organized in

Iron-rich layers of mottled massive red
to brownish mudstones (oxisols)
and grey massive mudstones
(argilisols) with carbonate noodles
and occasional gypsum veins

Metric coal beds characterized by

Cod D ipti
were modified from Miall (1985b). ode escription

Gp
Gi
Gm
Gt

stratification
Sm

scour bases
Sp

normal grading
Sc
St
Stf

sandstones
Fmr

beds
Fmg

tabular beds
P
C

sharp tops and
As Fallout ashes

- 13
o WILEY-12

Interpretation

Fast deposition of high-density flows

Channel fills formed by bedload
migration

Fast deposition of high-density flows

Channel fill formed by 3D bedform
migration

Rapid deposition and aggradation of
suspended load during the waning
of high-density flows

Rapid deposition of diluted high-
energy flows

Channel fill formed by 2D bedform
migration

Development of 3D dunes under
unidirectional flows

Reworked pyroclastic materials

Deposition of fine-grained suspended
load in oxidant conditions.

Deposition of fine suspended load in
reductive conditions.

Fine-grained strata exposed to
subaerial conditions

Flood plains with abundant organic
material

Fallout ashes

lithics (33%), chert and lidites (11%) and sandstones (7%).
Three conglomerate clast counts were made in the Middle
Magdalena Basin, and they show a predominance of cal-
careous sedimentary clasts ca. 40%, followed by volcanic
(20%), chert (14%), milky-coloured quartz (10%) and met-
amorphic clasts (8%) (Figure 7a and Table 5).

4.3 | Detrital zircon U-Pb geochronology
We obtained single-grain zircon U-Pb data from fifteen
samples from Miocene Rovira, Barzalosa and Honda sedi-
mentary units and the underlying Cretaceous and Eocene

strata. In the Rovira Formation, between 45% and 80% of
the zircon grains have Jurassic to Early Cretaceous ages
(200 to 120Ma), with age peaks between ca. 160 andca.
152Ma. Four of the samples (19048Ro, 20122Ro, 21166Cp,
21177Cp) have Permo-Triassic zircon populations with
age peaks between ca. 269 and ca. 275Ma (Figure 4); sam-
ples from section 1 exhibit Eocene zircon age populations
with age peaks around 50 Ma. The maximum depositional
ages in this unit are between ca. 150 and ca. 48 Ma (Y3Z)
(Table 6).

Single-grain U-Pb zircon ages from the Barzalosa
Formation in the Upper Magdalena Basin include
data from four samples in sections 5 and 6 and one

85U0|7 SUOWIWOD aA1e8ID 3|qeol(dde aup Aq pausench afe sejoie O ‘8sn J0 SajnJ Joy AriqiT8UIUO /8|1 UO (SUORIPUOD-pUe-SW.eI W00 A 1M ARe.d Ul juo//Sdny) SUORIPUOD pue sw.e 1 8y} 88s *[£202/50/2z] Uo AriqiTaulluo A8|iM ‘@oueios JO AsieAlun LNossIl A 69/2T 940/TTTT 0T/I0p/W00" A8 1M Akeid 1 juljuo//Sdny wo.j pepeojumod ‘0 ‘L TTZS9ET



14 -
_I_Wl LEY- Basin

Research =]
TABLE 3 Facies associations.

Facies association

Facies association I

Facies association II

Facies association III

Facies association IV

Facies association V

Facies association VI

Facies association
VII

Constituent facies

Gm, Gp, Sm, Sp, Sc, Fmr,
Fmg, P

Gm, Gt, Gi, St, Sc, Fmg,

Fmr, P

Sm, P

Sp, Fp

Sp, Fp, C

Gt, Sm, Sc, St, Fmg, Fmr, C

Stf, As, Gm and Sm

ZAPATA ET AL.

Description

Amalgamated confined and
unconfined high-density flows,
characterized by lateral facies
transition to floodplain deposits
with the development of paleosols

Fine-grained sedimentation with
the development of paleosols
and bedforms deposited by
unidirectional currents

Fine-grained strata with the
development of paleosols and
minor confined high-density flows

Tabular thin laminae of horizontally
laminated mudstones and massive
fine-grained sandstones and
siltstones

Tabular thin laminae of horizontally
laminated black mudstones, rich
in organic matter and interbedded
with coal beds

Amalgamated 2D and 3D bedforms
organized in channelized beds that
laterally transition to fine-grained
flood plains—Ilarge tabular sheet
floods

Fall-out ash deposition and reworked
pyroclastic materials

interpretation

Alluvial deposits formed by high
energy flows, with minor fluvial
reworking deposited adjacent to
a well-developed floodplain

Marginal lake conditions
characterized by floodplain
deposition and unidirectional
flows

Profundal fluctuating lake deposits
characterized by massive
underflows, fall-out deposition
and periods of subaerial
exposition

Lake sedimentation characterized
by suspension deposition

Lake sedimentation in anoxic
conditions and high-density
underflows

Well-developed fluvial system

Volcanic activity coeval with
sedimentation

sample from the equivalent Santa Teresa Formation in
the Middle Magdalena Basin (section 7, Figures 5 and 6).
Sample 19036Bz from section 5 exhibits a single age peak
of 80 Ma, which corresponds to ca. 80% of the ages while
sample 21143Bz also from section 5 exhibits major age
peaks at 1540, 278, 176, 144 and 85Ma. The Cretaceous
strata underlying the Barzalosa Formation in section 5
exhibit ca. 65% of grains older than 400 Ma and younger
age peaks at ca. 266, ca. 150 and ca. 72 Ma (Figure 5b and
Table 6).

The samples collected in section 6—in the eastern seg-
ment of the basin—are characterized by more than 75% of
zircon ages older than 900 Ma and minor (<20%) Permo-
Triassic and Cretaceous peaks (Figure 5a and Table 6).
A sample from the underlying Eocene strata (21147Me)
also exhibits more than ca. 75% of zircon grains older than
900 Ma, with minor younger peaks at 158 Ma and 80Ma
(Figure 5a and Table 6). Maximum depositional ages (Y2Z
and YSG) from the Barzalosa Formation are between
140 Ma and 57 Ma. Sample JC-M003 from the Santa Teresa
Formation (section 7) exhibits major age peaks at 1490,
155, 83 and 58 Ma (Figure 6 and Table 6).

Three samples from the Honda Group in the Upper
and Middle Magdalena basins were analyzed (21158Bz,
JC-M019; JC-MO009), these exhibit a high percentage
(>34%) of zircons with ages between ca. 5 and 40 Ma; the
minor age populations have peaks around 75, 150, 235 and
560 Ma. This unit exhibits maximum depositional ages be-
tween ca. 15 and 9Ma (Y3Z). A positive correlation be-
tween the stratigraphic position and the MDA values was
observed in section 7 (Figure 6 and Table 6).

4.4 | Low-temperature thermochronology
analytical and modelling

We obtained AFT and AHe data from eleven samples col-
lected at elevations between 1 and 2km.a.s.l. along two NW-
SE transects in the eastern flank of the Southern Central
Cordillera (Figure 2a). Given that sample locations are
separated by several faults and exhibit contrasting thermo-
chronological age patterns, the transects were divided into
several coherent structural blocks (A1, A2, B1, B2 and B3 in
Figure 8a).
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Barzalosa Fmf¥

FIGURE 3 (a)Panoramic view of section 2 (Rovira Formation) white letters denote the sedimentary facies described in Table 2. (b)
Interbedded pebbly conglomerates (Gp), red mudstones (Fmr) and Paleosols (P). (c) Massive sandstones (Sm) and pebbly conglomerates
with planar stratification (Gp). (d) Medium-grained sandstones with trough stratification. (e) Thick paleosol from the Barzalosa Formation.
(f) Black mudstones with parallel lamination (Fp), interbedded with massive sandstones (Sm) and massive grey mudstones (Fmg). (g)
Sandstones with trough stratification (St). (h) Interbedded cobble conglomerates (Gm) and sandstones with trough stratification (St) in the
Honda Group. (i) Tuffaceous sandstones with pyroclastic fragments (Stf).
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FIGURE 4 Stratigraphic sections from the Rovira Formation with the stratigraphic position of the petrography samples (yellow
rhombus), geochronology (grey stars) and clast counting (blue dots) data. Zircon U-Pb data is presented in the right panel. YSG: youngest
zircon grain, Y2Z: weighted average of the youngest two grains and Y3Z: weighted average of the youngest three grains. The locations of the
stratigraphic sections are presented in Figure 2.
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FIGURE 5 Stratigraphic sections from the Barzalosa Formation and the Honda Group; for a detailed caption, see Figure 4.
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FIGURE 6 Stratigraphic sections from the Honda Group in Middle Magdalena Basin; for a detailed caption, see Figure 4. ST, Santa

Teresa Formation.

The northern transect (A-A’) includes data from the
Permo-Triassic igneous basement of the Central Cordillera
(A1) and Jurassic plutonic rocks from an intra-basin high
(A2) (Figure 8a). Four samples were collected within block
Al. The three lower samples have AFT ages between ca.
19 andca. 59Ma, which exhibit a weak positive correla-
tion between age and elevation (Figure 8a). Transect Al
includes eighteen aliquots from four samples that exhibit

AHe ages between ca. 4.1 and 31.8 Ma. Thirteen aliquots
with intra-sample reproducibility and ages between 4 and
7Ma were included in the model; two aliquots with older
ages(ca. 11 and 16 Ma) and relatively high eU and/or grain
size values were also included (Table 7; Figure 8b). The
multi-sample thermal history model from block A1 exhib-
its slow cooling after 15Ma (hot sample); followed by ac-
celerated cooling starting at 6 Ma. This model reproduces
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FIGURE 7 (a)Combined clast counting results, N# indicates the number of counting stations. (b) Sandstone classification diagram

from Folk (1980) Qt: total quartz, F: total feldspar, L: total lithics. (c) Lithics abundance diagram; Lv: volcanic lithics, Ls: sedimentary

lithics and Lm: metamorphic lithics. (d—f) Thin section photographs with cross Nichols; Qm: monocrystalline quartz, Pl: plagioclase, F:

feldspar, Lsa: sandstone lithic fragment, Lslo: mudstone lithic fragment, Lmp3: Micaceous schist lithic fragment; Lmf2: Quartz-sericite lithic

fragment with strong cleavage. MMB, middle Magdalena Basin; UMB, upper Magdalena Basin.

most of the observed AHe ages and predicts AFT ages that
exhibit discrepancies up to 10 Ma with respect to the ob-
served data (Figure 9).

Block A2 contains samples 19042Ro and 19046Ro,
which have AHe single grain ages between ca. 2.9 and ca.
8.0Ma and are characterized by a slightly positive intra-
sample correlation between age and eU (Figure 8b and
Table 7), all aliquots were included in the model. The

thermal history model from segment A2 suggests a cooling
event of at least 50°C after 16 Ma. The model reproduced
all the observed AHe ages and the positive relationship be-
tween age and eU (Figure 9).

Transect B-B’ was divided into three different struc-
tural blocks. Block B1 includes the samples 20152Cp
and 20150Cp, which have AFT ages of 23.8+6.0 and
15.9+1.7Ma, respectively (Table 8). These AFT ages
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TABLE 5 Clast counting results.
Section 2 Section 5 Section 4 Section 7
Station code Ro Bz1 Bz2 Cy JC-MO001 JC-M012 JC-M022 JC-M018
Milky colored quartz 52 1 2 52 90 10 33 27
Chert and lidites 24 88 55 12 10 42 24
Mudstones 12 0 27 0 2 1 11 7
Sandstones 0 25 16 8 3 10
Calcareous 90
sedimentary
Volcanic 2 2 0 36 15 79
Plutonic 8 9 10
Metamorphic 10 11 28 8
Total 108 116 100 108 113 101 141 165

exhibit a positive correlation with elevation. AHe data
from block B1 include single grain ages between ca. 1.5
andca. 10.3 Ma that exhibit a negative correlation between
age and elevation (Figure 8a). The thermal history model
from this block suggests slow cooling between ca. 21 and
12 Ma, followed by a final phase of rapid cooling around
3Ma (Figure 9). The model predicts most of the observed
AHe and AFT data, including the negative correlation
between AHe ages and elevation and the positive cor-
relation between AFT ages and elevation. This negative
correlation is explained by the relatively low eU values
of the grains from the upper sample (Figure 8b), which
facilitated full resetting during reheating (Flowers, 2009;
Flowers et al., 2009).

Sample 20148Cp was collected in the structural block
B2, it has an AFT age of 42.3+6.7Ma and three single
grain AHe ages between ca. 5.3 andca. 9.9 Ma — the two
older and reproducible aliquots were included in the
model. The thermal history model exhibits continuous
cooling after ca. 15Ma. Two samples from the structural
block B3 exhibit overlapping ca. 70 Ma AFT ages (Table 8)
and eight AHe single grain ages between ca. 12 andca.
45Ma. Data from four aliquots with reproducible ages
between ca. 11 andca. 16 Ma and one aliquot with a rel-
atively older age and a high ESR value were included in
the model (Figure 8b). The inverse thermal history model
suggests continuous cooling after ca. 16 Ma, this model re-
produces most of the observed data, including the positive
relationship between age and grain size (Figure 9).

5 | DISCUSSION

We present a source-to-sink analysis of the Girardot sub-
basin in the Upper Magdalena Basin and one section from
the Middle Magdalena Basin integrated with published
data to present a paleogeographic model of the Miocene

hinterland and foreland regions in the Northern Andes.
Our results present a case study of how the strike slip-
tectonics was responsible for active deformation in the
hinterland region and a dynamic drainage network in the
Northern Andes, a tectonic scenario that promoted the
development of permeable and discontinuous orographic
barriers, and modified the northwestern border of the
Pebas system.

5.1 | Facies distribution, provenance and
age of the Miocene units in the Girardot
sub-basin

We identified three Miocene sedimentary successions in
the Upper Magdalena Basin Girardot sub-basin and two
in the southern Middle Magdalena Basin. Our results add
a new stratigraphic unit—The Rovira Formation—to the
Miocene stratigraphic record of the Girardot sub-basin
that previously only included the Barzalosa Formation
and Honda Group. The Rovira Formation was mapped as
part of the Middle to Upper Miocene Honda Group, but,
as we show in this section provenance and stratigraphic
data suggest that this unit is older than the Honda Group
and was likely deposited during the Early Miocene.

The present study integrates petrographic and zir-
con geochronological data from the Upper and Middle
Magdalena basins—2022 zircon grains and 65 petrogra-
phy samples in total (Figures 10) (Anderson et al., 2016;
Echeverrietal., 2015; Lara et al., 2018; Montes et al., 2021).
The compilation shows that Middle to Upper Miocene
sedimentary rocks from the Honda Group exhibit a signif-
icant volcanic provenance component, as evidenced by the
presence of lithic fragments (>25%) that include abundant
volcanic lithics (>10%) (Figure 10a), volcanic clasts (ca.
10% to ca. 30%) and zircons younger than 40 Ma (>30%)
(Figures 7 and 10b). These observations are consistent
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with several studies indicating that Upper Eocene to
Middle Miocene volcanic sources characterized Middle
Miocene to Pliocene strata in the Cauca and Magdalena
basins (Anderson et al., 2016; Echeverri et al., 2015; Lara
et al., 2018; Montes et al., 2021).

In contrast, despite analyzing over ca. 500 zircon
grains from the Rovira Formation, zircon ages younger
than 40 Ma were not obtained, similar to the results ob-
tained in the Santa Teresa and the Barzalosa formations
(Figures 5, 6, and 10b). The absence of young volcanic
zircons explains the results of the multidimensional scal-
ing (MDS) test, where samples from the Rovira Formation
plot distant from the Middle Miocene zircon data from the
Magdalena and Cauca basins (Figure 10c).

The very low abundance of Eocene to Miocene vol-
canic sources in zircon age populations in the Rovira
Formation is consistent with sandstone petrography and
conglomerate clast composition, which are characterized
by low percentages of volcanic lithics (<1%) and volcanic

clasts (<10%) (Figures 7a,c, and 10). Furthermore, differ-
ences in the sedimentary facies were also observed, as the
rocks from the Rovira Formation were deposited in an
alluvial system dominated by high-density confined and
unconfined flows, while abundant tractive structures in
the Honda Group were interpreted as evidence of a well-
developed fluvial system that flowed to the east (Anderson
et al., 2016; van der Wiel et al., 1992). Provenance and
stratigraphic data suggest that the Rovira Formation was
deposited prior to the availability of volcanic sources in
the Magdalena Basin.

The depositional age of the Rovira Formation remains
uncertain, but based on several lines of evidence, we hy-
pothesize that this unit was accumulated at some point
between 20 Ma and 16 Ma and is likely a lateral facies vari-
ation of the Barzalosa Formation (Figures 11a and 12). The
evidence supporting this includes: (1) maximum deposi-
tional ages suggest deposition after 50 Ma (Figure 11a); (2)
both the Rovira and Barzalosa formations lack a volcanic
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FIGURE 9 Thermal history inverse models from the bedrock data collected in the western segment of the Girardot sub-basin. Thermal
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TABLE 8 Apatite fission-track data (AFT). No track lengths were measured for any sample. Complete single-grain data are presented in

* L WiLEY- e £ EAGE
Table S3.
RhoD

Sample code N* Ns Ni Nd (x105)°
19052Lu 30 135 1005 10,176 21.81230
19054Lu 30 113 287 10,176 22.06710
19056Lu 30 82 326 10,176 22.35350
20140Cp 30 331 674 9944 21.18100
20142Cp 30 195 397 9944 15.51250
20148Cp 12 55 157 1610 6.87842
20150Cp 13 110 851 1610 49.19075
20152Cp 6 19 100 1610 10.17812

Age +20 P(y) Dpar +2c 4

Ma)*  (Ma) (%)  (pm) (pm) (zeta) +20
19.8 2.0 42 1.9 0.37 135.4 52
58.6 6.9 83 1.2 0.3 135.4 5.2
38 4.9 70 141 0.23 135.4 5.2
70.1 5.5 67 1.8 0.4 135.4 5.2
71.9 6.9 58 2.2 0.41 135.4 5.2
42.3 6.7 98 2.1 0.52 100.1 1.9
15.91 1.6 20 2.3 0.56 100.1 1.9
23.79 6.0 100 1.2 0.23 100.1 1.9

“Number of counted grains.
Dosimeter track density.
“Pooled age.

provenance signature—zircon grains younger than 40 Ma
and volcanic clasts and lithics (Figure 10). Given that sed-
imentary rocks from the Honda Group have a significant
presence of volcanic sources; the Rovira Formation should
be older than 16 Ma; (3) seismic data suggest that both the
Rovira and Barzalosa formations overlie the Oligocene
strata of the Gualanday Group (Ramon & Rosero, 2006)
(Figure 11b); (4) the Rovira Formation is restricted to
a clastic wedge in the west of the basin that disappears
towards the east, where the Honda Group directly over-
lies the Barzalosa Formation (Figures 5 and 11a); and (5)
the Rovira Formation contains distinctive beds of mud-
stones with gypsum veins that have been described in the
Barzalosa Formation (de La Parra et al., 2019). Lateral fa-
cies over relatively short distances (<50km) is a distinc-
tive characteristic of alluvial fan depositional systems;
which accumulate in close proximity to topography (0.5
to 10km) (Abdul Aziz et al., 2003; Blair, 2003). This may
be the case of the Rovira Formation, which was depos-
ited in the vicinity of the Central Cordillera positive relief
(Figures 11a and 12).

The Rovira, Santa Teresa and Barzalosa formations were
deposited during the Early Miocene in basins character-
ized by a non-volcanic sediment supply. However, several
variations in the provenance signals were observed be-
tween these units. The Rovira Formation is characterized

by dominant Cretaceous, Jurassic and Permo-Triassic
zircon age populations (Figure 4), which are character-
istic of the plutonic and metamorphic basements of the
Central Cordillera. Additionally, the MDS shows simi-
larities between the samples from the Rovira Formation
and plutonic basements and metamorphic basements of
the Southern Central Cordillera (Figure 10c). The pres-
ence of feldspars, metamorphic lithics and granitic and
metamorphic clasts confirm that the adjacent Southern
Central Cordillera was the main source area of this unit.
In contrast, the Barzalosa and Santa Teresa formations are
characterized by sedimentary sources evidenced in more
diverse zircons signatures, dominant sedimentary lithics
(>60%) and sedimentary clasts (Figures 7 and 10).

Zircon data suggest contrasting sedimentary sources for
the Santa Teresa and Barzalosa formations; as explained in
chapter 2.2 two distinctive zircon signatures can be identi-
fied in the Cretaceous sedimentary rocks from the Central
and Eastern Cordilleras, and the Magdalena Basin: strata
from the Central Cordillera and the Magdalena Basin
are characterized by the presence of diagnostic Permian
to Cretaceous zircon populations while rocks from the
Eastern Cordillera are characterized by the prevalence of
older cratonic zircon ages (>900 Ma) (Bayona et al., 2020;
Horton et al., 2020). The samples from section 5 and one
from the Santa Teresa Formation indicate source areas

FIGURE 10 Compiled petrography and zircon data from the Northern Andes Miocene strata and the basements of the Central

and Eastern Cordilleras, black squares contain the references of the compiled data while white stars denoting the data presented in this
contribution (R1: Anderson et al., 2016; R2: Blanco-Quintero et al., 2014; R3: Bustamante et al., 2016, Bustamante et al., 2010; R4: Caballero
etal., 2013; R5: Cochrane et al., 2014; R6: Echeverri et al., 2015; R7: Horton et al., 2010; R8: Lara et al., 2018; R9: Montes et al., 2021; R10:
Muiioz Granados, 2019; R11: Naranjo et al., 2018; R12: Rodriguez et al., 2016; R13: Villamizar-Escalante et al., 2021; R14: Zapata, Cardona,
et al., 2019). (a) sandstone classification diagram after Folk (1980) Qt: total quartz, F: total feldspar, L: total lithics, Lv: volcanic lithics, Ls:
sedimentary lithics and Lm: metamorphic lithics. (b), Kernel Density Estimates of zircon U-Pb ages data from the Upper (UMB) and Middle
Magdalena (MMB) basins. (c) Multi-dimensional scaling (MDS) using the Kolmogorov-Smirnov statistic (KS) (Vermeesch, 2013).
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from the Cretaceous strata in Magdalena Basin (K2 in
Figure 10c) and the Central Cordillera (Ks in Figure 10c),
which are characterized by the presence of Jurassic and
Cretaceous age populations (>23%). Similar Permian to
Cretaceous zircon ages were also observed in the results
from sample 20130Bz collected from the Cretaceous strata
in the Guataqui High, north of section 5 (Figure 2a). In
contrast, the samples from section 6—closer to the Eastern
Cordillera—exhibit a higher percentage of zircons older
than 900Ma (>75%). One sample from the underlying
Eocene strata in this section exhibits similar percentages
of zircon grains older than 900 Ma (Figure 5a).

The MDS plot confirms that the zircon age popula-
tions from sections 5 to 7 (Barzalosa and Santa Teresa
formations) have more affinity with the basements and
the sedimentary cover from the Central Cordillera and
the Magdalena Basin while samples from the eastern
segment of the Girardot sub-basin (section 6) are related
to the strata from the Eastern Cordillera (Figure 10c).
These provenance patterns suggest that during the
Early Miocene, the igneous basements from the Central
Cordillera, the Cretaceous rocks from the Guataqui High
and the Cretaceous and Eocene strata from the Eastern
Cordillera were exposed and locally sourced the Rovira,
Santa Teresa and Barzalosa formations (Figures 12).

Around 16 Ma, the appearance of syn-sedimentary and
reworked (Upper Eocene and Oligocene) volcanic sources
in the Magdalena Basin (Figure 10b) imply a major re-
gional change in the source areas of the Upper and Middle
Magdalena basins. Volcanic sources are evidenced in a re-
gional increase in the lithic fraction (>40%), the appear-
ance of volcanic lithics and an increase (>33%) in zircon
ages younger than 40 Ma (Figure 10).

5.2 | Miocene paleogeography of the
Colombian hinterland and foreland regions

Miocene sedimentation in the Upper and Middle
Magdalena basins commenced with the deposition of the
Barzalosa and Santa Teresa formations at ca. 17.5Ma.
The Barzalosa Formation was deposited in an elongated
freshwater playa lake system. The deepest facies of this
lacustrine system within the Upper Magdalena Basin are
found in the Neiva sub-basin (de La Parra et al., 2019),
about 120km south of sections 5 and 6 (Figure 12). The
playa lake system described in the Girardot sub-basin was

characterized by an intermittent water body that facili-
tated the development of paleosols and fluvial currents on
the lake pan. These shallow facies could correspond to the
northern boundary of the lacustrine system that ended in
the Guataqui High (Figure 12). In contrast, continuous
fine-grained sedimentation and the preservation of coal
beds and organic matter in the Middle Magdalena Basin
suggest deposition under a permanent water body, which
differs from the ephemeral system described in the Upper
Magdalena Basin (Gémez et al., 2003, 2005). These dis-
tinct lake depositional systems in the Upper and Middle
Magdalena basins may have been related to differences
in the hydrological balance of each basin, suggesting that
these lake systems were disconnected from each other.

Paleontological and phylogenetic data suggest that
the Upper Magdalena Basin was connected to the west-
ern Amazonia between 16 Ma and 10 Ma, supporting the
existence of a trans-Andean passage (Montes et al., 2021;
Rodriguez-Mufioz et al., 2022). Available thermochrono-
logical, provenance and structural data suggest that the
Middle Magdalena Basin and the Llanos Basin were sepa-
rated since the Paleocene due to the uplift of the Northern
Eastern Cordillera (Bayona et al., 2020; Gomez et al., 2005;
Horton et al., 2015; Parra, Mora, Sobel, et al., 2009; Reyes-
Harker et al., 2015). However, these uplift patterns cannot
be extrapolated to the Colombian, Garzén and Quetame
massifs, which have been interpreted to have undergone
an episodic Late Oligocene to Pliocene uplift history
(Costantino et al., 2021; Pérez-Consuegra, Hoke, et al.,
2021; Saeid et al., 2017), opening the possibility of a low-
land connection between the Upper Magdalena Basin and
the Pebas system before the uplift of the southern segment
of the Eastern Cordillera.

In order to investigate the potential connection
between the Upper Magdalena Basin and western
Amazonia, Figure 13 presents a compilation of available
thermochronological data from the basement blocks of
the Southern Eastern Cordillera (CM, GM and QM in
Figure 1c) (Anderson et al., 2016; Costantino et al., 2021;
Parra, Mora, Sobel, et al., 2009; Pérez-Consuegra, Hoke,
et al., 2021; Villagomez & Spikings, 2013). The results sug-
gest that both the Barzalosa and Honda sedimentary units
were deposited prior to the main phases of exhumation
(<10Ma) of these blocks. Specifically, the thermochrono-
logical data indicates minor or no exhumation before or
during the deposition of the Barzalosa Formation and the
Pebas System, which suggests that the Upper Magdalena

FIGURE 11 (a)West to east distribution of the described stratigraphic sections, facies association and the MDAs in the Girardot
sub-basin, single stratigraphic sections are presented in Figures 4-6. (b) Interpreted seismic lines close to sections SL1-SL3, showing the
subsurface disposition of the Rovira Formation. Seismic profiles were modified from Ramon and Rosero (2006). The location of these

profiles is presented in Figure 2.
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Basin was connected to the Pebas System between ca. 19
and 13 Ma (Figure 13a,b), as also suggested by the SE deep-
ening of the lacustrine facies (Figure 14). The transition
from freshwater to marine conditions can be explained by
the presence of continental rivers and meteoric waters to-
ward the west.

Furthermore, the upper segment of the Honda Group
(13-10Ma) was deposited during the onset of exhuma-
tion in some segments of the Colombian, Quetame and
Garzén massifs. It is, therefore, possible that during these
initial phases, the formation of low and discontinuous to-
pography allowed for narrow fluvial connections between
the Upper Magdalena Basin and the Pebas System, as
suggested by fossil and phylogenetic data. The complete
disconnection between the Upper Magdalena Basins and
the western Amazonia occurred between 9Ma and 3Ma,
during the major exhumation phases of these blocks
(Costantino et al., 2021; Pérez-Consuegra, Hoke, et al.,
2021; Saeid et al., 2017) (Figures 13 and 14).

Coeval with the deposition of the Barzalosa Formation,
a marine incursion flooded the Pebas system in the Llanos
and Putumayo basins, resulting in the deposition of a
thick succession of claystones with organic matter and
marine palynomorphs (Jaramillo et al., 2017). As already
discussed, the Upper Magdalena Basin and the Pebas
System may have been connected, leading to the interpre-
tation that the formation of the freshwater lacustrine sys-
tem of the Barzalosa was a direct consequence of the rise
in the fluvial base-line level driven by marine flooding,
as it is often the case when playa-lake deposits accumu-
late along elongated and narrow basins (Figure 11) (e.g.,
Dumont, 1993; Gaupp et al., 2000).

In the Middle Magdalena Basin, the Santa Teresa and
La Cira formations were disconnected from the Upper
Magdalena Basin and Western Amazonia but connected
to the Caribbean region (Gomez et al., 2003, 2005). Despite
being deposited farther from the coastline in the north,
the Early Miocene marine incursion from the Caribbean
could have also facilitated the development of these lake
systems (de La Parra et al., 2019). The slow cooling trends
observed in the Southern Central cordillera and the AAP
(Zapata et al., 2021) between the Oligocene and the Lower
Miocene (Figure 9), may have facilitated the develop-
ment of the lacustrine systems in the Upper and Middle
Magdalena basins.

Active arc volcanism characterized the Cauca Basin
to the west of the Central Cordillera between 40Ma
and 12Ma (Cardona et al., 2018; Echeverri et al., 2015).
Montes et al. (2021) proposed a trans-Andean passage
between the Pacific and the Amazon around 13 Ma, this
interpretation was based on the presence of Late Eocene
to Miocene zircons—interpreted to be sourced from the
Cauca Basin—in Middle Miocene rocks from the Upper

Magdalena Basin. Our data from the Upper and Middle
Magdalena basins support and reinforce the existence of
this passage. However, Lower Miocene strata from both ba-
sins lack Eocene to Miocene volcanic sources (50—18 Ma)
(Figure 10), suggesting that the Central Cordillera acted
as a continuous barrier between the Late Eocene and the
Lower Miocene, preventing sub-aerial and drainage con-
nections between the Cauca and the Magdalena basins.
The hydrological connections between the Cauca and the
Upper and Middle Magdalena basins probably started
around 16 Ma (Figure 14).

During the Middle Miocene (ca. 16 to 12.4Ma), sim-
ilar to the Early Miocene, the Pebas system dominated
most of the Putumayo and Llanos basins landscape,
when a second marine incursion occurred into western
Amazonia (Jaramillo, Romero, et al., 2017). Despite the
Upper Magdalena Basin being connected to the Pebas
System, a lacustrine system did not form, and instead,
the well-developed fluvial system of the Honda Group
(ca. 16-10Ma) accumulated. This shift in the depo-
sitional systems coincides with thermochronological
data and thermal history models from sections A-A’
and B-B’, which suggest that between ca. 16 and 8 Ma,
the Southern Central Cordillera experienced a phase
rock uplift and exhumation (Figure 9). Consequently,
we interpret that during this time, a rapid increase in
sediment influx associated with orogenic erosion and
the arrival of volcanoclastic sediments from the Cauca
Basin prevented the establishment of lacustrine systems
in the Upper Magdalena Basin. Similar responses of la-
custrine systems to major shifts in sediment supply and
relief have been widely documented in the geological
record (Garcia-Castellanos, 2006; Pietras et al., 2003;
Zapata, Sobel, et al., 2019).

In the Middle Magdalena Basin, the Middle Miocene
deposition of the Honda Group coincides with the exhu-
mation and uplift of the Eastern Cordillera and a period
of low exhumation in the AAP (Costantino et al., 2021;
Mora et al., 2013; Zapata et al., 2021). Analogously to the
processes described in the Upper Magdalena Basin, the
topographic growth of the Eastern Cordillera may have
raised the base level of the Middle Magdalena Basin and
increased the sediment influx, leading to the lacustrine
system's termination. Additionally, the Middle Magdalena
Basin is characterized by the presence of primary and
proximal volcanic facies; which may have favoured the
termination of the lacustrine system by the construction
of volcanic edifices and the production of volcanic mate-
rials (Figure 14).

Strike-slip fault deformation can cause sudden modi-
fications in drainage networks and source areas, leading
to significant changes in the provenance signals that are
recorded in neighbouring basins (e.g., Gibson et al., 2021;

85U0|7 SUOWIWOD aA1e8ID 3|qeol(dde aup Aq pausench afe sejoie O ‘8sn J0 SajnJ Joy AriqiT8UIUO /8|1 UO (SUORIPUOD-pUe-SW.eI W00 A 1M ARe.d Ul juo//Sdny) SUORIPUOD pue sw.e 1 8y} 88s *[£202/50/2z] Uo AriqiTaulluo A8|iM ‘@oueios JO AsieAlun LNossIl A 69/2T 940/TTTT 0T/I0p/W00" A8 1M Akeid 1 juljuo//Sdny wo.j pepeojumod ‘0 ‘L TTZS9ET



ZAPATA ET AL.

Guataqui
High

I9

Southern Central Cordillera

—— Drainaiges

I Positive topography

Low elevation sediment
transfer zones

Pebas system

Fluvial Facies i QS

I Wetland and @3 17.5 Ma
ephemeral fluvial « » YO

- Marine incursion '

Barzalosa Formation
| Marginal playa lake system

[ Fresh water
deep lacustrine facies

Rovira Fomation
" Alluvial facies

«. Active faults
- . |nactive faults

D Towns

Wells from
De la Parra et al. (2019)

o
L
5
Y
S
-
c
o
|9
c
=
0
£
=
(o}
(%)

* Surface stratigraphic sections
of the Barzalosa and
Rovira Formations

FIGURE 12 Schematic palaeogeography and facies distribution of the Upper Magdalena Basin. Towns are presented as geographic
references. Stars denote the surface stratigraphic sections and the well data of the Barzalosa and Rovira formations.

85UB01 7 SUOLULLOD A1) 3{edldde a1 Aq peuenob a1e sejolle YO 9SO SajnJ 10} ARIq1T 8UIUO /8|1 UO (SUONIPUOD-PUe-SWLBIA00" A3 1M A eIq 1juljUO//Sdny) SuoNpUOD pue swie 1 8y} 88S *[£202/50/22] Uo AridqiTauliuo AB|IMm 80ueis JO AIseAIuN UNossIN A 69/2T@10/TTTT OT/I0p/W00 A8 |1 Aeiq 1 puluo//sdny woj pepeojumod ‘0 ‘2 TTZS9ET



34 = ZAPATA ET AL.
*LwiLey-gasin, o, Erace
Erosion Gigante Honda Barzalosa Erosion
@ or non-deposition Formation Group Formation or non-deposition Gualanday Group
k i — | it |
@ 10 A
8 i
% 51 8 .
** -_u i_:-
0 ] 5 | |
., —a - -
(b) '$*F I == —
4- »— AHe
——y —m— AFT
—@— ZHe
i ~mZFT
z 3] .
g - -
2 .
© - S
-l 2 — .
—a—e -
1- -
0 5 10 15 20 25 30 35 40 45
Age (Ma)
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Liu et al., 2021; Zhou et al., 2022). Moreover, orogens
controlled by strike-slip tectonics are characterized by
along-strike variations in deformational styles, resulting
in the coexistence of rock subsidence, displacement and
uplift (e.g., Cunningham & Mann, 2007; Forero-Ortega
et al., 2020; Lin & Yamashita, 2013). Based on our prove-
nance and thermochronological data, we suggest that the
Southern Central Cordillera experienced exhumation and
uplift coeval with the development of fluvial connections
that required the fragmentation of this mountain belt be-
tween ca. 16 andca. 10Ma. A sedimentation and defor-
mation pattern that could be explained by active Miocene
strike-slip tectonics (Figure 14). Given that strike-slip tec-
tonics characterized the Cenozoic evolution of the North-
Andean continental margin (Montes et al., 2019; Spikings
et al., 2014); this is the most plausible tectonic mechanism
to explain the along-strike fragmentation and exhumation
of the Central Cordillera.

The Upper and Middle Magdalena basins exhibit sim-
ilar provenance signals, however, given that these ba-
sins were disconnected since the Early Miocene, a single
drainage connection through the south can not explain
the input of volcanic materials from the west in both ba-
sins, thus, a direct connection between the Cauca and the
Middle Magdalena Basin is also required (Figure 14).

Several structural studies conducted in the Magdalena
Basin and the bounding Cordilleras have suggested the oc-
currence of strike-slip deformation during the Oligocene
to Miocene, which was associated with multiple NE faults
that traverse the Central Cordillera (Acosta et al., 2007).
To the north of the Guataqui High, several NE faults, in-
cluding the Ibague fault, cross the Central Cordillera, the
Middle Magdalena Basin and the western flank of the
Eastern Cordillera. In this region, structural studies have
documented several phases of dextral transpression that
began in the Late Cretaceous and included a Miocene de-
formation phase (Acosta et al., 2004; Acosta et al., 2007;
Montes et al., 2005). These faults may have played a role
in the connection between the Amaga and the Middle
Magdalena Basin (Figure 14). Other authors have also
proposed similar connections based on geomorpholog-
ical and thermochronological data (Pérez-Consuegra
et al., 2022).

Both the Chusma and the Algeciras fault systems
cross the Central Cordillera and Upper Magdalena Basin
(Figure 1). Structural and paleomagnetic data suggest that
there was Miocene rotation and right-lateral deformation
along the Chusma Fault System (Jiménez et al., 2012).
Although the Algeciras Fault System has been described
as an active dextral NE strike-slip fault, the pre-Pliocene
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FIGURE 14 Schematic Late Eocene to Pliocene paleogeography of the Northern Andes. Red letters denote the fault names while

black letters indicate sedimentary units and structural blocks, abbreviations are presented in the figure legend. Grey colours represent
exposures of basement blocks and coloured polygons the sedimentary facies. Outside of the study area, previous publications were used

to reconstruct the paleogeography, sedimentary facies, volcanism and deformational events (Caballero et al., 2013; Echeverri et al., 2015;
Horton et al., 2020; Jaramillo, Romero, et al., 2017; Lara et al., 2018; Montes et al., 2019; Pérez-Consuegra, Ott, et al., 2021, Pérez-Consuegra
et al., 2022; Reyes-Harker et al., 2015; Wagner et al., 2017; Zapata et al., 2021).
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deformational phases of this fault remain poorly con-
strained (Acosta et al., 2007; Deynoux et al., 2005; Velandia
et al., 2005). However, the spatial relationship between the
paleogeographic colonization patterns of high mountain
palms and major strike-slip faults, such as the Algeciras
Fault System, suggests that these faults were associated
with structurally controlled valleys that prevented palm
migration through the Central and Eastern Cordilleras
before 5Ma (Sanin, Cardona, et al., 2022; Sanin, Mejia-
Franco, et al., 2022). The Chusma and Algeciras faults
may have facilitated land connections between the Cauca
and the Upper Magdalena Basin.

Despite the need for more temporal and structural
constraints on the strike-slip deformational phases, avail-
able data suggest extensive strike-slip deformation in the
Magdalena Basin and the Central Cordillera between
the Oligocene and the Miocene. These findings support
the hypothesis that strike-slip tectonics fragmented this
mountain belt and thus modified the Middle Miocene sed-
imentary sources of the Magdalena Basin. Furthermore,
these NE strike-slip faults may have been the structural
paths that facilitated the land connections between the
Caucaand the Magdalena basins. Early Miocene strike-slip
deformation phases may have been related to the increase
in the oblique convergence rates and the oblique colli-
sion of the Panama-Chocé Block at ca. 16 Ma (Echeverri
et al., 2015; Ledn et al., 2018; Montes et al., 2012; Mora
et al., 2013).

Thermal history models A1 and B1 suggest that there
was accelerated cooling between 8 and 2Ma (Figure 9),
in model B1, this event implies ca. 1.5km of differential
exhumation (assuming a thermal gradient of 25°C/km)
compare to block B2. This event is interpreted as the re-
sult of out-of-sequence deformation and exhumation in
the core of the Southern Central Cordillera. During the
same time interval (8 to 2Ma), the Colombian, Quetame
and Garzon massifs experienced major phases of uplift
and exhumation (Figure 13) that led to the disconnection
of the Upper Magdalena Basin and Western Amazonia
(Figure 14) (Pérez-Consuegra, Hoke, et al., 2021; Saeid
et al., 2017). This synchronous uplift of both flanks of the
Upper Magdalena Basin caused the development of an
endorheic basin and the deposition of the alluvial coarse-
grained strata of the Gigante Formation (Figure 14).

Prolonged and accelerated Miocene to Pliocene exhu-
mation and deformation in the AAP and the Southern
Central and Eastern cordilleras (Montes et al., 2021;
Pérez-Consuegra, Hoke, et al.,, 2021, Pérez-Consuegra
et al., 2022; Ramon & Rosero, 2006) eventually led to the
closure of the fluvial connections between the Cauca and
Magdalena basins (Figure 14). Furthermore, volcanic
arc magmatism along the Central Cordillera provided

abundant volcanoclastic materials (Anderson et al., 2016;
Wagner et al., 2017), which contributed to the final clo-
sure of these passages (Sanin, Mejia-Franco, et al., 2022).

5.3 | Implications for the
understanding of strike-slip deformation
in Andean-type orogens

This contribution presents an example of how oblique
convergence during compressive events can control
orogen-scale deformation, drainage and sedimentation
patterns in Andean-type orogens. Our results lead to a
paleogeographic model that requires the development of
fluvial connections and rock uplift and cooling along the
same mountain belt (Central Cordillera) for a short time
interval (ca. 6 Ma). Major changes in the sediment routing
system, localized extension and compression in similar
along-strike positions and mountain belt and basin frag-
mentation are diagnostic features of strike-slip tecton-
ics (Cunningham & Mann, 2007; Fossen & Tikoff, 1998;
Gibson et al., 2021; Liu et al., 2021).

We have documented at least two direct effects of
strike-slip in the evolution of the deformation and sedi-
mentation patterns in the Northern Andes. (1), Strike-
slip deformation changed the drainage network and
basin connectivity: after several compressive events, the
Northern Andes hinterland (Cauca Basin) was completely
separated from the foreland regions in the Magdalena,
Llanos and Putumayo basins; however, Middle Miocene
strike-slip deformation created at least two short-lived (ca.
6Ma) passages between these regions. Sudden changes
in the provenance signals and narrow and localized
basin connections are the expressions of these events
along the Central Cordillera of Colombia. These passages
may have been critical for the evolution and connectiv-
ity of the highly diverse Amazonian and Pacific regions
(Montes et al., 2021; Rodriguez-Mufioz et al., 2022; Sanin,
Cardona, et al., 2022; Sanin, Mejia-Franco, et al., 2022).
(2), Contrasting along-strike exhumation and deformation
patterns: The Central and Eastern Cordilleras of Colombia
are examples of mountain belts characterized by major
along-strike variations in their deformation and exhu-
mation histories, in the case of the Central Cordillera,
the northern segment (AAP) was characterized by minor
Miocene exhumation evidenced in old (>30Ma) AHe ages
(Zapata et al., 2021) while young ages (<15Ma) suggest
significant exhumation in the Southern Central Cordillera.
In the presented paleogeographic and tectonic model, lo-
calized transpression in this segment of the mountain belt
explains these along-strike differences in the amount of
Miocene exhumation.
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5.4 | Implications for the Pebas system
Available models of western Amazonia have proposed the
existence of an immense wetland-like system characterized
by extensive flood plains—the Pebas system. This system
experienced two large-scale and short marine incursions
during the Early and Middle Miocene, respectively. The
system was terminated around 10 Ma when the rise of the
Andes increased the sediment flux, and subsidence in west-
ern Amazonia mostly ended (Hoorn et al., 2010; Hoorn,
Boschman, et al., 2021). We have documented how strike-
slip tectonics in the Northern Andes modified the drain-
age network, and sediment influx in the Upper Magdalena
Basin resulted in the premature termination of lacustrine
conditions and a transition to fluvial depositional systems.
This finding implies that (1) the lacustrine deposits in the
Upper Magdalena Basin were a byproduct of the Early
Miocene marine incursion, and (2) the termination of the
Pebas system was diachronous and controlled by local de-
formation patterns. Finally, the Middle Magdalena Basin
presents an example of a lacustrine system that despite
being disconnected from the Pebas system was affected by
the Early Miocene marine incursions and the Miocene de-
formational phases in the Northern Andes.

6 | CONCLUSIONS

New U-Pb zircon detrital ages, sandstone petrography,
stratigraphy from the Miocene strata in the Northern
Andes hinterland basins and low-temperature thermo-
chronology from the Central Cordillera are integrated with
published data to present a new paleogeographic model
of the Miocene evolution of this region. Our results sug-
gest that the Lower Miocene lacustrine units preserved
in the Upper and Middle Magdalena basins were discon-
nected from each other, while the Upper Magdalena Basin
was connected to the Pebas System in Western Amazonia.
Around 16Ma, the appearance of volcanic sources sug-
gests the opening of at least two passages that connected
the Cauca and Magdalena basins (western Colombian
Andes). Simultaneously with the opening of these pas-
sages, the transition from lacustrine to fluvial depositional
systems in the Magdalena Basin and the cooling events in
the Central Cordillera are interpreted as the result of rock
uplift, topographic growth and orogenic erosion. Coeval
fragmentation and rock uplift along the Central Cordillera
were likely the results of strike-slip tectonics promoted
by oblique plate convergence and the oblique collision of
the Panama-Chocd Block. These results imply that despite
regional subsidence and a marine incursion, deformation
in the Andean margin did not allow lacustrine deposition
in the Upper and Middle Magdalena basins during the
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Middle Miocene. We present a model where strike-slip tec-
tonic was responsible for the fragmentation and uplift of
continuous orographic barriers that resulted in the devel-
opment of trans-Andean passages and isolated topography.
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