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A B S T R A C T   

Extensional and flexural basins can evolve through multiple stages under the same plate tectonic regime over 
tens of millions of years. The Cretaceous tectonic evolution of the Colombian Andes is characterized by shifts 
between contractional and extensional tectonics. The upper plate response to these changes is recorded in the 
Cretaceous sedimentary rocks along the Western, Central, and Eastern cordilleras, and their adjacent basins, 
including the Upper Magdalena hinterland basin. We integrated field observations, petrography, geochronology, 
and thermochronology in the Cretaceous sedimentary units in the southern Upper Magdalena Basin and in the 
adjacent crystalline basement to decipher the provenance of these units and the exhumation patterns of the 
source areas. These results suggest that the source areas were exhumed between the Late Jurassic to Early 
Cretaceous, which may have resulted from the combination of Jurassic contraction and the Early Cretaceous 
extension. Between ~120 and 100 Ma, a major stage of crustal extension is recorded in the Caballos Formation. 
Subsequently, between ~100 and 80 Ma, sedimentation in the Villeta Group marks the end of the extension and 
the onset of contraction. This contractional phase was characterized by minor rock uplift within the basin. Basin 
modification continued between 80 and 65 Ma, involving two successive contractional stages that changed the 
sedimentary patterns, leading to the burial of a previously exhumed horst block and the appearance of new 
source areas. These major changes in source areas and sedimentary systems are the result of deformation epi
sodes during prolonged extensional and contractional phases. This geologic evolution highlights the stages that 
characterize extensional to contractional settings.   

1. Introduction 

Contractional and extensional tectonics along convergent margins 
can be long-lived processes that include different evolutionary stages 
that modify the sedimentary patterns, basin geometry, source areas, and 
paleogeography (e.g. Brune et al., 2023; DeCelles et al., 2011; DeCelles 
et al., 2009; Heermance et al., 2008). For instance, extensional tectonics 
includes various stages of doming and crustal stretching that control the 

development of sedimentary basins and the distribution of heat flow 
(Brune et al., 2023, Brune et al., 2017; Phillips et al., 2019; Scisciani 
et al., 2019). Similarly, contractional settings are characterized by the 
episodic or progressive development of one or several orogenic wedges, 
resulting in flexural subsidence and the associated foreland sedimenta
tion or the reactivation of isolated inland structures that involve the 
older basement (DeCelles et al., 2011; DeCelles and Giles, 1996; Pfiffner, 
2017; Roure, 2008; Siks and Horton, 2011). 
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Erosion and deformation can obscure the tectonic evolution of source 
areas and associated sedimentary basins. However, source-to-sink 
studies that integrate multiple techniques such as petrography, and 
detrital and bedrock zircon geochronology and thermochronology can 
be used to unravel provenance signatures and basement unroofing his
tories providing insight into the different stages that characterized the 
long-term evolution of orogens (e.g. Bernet et al., 2009; Caracciolo, 
2020; Chen et al., 2021; Coffey et al., 2019; Dong et al., 2011; Garzanti, 
2016; Girault et al., 2023; Horton et al., 2015; Horton et al., 2010; Li 
et al., 2022; Malusà and Fitzgerald, 2019; Mora et al., 2020; Parra et al., 
2020; Stojadinovic et al., 2017; Zapata et al., 2020). 

The Northern Andes have been interpreted as an orogen character
ized by long-lived (>30 Ma) extensional and contractional tectonic re
gimes, which have been controlled by changes in the subduction angle, 
the rate and direction of plate convergence, and the collision of exotic 
terranes against the continental margin (Cooper et al., 1995; Horton, 
2018; Parra et al., 2012; Spikings et al., 2015; Siravo et al., 2019). 

During the Early Cretaceous (145–100 Ma), the Northern Andes were 
characterized by extensional settings responsible for the development of 
several intra-arc and back-arc basins that were inverted during the 
subsequent contractional phases (Sarmiento-Rojas et al., 2006; Spikings 
et al., 2015; Zapata et al., 2019a). These contractional events include the 
onset of the Andean orogeny and the collision of the Caribbean plateau 
between 72 and 60 Ma (Bayona et al., 2012; Cardona et al., 2020; 
Cardona et al., 2012; George et al., 2021; Horton et al., 2015; Horton 
et al., 2010; Montes et al., 2019; Mora et al., 2020; Mora et al., 2013; 
Mora et al., 2006; Parra et al., 2012; Parra et al., 2009; Spikings et al., 
2015; Zapata et al., 2019a). 

Although a regional temporal framework for these long-lived 
extensional and contractional settings has been reasonably constrained 
(Bayona, 2018; Cardona et al., 2020; Carvajal-Torres et al., 2022; 
Montes et al., 2019; Sarmiento-Rojas, 2019; Sarmiento-Rojas et al., 
2006; Spikings et al., 2015; Zapata et al., 2019a, 2020), a detailed 
spatiotemporal reconstruction of the tectonic processes that 

Fig. 1. (a) Geological map showing the Cretaceous and pre-Cretaceous basement units exposed along the Western, Central, and Eastern cordilleras, and the adjacent 
basins between them. Modified from Gómez and Montes, 2020. The circles with numbers represent the basins. WC = Western Cordillera, CC = Central Cordillera, CE 
= Eastern Cordillera, RFS = Romeral fault system, CFS = Chusma fault system, AFS = Algeciras fault system, PH = Pata high, NH = Natagaima high, GM = Garzón 
massif, MR = Macarena range. (b) Chronostratigraphic chart of the Meso-Cenozoic units in the Upper Magdalena Basin, the Cretaceous stratigraphic thicknesses are 
shown below the sedimentary environment. Labels in the right panel contain interpreted tectonic settings (Spikings et al., 2015; Zapata et al., 2019a). Fm: Formation, 
P–C Block: Panamá – Choco Block; CLIP: Caribbean Large Igneous Province (Caribbean plateau). 
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characterized each of these orogenic phases remains an open research 
topic. 

In this contribution, we integrate field observations, stratigraphic, 
petrographic, and thermo- and geo-chronological data from preserved 
Cretaceous strata in the Upper Magdalena Basin (UMB) and the adjacent 
Garzón massif to reconstruct the nature and the timing of the different 
processes that characterized the Cretaceous extensional and contrac
tional tectonics in the Colombian Andes (Fig. 1a). Our results are 
interpreted to suggest major changes in the basin configuration and 
source areas between the Late Jurassic and the Paleocene, this tectonic 
evolution is an example of the multiple processes that characterize long- 
lived extensional and contractional settings in Andean-type orogens. 

2. Geological setting 

2.1. Cretaceous tectonic evolution of the Northern Andes 

The Colombian Andes are characterized by an extensive Cretaceous 
sedimentary record exposed along three northeast-trending ranges – the 
Western, Central, and Eastern cordilleras – and several hinterland basins 
such as the Cauca and Magdalena basins (Fig. 1a). The Cretaceous 
sedimentary strata along the Northern Andes were deposited under 
contrasting sedimentary environments and tectonic configurations 
involving continental to marine sedimentation controlled by extensional 
and contractional tectonic settings (Barrio and Coffield, 1992; Bayona, 
2018; Cardona et al., 2020; Mora-Bohorquez et al., 2010; Sarmiento- 
Rojas, 2019; Sarmiento-Rojas et al., 2006; Zapata et al., 2020; Zapata 
et al., 2019a). 

The Cretaceous to Cenozoic tectonic evolution of the Northern Andes 
is characterized by an extensional tectonic regime between 145 and 100 
Ma, interpreted as a result of major global plate reconfiguration due to 
the opening of the southern Atlantic Ocean during the Early Cretaceous 
(Bajolet et al., 2022; Bayona et al., 2006; León et al., 2023; Ramos, 2010; 
Sarmiento-Rojas et al., 2006; Zapata et al., 2020; Zapata et al., 2019a). 
Contraction started between ~100 and 80 Ma, marking the onset of the 
Andean orogeny, where magmatic arcs were built in the west, and 
foreland basins developed in the east (Cardona et al., 2020; Guerrero 
et al., 2021; Horton et al., 2010; Jaimes and de Freitas, 2006; Jaramillo 
et al., 2017; Villagómez et al., 2011; Zapata et al., 2019a). Afterwards, 
contraction was intensified due to the collision of the Caribbean plateau 
with the western margin of South America between 72 and 60 Ma, which 
triggered major topographic growth, deformation, and foreland sedi
mentation (Bayona et al., 2012; Cardona et al., 2020; Cardona et al., 
2012; George et al., 2021; Montes et al., 2019; Mora et al., 2020; 
Spikings et al., 2015; Villagómez and Spikings, 2013; Vinasco et al., 
2006; Zapata et al., 2021; Zapata et al., 2019a). 

The Cretaceous sedimentary record of the Colombian Andes can be 
divided into an eastern and a western domain. Sedimentary basins in the 
eastern Colombian Andes include the Upper and Middle Magdalena 
basins, the Eastern Cordillera, and the Llanos Basin (Fig. 1a). The 
stratigraphic and lithological records of these basins suggest lithospheric 
stretching between ~145 and ~ 100 Ma, which were characterized by 
basin deepening and limited magmatic activity (Mora et al., 2006; 
Sarmiento-Rojas et al., 2006; Vásquez et al., 2010; Villamil, 1999). The 
western domain includes the Western and Central cordilleras and the 
Cauca basin; in this region, more intense crustal stretching has been 
suggested based on the presence of mafic magmatism and ophiolites 
associated with seafloor spreading between 120 and 100 Ma (Cardona 
et al., 2020; León et al., 2019; Nivia et al., 2006; Zapata et al., 2019a). 

Contractional tectonic settings had different expressions along the 
Colombian Andes. In the eastern region, the onset of contraction was 
characterized by marine sedimentation coeval with basin deformation, 
followed by coarse-grained foreland deposits sourced by intrabasin 
highs (Bayona, 2018; Bayona et al., 2021; Carvajal-Torres et al., 2022; 
Jaimes and de Freitas, 2006; Mora-Bohorquez et al., 2010; Valencia- 
Gómez et al., 2020). In contrast, the western domain of Colombia was 

characterized by major exhumation and uplift of the Central Cordillera 
basement with sediment accumulation in a western fore-arc, which is 
preserved along the Western Cordillera overlying accreted oceanic 
remnants (Cardona et al., 2020; Spikings et al., 2015; Villagómez et al., 
2011; Zapata et al., 2019a). A Paleocene volcanic arc was developed in 
the Central Cordillera after the collision of the Caribbean plateau 
(Bayona et al., 2012; Bustamante et al., 2017; Jaramillo et al., 2022; 
Zapata-Villada et al., 2021). 

Finally, Neogene contraction and uplift phases shaped the modern 
cordilleras. These events are attributed to the collision of the Pan
amá–Chocó arc and variations in the subduction angle, or changes in the 
rate and angle of plate convergence vectors (Fig. 1b) (Echeverri et al., 
2015; Espitia et al., 2022; Montes et al., 2019; Montes et al., 2015; Mora- 
Bohorquez et al., 2010; Ramon and Rosero, 2006; Wagner et al., 2017). 
The normal faults that once bounded the Mesozoic extensional basins in 
the Eastern Cordillera were reactivated as reverse faults and the basins 
were inverted, whereas the foreland sedimentation was controlled by 
diachronous deformation and uplift of intra-basin blocks (Anderson 
et al., 2016; Bayona et al., 2021; Bayona et al., 2013; Pérez-Consuegra 
et al., 2021; Cooper et al., 1995; Espitia et al., 2022; Mora et al., 2009; 
Mora et al., 2006; Ochoa et al., 2012; Saeid et al., 2017; Zapata et al., 
2023). 

2.2. Stratigraphy of the Upper Magdalena Basin 

The UMB in southcentral Colombia includes an extensive Jurassic to 
Pliocene sedimentary record (Barrio and Coffield, 1992; Cooper et al., 
1995). This basin is divided into the Neiva sub-basin to the south of the 
Pata and Natagaima highs and the Girardot sub-basin to the north 
(Fig. 1a) (Beltrán and Gallo, 1968; Butler and Schamel, 1988; Ramon 
and Rosero, 2006). The basement of this basin is mainly composed of 
Jurassic and Permian igneous rocks, and Precambrian gneisses (the 
Ibagué batholith, the Páez massif, the Saldaña Formation, the La Plata 
granite and the Las Minas pluton; Fig. 1a) (De Porta, 1966; Franco and 
Mojica, 1990; Mora-Bohorquez et al., 2010; Saeid et al., 2017). Two 
main fault systems bound the Neiva sub-basin, the Algeciras fault system 
to the east and the Chusma thrust fault system to the west (Fig. 1a; Butler 
and Schamel, 1988; Franco and Mojica, 1990). These fault systems 
thrust the basement of the Eastern and Central cordilleras on top of the 
Cenozoic sequences in the Neiva sub-basin. Paleogene to Neogene 
deformation has been documented along the Chusma fault (Acosta et al., 
2007; Villamizar-Escalante et al., 2021), while Neogene thrusting has 
been suggested for the Algeciras fault (Anderson et al., 2016; Espitia 
et al., 2022; Gómez et al., 2005; Saeid et al., 2017). 

The Lower Cretaceous sedimentary record in the UMB is represented 
by the Barremian-Aptian Yaví and Aptian-Albian Caballos formations, 
which are unconformably overlying the igneous basement. These units 
consist of coarse-grained strata interbedded with fine-grained facies and 
limestones accumulated in alluvial to marine-deltaic sedimentary en
vironments (Figs. 1b and 2) (Barrio and Coffield, 1992; Etayo-Serna and 
Carrillo, 1996; Mejia et al., 2012; Mesa, 2002; Mora et al., 2006; Prössl 
and Vergara, 1993; Sarmiento-Rojas et al., 2006; Sneider, 1988). The 
Caballos and Yavi formations have been linked to syn-extensional sedi
mentation based on the relationships between thickness and the depo
sitional environment with normal inverted structures (Mojica and 
Macía, 1981; Sarmiento-Rojas et al., 2006). 

The Yaví and Caballos formations are overlain by fine-grained strata 
deposited in a shelf environment during the Cenomanian-Campanian 
stages; this sedimentary succession has been divided into the 
Cenomanian-Santonian Villeta and the Santonian-Campanian Oliní 
groups (Fig. 1b) (Guerrero et al., 2020a; Jaramillo et al., 1994; Patar
royo, 2011; Vergara, 1997). The Villeta and Oliní groups are composed 
of limestones, cherts, mudstones and siliceous siltstones with minor 
interbedded sandstones and volcanogenic clays (Rubiano-Ortiz, 1989; 
Sarmiento-Rojas et al., 2006; Terraza-Melo, 2012; Villamil, 1999). 
Cenomanian to Campanian sedimentation has been interpreted as the 
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result of the post-extensional stage related to the main Cretaceous 
transgressive cycle in the eastern Colombian Andes and the cessation of 
regional extension (Barrio and Coffield, 1992; Bayona, 2018). However, 
seismic data from the Upper and Middle Magdalena basins record 
contraction events between 100 and 80 Ma (Guerrero et al., 2021; 
Jaimes and de Freitas, 2006; Van Der Wiel, 1991). 

The Upper Cretaceous sedimentary record – the Maastrichtian- 
Paleocene La Tabla and Seca formations – in the UMB is characterized 
by the progradation of continental facies over marine facies deposited in 
shallow marine to coastal environments (Fig. 2) (Barrio and Coffield, 
1992; Bayona, 2018; Carvajal-Torres et al., 2022; Carvalho et al., 2021; 
De Porta, 1966; Julivert, 1968; Mora et al., 2020). The La Tabla For
mation is dominated by fine-grained sandstones, whereas the Seca 
Formation is mainly composed of claystones and pebble-conglomerates. 
These units were deposited in a foreland setting during and after the 
onset of the contraction in the Northern Andes (Bayona, 2018; Carvajal- 
Torres et al., 2022; Mora et al., 2020). 

A pronounced angular unconformity between Cretaceous and 
Eocene clastic rocks is well-preserved in the Magdalena Basin (Fig. 2) 
(Bayona, 2018; Carvajal-Torres et al., 2022; Gómez et al., 2005; Ramon 
and Rosero, 2006; Reyes-Harker et al., 2015). During the Cenozoic, 
sedimentation was dominated by continental environments. The 
Eocene-Oligocene coarse-grained strata of the Gualanday Group have 
been associated with alluvial sedimentation sourced by the Central 
Cordillera (Anderson, 1972; Villamizar-Escalante et al., 2021). The 
Miocene Barzalosa Formation, the Honda Group, and the Gigante For
mation are records of the continental sedimentation in lacustrine, 

fluvial, and alluvial sedimentary environments in the UMB (Fig. 1b) 
(Anderson et al., 2016; de La Parra et al., 2019; Gómez et al., 2005; 
Gómez et al., 2003; Horton et al., 2010; Parra et al., 2012; Reyes-Harker 
et al., 2015; Zapata et al., 2023). 

2.3. Potential source areas for the Cretaceous strata in the Upper 
Magdalena Basin 

Evaluation of source areas during basin filling is fundamental for the 
reconstruction of paleogeography and ancient sedimentary systems (e. 
g., Decou et al., 2013; Garzanti, 2016; Garzanti et al., 2018; Malusà and 
Fitzgerald, 2019; Reimann-Zumsprekel et al., 2015; Schneider et al., 
2017). The Northern Andes are characterized by contrasting geological 
domains and distinctive geochronological and lithological signatures, 
and potential source areas for the Neiva sub-basin include the eastern 
flank of the Central Cordillera to the west, the Garzón massif and the 
Amazon craton to the east, and the Natagaima and Pata highs to the 
north (Fig. 1a) (Horton et al., 2015; Nie et al., 2012). 

The metamorphic basement of the Central Cordillera is mainly 
composed of amphibolites, gneisses, schists, and phyllites, which are 
characterized by Paleozoic to Jurassic (~540 to 150 Ma) zircon U–Pb 
age populations, and minor Proterozoic inheritance (~1600 to 1000 Ma) 
(Bustamante et al., 2017; Naranjo et al., 2018; Ordóñez-Carmona et al., 
2006; Villagómez et al., 2011; Vinasco et al., 2006). These rocks were 
intruded by Permian to Cretaceous plutonic bodies and overlain by 
volcaniclastic sequences formed in subduction-related magmatic arcs 
with ages ranging from 300 to 80 Ma (Figs. 1 and 2) (for a more detailed 

Fig. 2. Geology of the study area with the location of the stratigraphic sections and the control points. The map location is presented in Fig. 1.  
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review see Zapata et al., 2023). 
Jurassic plutonic and volcanoclastic rocks are well exposed in the 

Central Cordillera, Upper and Middle Magdalena basins, and Eastern 
Cordillera (Fig. 1a) (Bayona et al., 2020; Bayona et al., 2006; Busta
mante et al., 2010; Leal-Mejía et al., 2019; Rodríguez-García et al., 2020; 
Spikings et al., 2015). This magmatic record has been associated with a 
long-lived magmatic arc between 195 and 150 Ma (Bustamante et al., 
2010; Restrepo et al., 2021; Rodríguez-García et al., 2020; Rodríguez 
et al., 2018; Rodríguez et al., 2016). 

Several basement highs bound the UMB, for instance the Natagaima 
and Pata highs are located to the north of the Neiva sub-basin (Fig. 1a). 
These basement highs are mainly conformed by Jurassic volcanoclastic 
rocks (e.g. the Saldaña Formation), that were deposited in a fluvial 
environment influenced by volcanic products between 200 and 180 Ma 
(Bayona et al., 1994; Bustamante et al., 2010; Rodríguez et al., 2016; 
Zapata et al., 2016). These volcanoclastic rocks are intruded by Jurassic 
plutonic rocks with ages between ~180 and 170 Ma and an emplace
ment depth of ~4.5 km (Fig. 2) (Bustamante et al., 2016; Bustamante 
et al., 2010; García-Chinchina, 2018; Rodríguez et al., 2018). 

The Garzón massif constitutes the southern portion of the Eastern 
Cordillera, this basement block contains Paleozoic metasedimentary 
rocks and Proterozoic granulites and gneisses with zircon U–Pb ages 
between 1500 and 900 Ma (Ibañez-Mejia et al., 2015; Ibañez-Mejia 
et al., 2011). These rocks were intruded by Jurassic plutonic rocks with 
ages between 200 and 160 Ma and are overlain by Jurassic volcano
clastic rocks of the Saldaña Formation (Figs. 1 and 2) (Bustamante et al., 
2016; Horton et al., 2010; Ibañez-Mejia et al., 2011, 2015). 

The Amazon craton is characterized by Proterozoic gneissic, mig
matitic, and granitic units with zircon U–Pb ages of ~1550 Ma and 
minor alkaline granites formed between 620 and 600 Ma, which are 
overlain by Paleozoic (~540–440 Ma) sedimentary sequences (Amaya- 
López et al., 2021; Amaya-López et al., 2020; Ibañez-Mejia et al., 2011). 
Well data reveals zircon age populations between 1700 and 1450 Ma in 
deformed granites, gneisses, and amphibolites. To the east, cratonic 
exposures of felsic granites show Paleoproterozoic ages ranging from 
1800 to 1400 Ma, with minor Cretaceous (~100 Ma) mafic dikes (Iba
ñez-Mejia et al., 2011; Ibañez-Mejia and Cordani, 2020). 

Paleozoic sedimentary and metasedimentary rocks are restricted to 
the UMB, the Garzón massif, and the Amazon craton (Fig. 1a). These 
units mainly consist of quartz-rich sandstones, mudstones, and lime
stones that were deposited under marine to transitional conditions 
(Figs. 1 and 2) (Mojica and Villarroel, 1990; Stibane and Forero, 1969). 
Biostratigraphic data suggest that these units were deposited between 
the Ordovician and the Carboniferous (Angiolini et al., 2021; Borrero 
et al., 2007; Harrington and Kay, 1951; Pastor-Chacón et al., 2023). 
Zircon U–Pb geochronological analyses from Devonian sedimentary 
units in the Macarena range (Fig. 1a) yield detrital ages between ~2000 
and 1000 Ma, which together with petrographic analyses have been 
associated with provenance from the Garzón massif and the adjacent 
Amazon craton (Pastor-Chacón et al., 2023 and references therein). 

3. Methods and procedures 

3.1. Mapping and stratigraphy 

The lithological and stratigraphic features of the Cretaceous sedi
mentary units were described close to La Plata town (Figs. 1 and 2). 
Representative samples were selected for petrographic, geo- and ther
mochronological analysis. Detailed 1:25.000 mapping was carried out to 
determine structural and stratigraphic relationships (Fig. 2). The loca
tions, geological units, and analytical methods applied for each sample 
are summarized in Table S1. 

Three stratigraphic sections were constructed from the geological 
map, incorporating facies descriptions derived from approximately 100 
control points. The collected samples were projected to the stratigraphic 
sections. The analysis and interpretation of sedimentary facies and 

depositional environment were conducted following Miall (1985). The 
stratigraphic sections were plotted using the package Stratigraphic Data 
Analysis from R (SDAR) (Ortiz and Jaramillo, 2018). 

3.2. Sandstone petrography 

Nine sandstones from the Cretaceous units were analyzed. The 
petrographic analysis was carried out by counting 400 to 500 framework 
grains, following the Gazzi-Dickinson method (Dickinson, 1985). High- 
resolution petrographic discrimination of quartz type and metamorphic 
lithics was performed according to Basu et al. (1975) and Garzanti and 
Vezzoli (2003). All analyses encompassed the identification of grain 
types, textural features, and interstitial material (cement, matrix, and 
pores). Detailed data are presented in Table S2. 

3.3. U–Pb Zircon geochronology 

Five samples were analyzed using U–Pb zircon geochronology, the 
analyses were performed for three detrital samples from the Cretaceous 
strata, one sample from Garzón massif basement, and one from a modern 
river that drains the Garzón massif (Suaza River; Fig. 1a). Zircon con
centrates were obtained from whole rock samples by using a combina
tion of heavy liquid and magnetic separation. The zircon grains were 
randomly selected in each sample and analyzed via laser ablation 
inductively coupled plasma mass spectrometry (LA-ICP-MS) at Wash
ington State University, Pullman, United States, following procedures 
described in Chang et al. (2006). A cutoff of 1000 Ma was applied to 
select the best age for all single grains. The 206Pb/207Pb zircon age is 
reported for all grains older than 1000 Ma, while the 206Pb/238U age is 
reported for younger grains (Gehrels et al., 2008). The uncertainties are 
presented in 2-sigma. Detailed data are presented in Table S3. Detailed 
zircon U–Pb data are fully available in the Geochron database (htt 
p://www.geochron.org/dataset/html/geochron_dataset_2023_08 
_24_dfg2H). 

For detrital samples, the analyses were randomly carried on the 
zircon cores. A discordance filter of 30% for ages older than 500 Ma was 
used and any ages with analytical uncertainties exceeding 5% were 
discarded, the Wheterill Concordia diagram is presented in Fig. S1. We 
used the online software IsoplotR for these plots (Vermeesch, 2018). 
Kernel Density Estimation (KDE) was obtained for all samples using a 
bandwidth and bin width of 10 Ma (Vermeesch, 2012). Two different 
methods were employed to calculate the maximum depositional age 
(MDA) for each Cretaceous sample: the youngest single grain (YSG) and 
the weighted average age from the three youngest zircons that overlap at 
2σ (Y3Z) (Coutts et al., 2019). The ages used to calculate the YSG and 
Y3Z correspond to core analyses. The MDA is not presented for detrital 
samples with zircon U–Pb ages significantly older than the bio
stratigraphically constrained stratigraphic age. 

The Suaza River drains the western flank of the Garzón massif, 
incorporating sediments derived from metamorphic rocks associated 
with the Garzón massif, Jurassic volcaniclastic and plutonic rocks, and 
limited exposure of Lower Cretaceous sedimentary rocks. Additionally, 
one “in situ” basement sample from the igneous basement in the Garzón 
massif was analyzed, theses ages were obtained from the zircon cores. 
Modern sediments and “in situ” basement rocks were sampled to 
compare ancient and modern zircon U–Pb detrital signature. For the 
bedrock sample, we applied a discordance filter of 20% for ages older 
than 500 Ma, and all ages had analytical uncertainties of <2%. The 
crystallization age was calculated using the weighted average method. 
The filtered data is presented in a KDE plot and in the Wetherill Con
cordia diagram (Vermeesch, 2018). 

3.4. Low-temperature thermochronology 

In five samples, we have implemented the (U-Th-Sm)/He and fission 
track systems in zircon and apatite to unravel the thermal evolution of 
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the Garzón massif and the Cretaceous source areas of the UMB. Zircon 
and apatite mineral concentrates were obtained using standard tech
niques, including crushing, sieving, and magnetic and heavy liquid 
separation techniques (Kohn et al., 2019). Zircon grain concentrates for 
detrital analyses were split into two aliquots, one for ZFT analysis and 
the other for U–Pb analyses. Thermochronological data are fully 
available in the Geochron database (http://www.geochron.org/dataset 
/html/geochron_dataset_2023_08_24_dfg2H). 

3.4.1. Zircon and Apatite Fission Track dating (ZFT and AFT) 
The spontaneous fission of 238U induces linear damage in the crystal 

lattice of apatite (AFT) and zircon (ZFT). These linear damage zones are 
known as tracks. The quantification of these tracks can be used to infer 
the time passed since they began to be preserved within the mineral 
lattice (e.g., Fleischer et al., 1975; Galbraith and Laslett, 1993; Green, 
1981; Tagami and O’Sullivan, 2005; Wagner and Van den Haute, 1992). 
The temperature intervals at which tracks can be partially annealed are 
known as the zircon and apatite partial annealing zones, ZPAZ and 
APAZ, respectively (Wagner et al., 1989). 

The kinetics of the ZFT system are still poorly understood; however, 
in typical geological settings with cooling rates of ~15 ◦C, the closure 
temperature (Tc) for the ZFT is ~240 ± 30 ◦C and the ZPAZ is between 
180 and 220 ◦C (Brandon et al., 1998; Bernet, 2009; Bernet and Garver, 
2005). However, laboratory- and field-based studies have suggested that 
the Tc could be as low as 180 ◦C or as high as 350 ◦C (Bernet, 2009; Rahn 
et al., 2019; Tagami et al., 1998; Yamada et al., 2007). These differences 
in the Tc have been attributed to the effect of radiation damage: low- 
damage grains are more resistant to annealing than high-damage 
grains (Bernet, 2009; Garver et al., 2005). Low-damaged zircons could 
be annealed at ~180–200 ◦C, and high-retentive zircons could be fully 
annealed at temperatures above 300 ◦C (Garver et al., 2005). 

The APAZ is between 60 and 120 ◦C (Gleadow and Duddy, 1981; 
Reiners and Brandon, 2006). The kinetics of the apatite crystals depends 
mainly on the chemical composition of the grains (F-apatites are low- 
retentive, whereas Cl-apatites are high-retentive). The track resistance 
to annealing, is proportional to the resistance of the crystal to the acid 
used to reveal the tracks (etching). Thus, the size of the fission-track etch 
pit (Dpar) is a commonly used proxy for annealing resistance in thermal 
history modeling (Carlson et al., 1999; Donelick et al., 1999). 

The fission-track analyses were performed at the Low-Temperature 
Thermochronology Laboratory (LabTer) of the São Paulo University. 
ZFT ages were obtained on 104 to 60 zircons from three detrital samples 
from the Cretaceous strata in the study region, and ZFT and AFT ana
lyses were conducted on 10 apatites and 24 zircons from a bedrock 
sample from the Garzón massif, using the External Detector Method 
(EDM) (Gleadow and Duddy, 1981). 2σ errors are reported for all ages. 
The Chi-Square test (P(χ2)) was used to determine whether individual 
grain ages correspond to a single population (Galbraith and Laslett, 
1993). Detailed procedures for etching and sample preparation are 
presented in Text S1. The detailed ZFT and AFT data are available in 
Tables S4 and S5, respectively. Additionally, Fig. S2 presents a com
parison between the uranium content measured in the zircons dated by 
U–Pb geochronology and the uranium content calculated in the zircons 
dated by ZFT thermochronology. 

Radial and probability density plots were used to visualize the age 
distribution of the detrital and bedrock samples (Vermeesch, 2018). 
Radial plots were created using the IsoplotR software (Vermeesch, 
2018), and for the detrital samples, the major age population peaks were 
extracted using the binomial peak fitting method and the Binomfit 
software (Brandon, 1996; Galbraith and Laslett, 1993). The Binomfit 
software (Brandon, 1996) was chosen because it provides an iterative 
search of peak ages, the number of peaks, and the width bin (of the 
histogram) to find the simplest solution that fits the dataset. 

3.4.2. Zircon and Apatite (U-Th-Sm)/He dating (ZHe and AHe) 
U-Th-Sm/He thermochronology is based on the production, 

accumulation, and diffusion of helium resulting from the alpha decay of 
U, Th, and Sm. In typical geological settings, the zircon U-Th-Sm/He 
(ZHe) dating provides insight into the thermal history between 140 and 
220 ◦C, and the apatite U-Th-Sm/He (AHe) between 40 and 110 ◦C. 
These temperature intervals are known as the zircon partial retention 
zone (ZPRZ) and the apatite partial retention zone (APRZ) (Farley, 2002; 
Flowers, 2009; Reiners, 2005). However, the temperature sensitivity of 
the ZHe could be as low as ~50 ◦C in zircons that have been subjected to 
very high radiation damage (Ault et al., 2018; Gautheron et al., 2022; 
Gérard et al., 2022; Guenthner et al., 2013; Johnson et al., 2017). The 
APRZ and ZPRZ depend on the effective uranium content (eU =
0.235*Th + U), grain size, and geometry, the cooling rate, and the 
accumulation of the radiation damage in the crystal lattice (e.g., 
Anderson et al., 2020; Brown et al., 2013; Guenthner et al., 2013). 

ZHe and AHe analyses were performed on two samples from the 
basement of the Garzón massif. Four euhedral and inclusion-free zircon 
grains were selected from each sample and packed into ~1 mm Nb 
tubes. Four apatite crystals were hand-picked from one of the samples 
and packed into ~1 mm Pt tubes using a binocular microscope. The 
dimensions of the selected grains were measured, and their morphology 
was described to calculate the α-correction (Ft correction) (Farley, 2002; 
Farley et al., 1996). 

The analyses followed the procedures presented by Zhou et al. 
(2017) for AHe and Zapata et al. (2019b) for ZHe. Grain degassing was 
conducted at the Alphachron laboratory at the Potsdam University, 
while the measurement of U, Th, and Sm concentrations was carried out 
at the German Research Center of Geoscience (GFZ). Detailed data are 
presented in Table S6. 

3.4.3. Thermal modeling 
To extract the most probable thermal history from the thermochro

nological data, we used the Bayesian statistics implemented in the QTQt 
software (Gallagher, 2012). For ZHe data, we used the radiation damage 
model from Guenthner et al. (2013), while for the AHe data, we used the 
model from Flowers (2009). The AFT data were modeled with the 
annealing model from Ketcham et al. (2007), and the ZFT data were 
modeled with the annealing model from Yamada et al. (2007). The 
models included only the U-Th-Sm/He single-grain aliquots with 
reproducible ages or dispersed ages with possible size or eU age controls. 
Reproducible U-Th-Sm/He ages were defined as aliquots with a 1σ 
standard deviation <20% of the mean age (Ault et al., 2019; Flowers 
et al., 2023). In the absence of correlations between grain size or -eU and 
age, the overdispersed aliquots were removed from the model. A total of 
500,000 iterations were used to search for possible model solutions 
(200,000 of the burn-in phase and 300,000 in the post-burn-in phase), 
the model was allowed to find solutions (including complex solutions) 
between 0 and 200 Ma in a temperature range of 0 to 400 ◦C. The 
likelihood chain is shown in Fig. S3. 

A geological constraint was included in the model to represent the 
crystallization age of the Precambrian syenogranite (sample 34055Gz), 
which yields ages between 1500 and 1000 Ma, the constraint was set to 
1000 ± 10 Ma at 380 ± 10 ◦C. The complete thermal history model is 
presented in Fig. S4. 

Additionally, two sensitivity tests were performed to assess the effect 
of the excluded AHe aliquots and the effect of the radiation damage in 
zircons on the final thermal history model (Abbey et al., 2023). There
fore, an alternative thermal history model that included the younger 
apatite U-Th-Sm/He ages is presented in Fig. S5. To evaluate the impact 
of the different Tc of the ZFT system due to the radiation damage, we 
also include an alternative model without the ZFT data, in which instead 
an additional constraint was included to represent fully reset ZFT data at 
lower temperatures (99 ± 14 Ma at 240 ± 60 ◦C) (Fig. S6). 
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4. Results 

4.1. Stratigraphy 

The Cretaceous record of the UMB was described in three different 
stratigraphic sections that include thirteen sedimentary facies and five 
facies associations (Tables 1 and 2). Sections 1 and 2 were described in 
the western part of the basin, whereas section 3 corresponds to the 
eastern segment (Fig. 3). 

4.1.1. Lower Cretaceous Caballos Formation 
The Aptian-Albian Caballos Formation is presented in sections 2 and 

3 (Figs. 2a and 3). It was observed laying in angular unconformity on top 
of the Jurassic volcaniclastic rocks of the Saldaña Formation (Fig. 1) and 
in non-conformity on the Jurassic quartz-monzodiorite of the Astilleros 
Stock (section 3). In both stratigraphic sections, this unit is constituted 
by the facies association I, which is dominantly composed of laterally 
discontinuous and channeled massive conglomerates and sandstones 
(Gm and Sm), with a thickness between 1 and 2 m. Occasionally layers of 
massive sandstone (Sm) facies may exhibit coal lenses (C; subbitumi
nous), sandstones with cross and trough-cross lamination (Sc and St), 
and planar-laminated and graded sandstones (Sp). These facies are 
interbedded with tabular dark gray massive and planar-laminated 
mudstones (Fm and Fp). Lateral variations in stratigraphic thickness 
were observed in the two sections: in the west, the Caballos Formation is 
~250 m thick in section 2, while to the east (section 3), this unit is up to 
~720 m thick (Fig. 3). 

The facies St, Sp, and Sc are generated by bedload deposition of 
confined unidirectional currents (Miall, 1985; Shiers et al., 2018). The 

facies Sm and Gm are associated with unconfined hyper-concentrated 
flows that allow a rapid deposition during abrupt changes in flow ve
locity (Horn et al., 2017). The fine-grained facies (Fm and Fp) resulted 
from the deposition of suspended load (Table 1) (Collinson et al., 2006). 

The facies assemblage I is interpreted as part of an alluvial fan sys
tem, where the coarse-grained beds represent deposition under unidi
rectional confined currents (St, Sc, and Sp) and unconfined high-density 
flow (Gm and Sm). The presence of coal lenses in the Sm facies suggests 
an upper-flow regime with periods of low energy and anoxic or low- 
oxygen conditions (Miall, 1985; Shanley et al., 1992). The Fm and Fp 
facies are the record of floodplain deposition related to the deposition of 
suspended sediments during low-energy conditions (Nichols, 2009). The 
preserved lamination suggests continuous subaqueous deposition 
(Fig. 3; Table 2) (Turner and Tester, 2006). 

This facies assemblage is consistent with sedimentary environments 
suggested in other stratigraphic sections of the Caballos Formation in the 
Upper Magdalena and Putumayo basins, where fluvial and alluvial to 
marine–deltaic environments have been recognized (Barrio and Cof
field, 1992; Mesa, 2002; Mora et al., 2006; Mora-Bohorquez et al., 2010; 
León et al., 2023; Sarmiento-Rojas et al., 2006; Sneider, 1988). 

4.1.2. Upper Cretaceous Villeta Group 
The Cenomanian-Santonian Villeta Group conformably overlies the 

Caballos Formation (Fig. 3). Facies association in this unit (Facies II) is 
predominantly composed of black planar-parallel laminated and 
massive calcareous mudstones (Fp and Fm), wackestones, and sandy 
limestones (W and Ls), interbedded with black massive calcareous 
sandstones (Sm) (Tables 1 and 2). This facies association is characterized 
by tabular and laterally continuous beds with sharp contacts, ranging 

Table 1 
Description and interpretation of sedimentary facies.  

Code  Facies Description Interpretation 

Gm Massive 
conglomerate 

Structureless pebble to granule matrix-supported 
conglomerate 

Fast deposition of high-density flows (Collinson et al., 
2006; Miall, 1977) 

Gp 
Plane-parallel 
laminated 
conglomerate 

Pebble to granule matrix-supported conglomerate with 
planar-parallel lamination 

Deposition of a high-flow regime (Collinson et al., 2006;  
Miall, 1977) 

Sm Massive sandstone Structureless very fine- to coarse-grained sandstones, in 
some cases calcareous sandstones 

Rapid deposition of hyper-concentrated load during 
abrupt changes in flow speed (Collinson et al., 2006; Horn 
et al., 2017) 

Sp Plane-parallel 
laminated sandstone 

Medium- to coarse-grained sandstone with planar- 
parallel lamination 

Rapid deposition of diluted high-energy flows. Normal 
grading suggests fluctuations in the flow regime (Collinson 
et al., 2006; Kumar et al., 2007) 

Sc Cross-bedded 
sandstone 

Medium- to coarse-grained sandstone with cross-bedded 
stratification 

Deposition by 2D migration bedforms under 
unidirectional flows (Miall, 1985; Shiers et al., 2018) 

St 
Trough cross-bedded 
sandstone 

Medium- to coarse-grained sandstone with trough 
stratification 

Deposition by 3D dunes migration under unidirectional 
flows (Collinson et al., 2006; Miall, 1977) 

Fm Massive mudstone 
Structureless black to gray siliciclastic and calcareous 
mudstones, in some cases with calcareous nodules or 
concretions up to 1 m in diameter 

Deposition of fine-grained suspended load in anoxic or 
low-oxygen conditions (Collinson et al., 2006) 

Fmr Massive mudstone Structureless red siliciclastic mudstones with calcareous 
nodules 

Deposition of fine-grained suspended load in oxidizing 
conditions (Collinson et al., 2006; Voigt et al., 2013) 

Fp Plane-parallel 
laminated mudstone 

Black to gray siliciclastic and calcareous mudstones with 
horizontal lamination 

Deposition of fine-grained suspended sediment in low- 
energy conditions (Collinson et al., 2006) 

Fsi Siliceous siltstone Gray and beige siliceous siltstones with horizontal 
lamination organized in tabular beds 

Deposition of fine-grained suspended sediments in low- 
energy conditions with siliceous fluids during diagenesis ( 
Randon and Caridroit, 2008) 

C Coal Coal lenses 
Flood plains with abundant organic material deposited 
under anoxic or low-oxygen conditions (Miall, 1985) 

Ls Sandy limestone Fine-grained dark gray siliciclastic limestone 
Deposition of carbonates with input of fine-grained 
siliciclastic sediments in clam-water (Nichols, 2009) 

W Wackestone Gray wackestone with scarce and float allochems in a 
micritic matrix 

Deposition of carbonate sediments in-situ in calm-water 
influenced by biological processes (Dunham, 1962)  
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from 0.1 to 1 m in thick and organized in 2 to 5 m stacked packages. 
Section 2 can be divided into two segments: the lower segment is 

composed mainly of calcareous mudstones interbedded with wacke
stones and some calcareous sandstones, and the upper segment is 
characterized by an increment of calcareous sandstones (Fig. 3). 

The calcareous mudstones and wackestones (Fp, Fm, and W) are 
related to deposition under low-oxygen and low-energy marine condi
tions (Collinson et al., 2006; Nichols, 2009). The calcareous sandstones 
and sandy limestones (Sm and Ls) are interpreted as ephemeral under
flows that resulted in mixed calcareous-clastic sedimentation (Table 1) 
(Flood et al., 2009). 

The facies association II described in the Villeta Group is interpreted 
as being deposited in a shallow marine environment, where the increase 
in coarse-grained sedimentation towards the top indicates a shallowing- 
upward trend (Nichols, 2009). This association is characterized by black 
calcareous mudstones interbedded with wackestones and sandy lime
stones, which were deposited in the inner- to mid-shelf areas under low- 
energy and low-oxygen conditions. The upward increase of the Sm facies 
in the upper segment of section 2 suggests an increase in detrital sedi
ment input during the accumulation of this unit (Fig. 3). 

Our results are consistent with previous studies of the Villeta Group 
suggesting deposition in a shallow marine environment under anoxic 
conditions with shallower deposition towards the top (Barrio and Cof
field, 1992; Guerrero et al., 2000; Vergara, 1997). 

4.1.3. Upper Cretaceous Oliní Group 
The Santonian-Campanian Oliní Group was described in section 2, 

where it conformably overlies the Villeta Group (Fig. 3). This unit is 
constituted by the facies association III, which is composed of light-gray 
planar-parallel laminated mudstones and black-to-beige siliceous silt
stones (Fp and Fsi). These beds are tabular, with sharp bedding and 
centimeter-scale lamination, and are laterally continuous, and orga
nized in stacked packages of 1 to 5 m (Tables 1 and 2). 

Facies association III is interpreted as deeper-marine sedimentation 
in contrast to facies association II, where sedimentary deposition 
occurred predominantly under low-energy and subaqueous conditions. 
The sharp stratification between light and dark beds suggests relatively 
sudden events superimposed on a background of quiet and continuous 
sedimentation of the finer-grained layers (Table 2) (Collinson et al., 
2006). This interpretation agrees with previous studies that have used 
the presence of chert, siliceous siltstones and phosphorites, as well as the 
foraminiferal assemblage to suggest an outer shelf for the Oliní Group 
(Barrio and Coffield, 1992; Guerrero et al., 2000; Vergara, 1997). 

4.1.4. Upper Cretaceous La Tabla Formation 
The Maastrichtian La Tabla Formation conformably overlies the 

Oliní Group and is composed of facies association IV. This facies 
assemblage is characterized by laterally discontinuous and tabular 1 to 

3 m thick massive and planar-laminated sandstones of beige color (Sm 
and Sp), interbedded with tabular massive mudstones of light-gray color 
(Fm). 

Massive and planar-laminated sandstones (Sm and Sp) are the result 
of high-energy confined and unconfined currents (Turner and Tester, 
2006). The amalgamated coarse-grained beds are generated by com
bined flows (Sm and Sp), including confined and unconfined high- 
density flows (Collinson et al., 2006). The fine-grained facies (Fm) 
resulted from the deposition of suspended load (Table 1) (Collinson 
et al., 2006). 

Facies assemblage IV is interpreted to be deposited within a sandy 
shelf. These conditions are intercalated with deposition in ephemeral 
overbank areas under oxidizing conditions (Fm) (Nichols, 2009; Noel 
and Robert, 2010). This interpretation is consistent with sedimentary 
environments proposed in other stratigraphic sections of the La Tabla 
Formation to the north (Barrio and Coffield, 1992; Bayona, 2018; Car
vajal-Torres et al., 2022; Guerrero et al., 2000; Martín-Rincón et al., 
2022; Veloza et al., 2008; Vergara, 1997). 

4.1.5. Upper Cretaceous Seca Formation 
The Maastrichtian-Paleocene Seca Formation was described in 

stratigraphic section 1 (Fig. 3). This unit overlies the La Tabla Formation 
and underlies the Gualanday Group (Figs. 1b and 3) (Bayona, 2018; 
Carvajal-Torres et al., 2022).This unit is constituted by facies association 
V, which is mainly composed of gray to beige massive conglomerates 
and sandstones (Gm and Sm), planar-laminated conglomerates and 
sandstones (Gp and Sp), and sandstones with cross lamination (Sc), 
interbedded with tabular red massive mudstones (Fmr) containing 
calcareous nodules (Tables 1 and 2). This facies association exhibits 
laterally discontinuous, amalgamated, and tabular beds with thicknesses 
between 1 and 3 m. 

Massive sandstones and conglomerates are associated with the rapid 
deposition of hyper-concentrated load during abrupt changes in flow 
velocity (Collinson et al., 2006; Horn et al., 2017). Whereas the con
glomerates and sandstones with tractive structures (Gp, Sp, and Sc) 
resulted from the deposition of sediment transported as bedload by 
unidirectional currents (Collinson et al., 2006; Miall, 1985; Shiers et al., 
2018). The red fine-grained mudstones (Fmr) suggest the deposition of 
suspended load under oxidizing conditions (Collinson et al., 2006; Voigt 
et al., 2013). 

This facies assemblage is interpreted as the result of different depo
sitional processes within a coastal plain environment highly influenced 
by fluvial processes (Nichols, 2009). The coarse-grained facies with 
tractive structures and amalgamated facies architecture are products of 
bedload deposition by unidirectional currents (Bridge, 2003). These 
flows vary laterally into overbank areas, where sedimentation of sus
pended load under oxidizing conditions prevailed. The massive struc
ture of the fine-grained beds and the development of calcareous nodules 

Table 2 
Facies association description and interpretations of the depositional system.  

Facies 
association 

Constituent facies Description Interpretation 

Facies 
association I 

Gm, St, Sc, Sp, Sm, 
Fm, Fp, C 

Confined and unconfined high-density flows in subaqueous conditions 
interbedded with fine-grained deposits from the overbank 

Alluvial sedimentation characterized by high-energy 
flows adjacent to a well-developed flood plain 

Facies 
association II Sm, Fm, Fp, Ls, W 

Shallow-marine carbonate deposits characterized by fine-grained and 
carbonate sedimentation interbedded massive underflows 

Shallow-marine carbonate sedimentation in the inner- to 
mid-shelf with mixed carbonate-clastic sedimentation 

Facies 
association 
III 

Fp, Fsi 
Shallow-marine fine-grained sedimentation characterized by siliceous 
diagenesis Shallow-marine sedimentation in an outer-shelf 

Facies 
association 
IV 

Sm, Sp, Fm 
Sandy shelf with reworking by wave processes and, confined and unconfined 
high-density flows 

Shallow-marine sedimentation dominated by siliciclastic 
deposits 

Facies 
association V 

Gp, Gm, Sc, Sp, Sm, 
Fmr 

Beaches with accumulation of coarse-grained sediments from drainages of 
rivers that laterally transition to fine-grained coastal plains with oxidizing 
conditions 

Coastal plain highly influenced by run-off from fluvial 
processes  
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suggest periods of subaerial exposure characteristic of an intermittent 
water body (McPherson, 1979; Voigt et al., 2013). 

In the Upper and Middle Magdalena basins, stratigraphic and litho
logical studies have already suggested fluvial to coastal plains and 
fluvial environments for the accumulation of the Seca Formation (Barrio 
and Coffield, 1992; Bayona, 2018; Carvajal-Torres et al., 2022; Guerrero 
et al., 2000). 

4.2. Petrography 

Sandstones from the Aptian-Albian Caballos Formation consist of 
fine- to coarse-grained subangular to subrounded grains embedded in a 
clay-rich matrix. The sandstone composition is characterized by 55% to 
96% of quartz, feldspar varies between 2% and 16%, and the lithic 
fraction is up to 16%. Lithics are predominantly sedimentary, and low- 
and medium-grade metamorphic (Table 3, Fig. 4a, b). In section 2, the 
sandstones from the Caballos Formation are classified as lithic arkose 

Fig. 3. Stratigraphic sections with sedimentary facies photographs. The stratigraphic position of the petrography (gray stars), detrital geochronology (red squares), 
and detrital thermochronology (blue dots) samples are also presented. The locations of the stratigraphic sections are presented in Fig. 2. For the lithology color 
scheme, refer to Table 1. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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and feldspathic litharenite, whereas the sandstones of section 3 exhibit 
variations between quartzarenite and sub-litharenite (Fig. 4a). The 
metamorphic lithic fragments include pelitic and psammitic/felsic pro
toliths. A sandstone from the Cenomanian-Santonian Villeta Group 
(39036Pt) presents a micritic matrix, and the siliciclastic grains are 
mainly composed of non-undulatory monocrystalline quartz and 
plagioclase (Fig. 4a, b), furthermore, authigenic minerals such as glau
conite and collophane are present in the sample with a proportion of 7% 

(Fig. 4b). Samples from both the Caballos Formation and the Villeta 
Group plot within the recycled orogen field (Fig. 4c). The quartz fraction 
in all sandstones consists mainly of monocrystalline and polycrystalline 
quartz, with >3 crystals per grain (Fig. 4d). 

Two sandstones from the Maastrichtian La Tabla Formation corre
spond to very fine- to fine-grained subarkoses with subrounded to 
rounded grains embedded in a clay-rich matrix (Fig. 4a). The sandstone 
composition is characterized by ~73% of quartz, predominantly 

Table 3 
Summary of the petrographic analysis in the studied sandstones. Qm: monocrystalline quartz; Qpf: foliated polycrystalline quartz; Qpp: Polygonal polycrystalline 
quartz; Qpd: diffuse polycrystalline quartz; Pl: plagioclase; Fk: potassium feldspar; F: undifferentiated feldspar. Detailed data are presented in Table S2.  

Unit Sample Quartz Feldspar Lithics Other minerals 

Qm Qpf Qpp Qpd Pl Fk F Metamorphic Sedimentary Volcanic 

Caballos Fm 

39020Ag 92.8 0.0 1.4 2.0 0.0 0.0 2.0 0.0 0.0 0.0 1.8 
39029Ag 73.1 0.0 0.6 11.7 0.2 0.6 1.3 2.1 7.7 0.0 2.7 
39043Pt 45.9 0.6 0.3 11.6 0.3 0.9 16.1 4.6 12.2 0.0 7.6 
39050Pt 58.4 0.5 0.3 3.6 0.5 0.0 6.4 6.1 9.2 0.0 15.1 
40047Pt 79.9 0.4 0.4 7.7 0.7 0.2 0.7 3.5 3.8 0.0 2.7 

Villeta Group 39036Pt 73.4 0.0 0.2 0.2 2.8 1.8 0.0 1.4 0.2 0.0 19.9 

La Tabla Fm 39065Pt 71.3 0.0 0.2 0.8 5.3 2.0 7.1 0.2 0.6 0.0 12.5 
39068Pt 77.3 0.2 0.2 0.2 4.1 1.8 4.3 0.6 1.4 0.0 10.0 

Seca Fm 40048Pt 6.4 0.8 0.0 3.3 2.5 0.0 6.6 6.6 58.3 8.2 7.2  
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Fig. 4. Petrography results. (a) Sandstone classification QFL diagram after Folk (1980), and lithic abundance diagram. (b) Photomicrographs from the Caballos 
Formation (40047Pt), the Villeta Group (39036Pt), the La Tabla Formation (39065Pt), and the Seca Formation (40048Pt); blue-colored epoxy was used to highlight 
rock porosity. (c) Sandstone provenance discrimination diagram QFL according to Garzanti (2016). (d) Quartz classification after Basu et al. (1975). Qt: total quartz, 
Qm: monocrystalline quartz, F: feldspar, L: lithics, Lv: volcanic lithics, Lm: metamorphic lithics, Ls: sedimentary lithics, Qpd: diffuse polycrystalline quartz, Qc: Chert, 
Pl: plagioclase, Gln: glauconite, Tur: tourmaline, Col: collophane, Ox: oxides, Lsli: siltstone, Lslo: mudstone, Lsa: sandstone, Lvl: lathwork volcanic lithic, Lmp1: Slate 
lithic fragment, Lmf1: Meta-siltstone lithic fragment. Thin-section images are shown in cross-polarized light (40047Pt, 39036Pt, and 40048Pt), and in transmitted 
light (39065Pt). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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composed of undulatory monocrystalline quartz, the feldspar content 
varies between 10% and 14% (Fig. 4a, d). The lithic fraction is up to 2% 
and consist mainly of sedimentary and low- to medium-grade meta
morphic lithics. The sedimentary lithics include mudstones, siltstones, 
and cherts, and the metamorphic lithic fragments are solely represented 
by a felsic protolith (Table 3, Fig. 4a). In the provenance discrimination 
diagram, the samples plot within the recycled orogen field (Fig. 4c). 
Authigenic minerals such as glauconite and amorphous nodular collo
phane are present at ~5% (Fig. 4b). 

Finally, a sample from the Maastrichtian-Paleocene Seca Formation 
corresponds to a fine- to medium-grained litharenite with subangular to 
subrounded grains embedded in a clay-rich matrix (Fig. 4a). This sample 
is characterized by 73% of lithics, 9% quartz, and 8% of feldspar 
(Table 3). The lithic fraction is mainly composed of sedimentary and 
volcanic lithics (59% and 8% respectively), with a minor proportion of 
low- to medium-grade metamorphic lithics (6%). Within the sedimen
tary lithics mudstone, siltstone, and chert fragments predominate, while 
the volcanic lithic fragments include mainly lathwork (3%) and micro
lithic (5%) lithics. The metamorphic lithics include pelitic and felsic 
protoliths, with similar proportions (Fig. 4b). The provenance discrim
ination diagram, the sample plot within the lithic recycled field (Fig. 4c), 
and the quartz fraction in this sample consist mainly of polycrystalline 

quartz with >3 crystals per grain (Fig. 4d). 

4.3. Zircon U–Pb Geochronology 

Zircon U–Pb geochronology was performed on three sandstones 
from the Caballos, La Tabla, and Seca formations, together with a 
bedrock sample from the Proterozoic basement of the Garzón massif and 
one from modern river sediments (Figs. 2 and 3). A moderately 
deformed syenogranite with an inequigranular medium- to coarse- 
grained texture from the Garzón massif (34054Gz) shows zircon 
U–Pb ages between 1515 and 850 Ma, with uranium contents varying 
between 146.2 and 1025.0 ppm and have Th/U ratios between 0.09 and 
0.42, suggesting an igneous origin (Harley and Kelly, 2007; Rubatto, 
2002). Zircons are subhedral to euhedral in shape, with grain sizes 
ranging between 50 and 300 μm, and length:width (l:w) ratios between 
1:1 and 3:1. The Wetherill Concordia diagram shows a possible lead loss 
in the dated zircons, evidenced by a line with a lower intercept at 843 ±
21.2 Ma and an upper intercept at 1569.2 ± 10.1 Ma, (MSWD of 8.9). 
The upper intercept is interpreted to represent the crystallization age 
(Fig. 5a). 

Detrital ages of 108 zircon grains from modern sand sediments 
(sample 36005-RS) range from 1517 to 166 Ma. This sample is 

Fig. 5. Zircon U–Pb geochronological results (a) Wetherill Concordia diagram and Kernel Density Estimation plot (KDE) for the sample from the Garzón massif. L.I: 
Lower intercept, U⋅I: Upper intercept. (b) KDE for the detrital zircon U–Pb geochronology of modern river sediments from the Suaza River. (c) KDEs showing the 
results of the detrital zircon U–Pb geochronology results from samples of the Cretaceous strata (the Caballos, La Tabla, and Seca formations). YSG: Youngest single 
grain, Y3Z: weighted average of the three youngest grains. The location of the samples is shown in Figs. 2 and 3. 
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characterized by major Proterozoic age peaks (1200 to 980 Ma; 87% of 
the grains), and a minor Jurassic age peak of 169 Ma (Fig. 5b). The 
bedrock sample 34054Gz shows ages between 1500 and 1100 Ma. 
Modern sediments and bedrock samples evidenced the diagnostic 1500 
to 900 Ma signature of the Garzón massif (Horton et al., 2015). 

A total of 115 individual zircon U–Pb ages were obtained from the 
Aptian-Albian Caballos Formation. Major age peaks are of Proterozoic 
(1600 to 1000 Ma) age, with >90% of the grains; a minor Jurassic age 
peak of 176 Ma is also present. (Table 4; Fig. 5c). Measured uranium 
concentrations range from 9.5 and 2032.0 ppm, with 64% of the zircon 
grains having uranium lower than 150 ppm (Table S3; Fig. S2). 

A total of 97 detrital zircons from a sandstone sample of the Maas
trichtian La Tabla Formation were analyzed. Most of these zircons have 
U–Pb ages older than 900 Ma, 8% of the grains are between 1200 and 
900 Ma, 36% are between 1500 and 1200 Ma, and 50% are older than 
1500 Ma (Table 4; Fig. 5c). The uranium content varies between 55.2 
and 3250.0 ppm, with 22% of the zircon grains having uranium lower 
than 150 ppm (Table S3; Fig. S2). 

A total of 105 zircon U–Pb ages were obtained from one sample of 
the Maastrichtian-Paleocene Seca Formation. This unit exhibits two 
major age peaks of Jurassic (187 Ma) and Cretaceous (87 Ma) age, which 
correspond to ~65% of the ages. Additionally, Proterozoic age peaks 
correspond to ~32% of the ages. The youngest single zircon in the unit 
corresponds to 75.7 ± 0.9 Ma (Table 4; Fig. 5c). Measured uranium 
concentrations range from 29.1 to 1555.0 ppm (Table S3). 

4.4. Low-temperature thermochronology 

Two samples of deformed Proterozoic granitoids exposed on the 
western flank of the Garzón massif (34055Gz and 34053Gz, Tables 5 and 
6, Fig. 2a) were analyzed by ZFT, ZHe, AFT and/or AHe. Detrital ZFT 
data were obtained from three Cretaceous samples, including the 
Aptian-Albian Caballos Formation (39019Ag), the Cenomanian- 
Santonian Villeta Group (39037Pt), and the Maastrichtian La Tabla 
Formation (39064Pt). 

4.4.1. Bedrock low-temperature thermochronology and inverse thermal 
modeling 

ZFT dating was performed on 24 zircon grains from sample 34055Gz, 
which was collected on the eastern flank of the basin (Fig. 1a). This 
sample has individual ZFT ages between 166.4 and 69.4 Ma, with ura
nium content between 122.9 and 334.6 ppm. This sample has a pooled 
age of 98.7 ± 13.5 Ma, with a P(χ2) value of 0.95 (Table 5; Fig. 6a). 

ZHe dating was performed on two samples (34055Gz and 34053Gz) 
from the Garzón massif (Table 6; Fig. 1a). Sample 34053Gz has four 
zircon ages between 87.8 ± 8.7 and 35.1 ± 1.8 Ma, three of which have 
reproducible ZHe ages, with a mean age of 73.3 ± 13.7 Ma. ESR values 
are between 60.8 and 71.4 μm, and eU values vary from 246.8 to 1449.6 
ppm (Fig. 6b). Finally, two zircons were dated in sample 34055Gz, with 
ages of 115.5 ± 6.5 and 94.4 ± 4.2 Ma; these zircons yield reproducible 
ZHe ages with a mean age of 105.0 ± 14.9 Ma. ESR values are 46.1 and 

52.6 μm, and the eU values are 437.7 and 1472.4 ppm (Fig. 6b). 
Sample 34055Gz had a poor apatite recovery, therefore, AFT dating 

was performed on 10 grains, with single crystal AFT ages are between 
15.7 and 7.9 Ma, with uranium content between 41.9 and 95.2 ppm, and 
a mean Dpar of 2.0 μm. The age distribution has a pooled age of 12.1 ±
1.8 Ma, with a P(χ2) value of 0.80 (Table 5; Fig. 6a). 

Four AHe ages from sample 34053Gz are between 24.6 ± 0.6 and 8.5 
± 0.5 Ma, three of which yield reproducible ages, with a mean age of 
22.6 ± 2.4 Ma. ESR values are between 55.1 and 64.6 μm, and eU values 
vary from 107.2 to 218.6 ppm. The AHe ages exhibit a positive corre
lation between age and grain size (Table 6; Fig. 6b). 

The inverse thermal history model was obtained from the two sam
ples collected within the Garzón massif and included three AHe aliquots 
with ages between 24.6 and 20.0 Ma, five aliquots of ZHe with ages 
between 115.5 and 71.7 Ma, the AFT age (12.1 Ma) and the ZFT age 
(98.7 Ma) from sample 34055Gz (Tables 5 and 6; Fig. 6c). Since the 
thermochronological ages are younger than 100 Ma, the model is poorly 
constrained between 180 and 100 Ma and does not offer information on 
the thermal evolution of the Garzón massif during this time. After 100 
Ma, the thermal history model exhibits rapid cooling between ~100 and 
85 Ma, followed by isothermal conditions at ~50 ◦C between 85 and 35 
Ma, a reheating between ~35 and 20 Ma, and a final cooling event at 
~20 Ma. This model reproduces the observed AHe, AFT, and ZFT ages 
with an age difference of <8 Ma, the predicted ages of ZHe show dis
crepancies up to 20 Ma compared to the observed data (Fig. 6c). 

Alternative thermal models are presented in Figs. S5 and S6, incor
porating the younger apatite U-Th-Sm/He ages and replacing the ZFT 
data with a geological constraint. The results of this model show a 
similar thermal history, with all models showing ~100 and 80 Ma 
cooling, minor reheating between 80 and 25 Ma, and cooling between 
25 and 15 Ma. These results suggest that the excluded aliquots and the 
implemented ZFT annealing model did not have a significant influence 
in the interpreted thermal trajectories. 

4.4.2. Detrital ZFT thermochronology 
Detrital ZFT ages were obtained on 104 grains from a sandstone 

sample of the Aptian-Albian Caballos Formation (39019Ag) located in 
section 3 (Fig. 3). This sample has single-grain ZFT ages between 710.2 
and 98.9 Ma, with uranium contents varying from 16.9 to 152.2 ppm, a 
data dispersion of 39%, and P(χ2) value of 0.03. (Fig. 7a). Deconvolution 
of the peak ages using Binomfit software (Brandon, 1996) shows that the 
sample can be interpreted as two detrital ZFT age signatures of 155.3 ±
41.7 Ma (39.6%) and 260.4 ± 67.4 Ma (60.4%) (Table 5; Fig. 7b). 

ZFT analyses were performed on 60 zircon grains from the 
Cenomanian-Santonian Villeta Group (39037Pt) located in section 3 
(Fig. 3). This sample has single grain ZFT ages between 263.6 and 79.2 
Ma, with uranium contents between 45.2 and 325.5 ppm, data disper
sion of 0%, and a P(χ2) value of 1.0 (Fig. 7a). Deconvolution of the peak 
ages reveals a single population at 153.0 ± 19.3 Ma (Table 5; Fig. 7b). 

Sample 39064Pt from the Maastrichtian La Tabla Formation was 
collected in section 2 (Fig. 3). This sample has 88 individual grains with 

Table 4 
Summary of the detrital geochronological results with the age ranges in percent for the detrital samples. Detailed data are presented in Table S3.  

Lithostratigraphic 
Unit 

Lithology and stratigraphic 
age 

N (grain 
number) 

Ages (%) 

0–- 150 
Ma 

150–- 300 
Ma 

300–- 900 
Ma 

900–- 1200 
Ma 

1200–- 1500 
Ma 

>1500 
Ma 

Suaza River 
(36005-RS) Modern river sediments 109 0.0 2.7 0.0 87.2 9.2 0.9 

Caballos Fm 
(39019Ag) 

Sandstone 
(Aptian-Albian) 

115 0.0 6.1 0.9 65.2 14.8 13.0 

La Tabla Fm 
(39064Pt) 

Sandstone 
(Maastrichtian) 

114 0.0 4.1 2.1 8.2 36.1 49.5 

Seca Fm 
(40048Pt) 

Sandstone 
(Maastrichtian-Paleogene) 

105 29.5 35.2 2.9 4.8 16.2 11.4  
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ZFT ages between 388.1 and 68.7 Ma, uranium content between 26.8 
and 140.7 ppm, data dispersion of 0% and a P(χ2) value of 0.8 (Fig. 7a). 
Deconvolution of the peak ages shows a single population at 159.6 ±
19.4 Ma (Table 5; Fig. 7b). Overall, all samples contained several grains 
with track densities too high (e.g. metamict grains), in which the 
spontaneous tracks could not be counted. 

Fig. S2 presents a comparison of the uranium content obtained from 
ZFT thermochronology and zircon U–Pb geochronology, showing that 
the uranium content obtained from ZFT analyses is more constrained 
than that from U–Pb analyses. However, both methods include low- 
uranium zircons. In the U–Pb measurements, all zircon age pop
ulations include zircons with low U zircons. For instance, in the Caballos 
Formation, 64% of the zircons in the U–Pb analyses have U concen
trations <150 ppm and correspond to Jurassic and Proterozoic ages. 

5. Discussion 

Two broad tectonostratigraphic scenarios dominated the Cretaceous 
evolution of the Northern Andes: an Early Cretaceous extensional 
setting, which has been interpreted as rift- and back-arc-related tec
tonics. This phase was followed by Late Cretaceous contractional tec
tonics associated with changes in the subduction configuration and 
terrane collision (Bayona, 2018; Bayona et al., 2012; Cardona et al., 
2020; Cardona et al., 2012; Montes et al., 2019; Mora et al., 2020; Mora- 
Bohorquez et al., 2010; Sarmiento-Rojas et al., 2006; Spikings et al., 
2015; Zapata et al., 2020; Zapata et al., 2019a). These tectonic models 
have discriminated broad time intervals in which tectonic activity took 
place, however, the pre-Cretaceous tectonic settings that preceded the 
Cretaceous extensional phases and a precise discrimination of the 
extensional and contractional settings remain to be resolved. Our results 
present the opportunity to refine the temporality and discriminate the 
different processes that characterize each of the above-mentioned 

tectonic scenarios. 

5.1. Late Jurassic to Early Cretaceous setting in the UMB (160 to 120 
Ma) 

Obtained detrital ZFT peak ages from the Aptian to Maastrichtian 
units in the UMB range between 153 and 260 Ma, showing a strong Late 
Jurassic component at ~155 ± 20 Ma, which is observed in the P1 of the 
Caballos Formation, and the central ages of the samples from the Villeta 
Group and the La Tabla Formation (Fig. 7). 

The ZFT ages from the Cretaceous strata contrast with the detrital 
zircon U–Pb signature that reveals major Proterozoic age populations 
(between 2000 and 1000 Ma) and a minor Jurassic peak age at ~176 Ma 
(Fig. 8a). The zircon grains used for fission-tracks contain relatively low 
uranium (<150 ppm) that overlap with 64% of the U–Pb ages obtained 
in the Caballos Formation and 22% in the La Tabla Formation. High 
uranium grains that are not present in the ZFT data were likely not 
suitable for fission-track thermochronology due to the high track den
sities. Poorly represented low uranium grains in the ZFT results may 
introduce an additional bias; however, all major zircon U–Pb pop
ulations in the Caballos and La Tabla formations contain a proportion of 
low uranium grains, which may reduce this bias effect. 

The significant difference between the U–Pb and ZFT detrital sig
natures, together with the similar uranium concentrations obtained 
from the ZFT and U–Pb analyses (Fig. S2), could suggest that most ZFT 
ages are the result of the cooling of the source areas rather than being 
associated with a volcanic source or post-magmatic cooling (Malusà and 
Fitzgerald, 2019). However, the relatively low zircon-uranium content 
of the analyzed samples resulted in large single grain ZFT age errors and 
unimodal detrital age populations with a large 2-sigma interval, which 
may not reflect the geological complexity (Galbraith, 2005; Malusà and 
Fitzgerald, 2019). 

Table 5 
Summary of detrital and bedrock fission track results. The bedrock ZFT and AFT ages correspond to the pooled ages and detrital ZFT ages correspond to the best-fitting 
component ages, calculated with the peak age routine in the Binomfit software (Brandon, 1996).  

Sample 
ID 

Type Mineral Nb* Ns Ni Nd RhoS RhoI RhoD 
(x105)** 

Age ± 2σ 
(Ma) 

Peak 
percentage 

P(χ2) 
(%) 

Dpar ± 2σ 
(μm) 

34055Gz Syenogranite 
Apatite 10 217 3204 18,252 1.09E+06 1.60E+07 35.878 12.1 ± 1.8  79.8 1.97 ±

0.15 
Zircon 24 2822 275 9354 2.13E+07 2.07E+06 1.203 98.7 ± 13.5  95.5  

39019Ag Sandstone Zircon 115 13,896 792 9354 1.35E+07 7.71E+05 1.361 

(P1) 155.3 
± 41.7 39.6% 

2.9  (P2) 260.4 
± 67.4 60.4% 

39037Pt Sandstone Zircon 60 5359 354 9354 1.44E+07 9.52E+05 1.272 
(P1) 153.0 
± 19.3 

100% 99.8  

39064Pt Sandstone Zircon 93 6250 407 9354 1.09E+07 7.07E+05 1.226 (P1) 159.6 
± 19.4 

100% 83.8   

* Number of counted grains. 
** Dosimeter track density. 

Table 6 
Single-grain Apatite and Zircon (U–Th– Sm)/He data. Red letters denote the aliquots excluded from the inverse thermal model presented in Fig. 6c.  

Sample ID-aliquot Age (Ma) ± 2σ (Ma) U (ppm) Th (ppm) Sm (ppm) eU (ppm) He (nmol/g) mass (ug) Ft ESR (um)* Tm** 

aHe 

34053Gz-a1 8.5 0.2 134.5 136.5 395.8 170.3 5.9 2.05 0.75 58.4 2 
34053Gz-a2 23.3 0.4 158.4 235.7 495.9 218.6 21.2 2.07 0.77 64.6 2 
34053Gz-a3 20.0 0.2 96.7 222.1 370.2 152.6 12.2 2.36 0.75 55.1 1 
34053Gz-a4 24.6 0.2 71.0 140.8 318.1 107.2 11.1 3.12 0.78 63.4 1 

zHe 

34053GZ-z1 60.3 0.3 1420.3 123.3 1.7 1449.6 392.3 9.89 0.83 66.0 2 
34053GZ-z2 87.8 0.6 240.0 28.8 0.5 246.8 95.8 7.49 0.81 60.8 2 
34053GZ-z3 35.1 0.3 404.4 199.0 0.2 451.8 71.9 10.58 0.84 71.4 2 
34053GZ-z4 71.7 0.5 562.2 60.5 1.1 576.6 182.5 7.66 0.81 60.8 2 
34055GZ-z2 94.4 0.9 1436.5 150.7 4.3 1472.4 594.3 5.58 0.79 52.6 2 
34055GZ-z4 115.5 1.2 394.7 178.0 2.4 437.1 207.4 3.59 0.76 46.1 2  

* ERS: equivalent spherical radius. 
** Terminations. 
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Available vitrinite reflectance measurements (%Ro) below 0.5 have 
been obtained from the Caballos Formation in the Neiva sub-basin, these 
values suggest maximum burial temperatures between 86 and 95 ◦C for 
this unit (Burnham and Sweeney, 1989; Mann and Stein, 1997; Ron
cancio and Martinez, 2011). Consequently, the studied segment of the 
Caballos Formation had not reached the ZPAZ after deposition, indi
cating that the acquired ZFT ages are likely the result of source area 
exhumation rather than partial resetting during burial. The presented 
ZFT data provide evidence for Late Jurassic to Early Cretaceous exhu
mation in the Northern Andes – an exhumation history that is poorly 

preserved in the basement due to Late Cretaceous and Cenozoic orogenic 
erosion (Horton et al., 2015; Horton et al., 2010; Li et al., 2022; Mora 
et al., 2020; Parra et al., 2020; Villamizar-Escalante et al., 2021; Zapata 
et al., 2020). For instance, thermochronological ages from the Garzón 
massif basement, which are younger than 100 Ma, result in a poorly 
constrained Jurassic to Early Cretaceous thermal history (Fig. 6c). 

The ZFT age peaks between ~155 ± 19.3 and ~ 159 ± 19.4 Ma 
obtained from the Cretaceous units in the UMB can be explained by 
either Late Jurassic contractional exhumation, Early Cretaceous exten
sion, or a combination of both. Unfortunately, as discussed above, the 

Fig. 6. Bedrock thermochronological results from the Garzón massif samples. (a) Radial plot showing the distribution of ZFT and AFT single-grain ages from sample 
34055Gz, color code denotes single grain uranium content for ZFT and single grain Dpar for AFT. (b) Effective uranium (eU) vs. age, and grain size (equivalent 
spherical radius: ESR) vs. age plots of ZHe and AHe ages. The color code denotes the sample, and the hollow markers indicate the aliquots excluded from the inverse 
thermal history models. (c) Inverse thermal history model from the bedrock data collected on the western flank of the Garzón massif. Observed age vs. predicted age, 
with samples indicate by marker color, and marker shape denoting the thermochronological system. The complete thermal history model is presented in Fig. S4. 
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ZFT data do not have the resolution to distinguish between these events. 
However, field mapping delimited an unconformity between the Aptian- 
Albian Caballos Formation and the deeply crystallized (>2 km) Jurassic 
plutonic rocks (e.g. Astilleros pluton; Fig. 3) (García-Chinchina, 2018), 
which is evidence for Late Jurassic to Early Cretaceous deformation and 
exhumation in the UMB. This event has also been proposed based on 
regional metamorphism between ~163 and 153 Ma (Blanco-Quintero 
et al., 2014; Restrepo et al., 2021; Rodríguez-García et al., 2020). 

After the Late Jurassic deformation in the UMB, a shift towards a 
regional extensional setting started during the Early Cretaceous, 

resulting in the development of normal faults and the deposition of the 
Barremian-Albian Yaví and Caballos formations (Mora et al., 2009; Mora 
et al., 2006; Sarmiento-Rojas, 2019; Sarmiento-Rojas et al., 2006). The 
onset of extensional tectonics partially overlaps with the obtained ZFT 
detrital data, and thus, it may have also contributed to the observed 
exhumation signals. Moreover, Early Cretaceous ZFT ages sourced from 
the Central Cordillera and preserved in Late Cretaceous strata in NW 
Colombia further support the possibility of regional Early Cretaceous 
exhumation (Zapata et al., 2020). 

Despite the existence of evidence for Late Jurassic to Early 

Fig. 7. Detrital ZFT thermochronological results. (a) Radial plots show the distribution of the single-grain detrital ages, and the color code denotes single-grain 
uranium content. Radial plots were made with Isoplot R, black lines represent the peak age populations calculated with Binomfit (Brandon, 1996; Vermeesch, 
2018). (b) Kernel density estimation plots were calculated with Binomfit, dark-blue lines denote the probability distribution, and the light-blue lines represent the 
modeled age peaks (Brandon, 1996). The gray lines represent the depositional age of the Cretaceous sedimentary units. (For interpretation of the references to color 
in this figure legend, the reader is referred to the web version of this article.) 
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Cretaceous deformation, the extent and spatial distribution of exhuma
tion during each event, along with their respective contributions to 
regional basement exhumation, remain as unresolved and open research 
questions. This deformation event has also been documented by a 
Cretaceous discordance in the northern Peruvian Andes, where it has 
been associated with major plate reorganization and transpressional 
reactivation of older structures (George et al., 2019). 

The onset of syn-extensional sedimentation in the northern basins 
started between 145 and 130 Ma in the north of the UMB and the Eastern 
Cordillera (Mora et al., 2009; Mora et al., 2006; Sarmiento-Rojas, 2019; 
Sarmiento-Rojas et al., 2006) (Fig. 1). The absence of a contempora
neous sedimentary record in the southern segment of the UMB (Mora- 
Bohorquez et al., 2010) could suggest that this basin was not a signifi
cant depocenter or the basin experienced a period of non-deposition 
during the Early Cretaceous (~145–120 Ma; Fig. 9). The lack of a 
sedimentary record in the UMB was probably related to doming and 
uplifts, as is common in early extension-related phases (Cloetingh et al., 
2013; Huismans et al., 2001). 

5.2. Pronounced Early Cretaceous extensional phase (120 to 100 Ma) in 
the UMB 

The extensional history of the UMB is documented by integrating 
field observations, petrographic, and detrital zircon geochronology. An 
extensional stage occurred between ~120 and ~ 100 Ma, as evidenced 
by the onset of extensional sedimentation in the Aptian-Albian Caballos 
Formation. The stratigraphic sections and facies described for the Cab
allos Formation suggest a sedimentary environment related to an allu
vial system associated with well-developed floodplains (Figs. 3 and 8b). 

Lateral variations in stratigraphic thickness of up to ~500 m in <10 
km were observed between sections 2 and 3 of the Caballos Formation 
(Fig. 3), similar to what has been documented in other segments of the 
UMB (Mora-Bohorquez et al., 2010; Sarmiento-Rojas, 2019). Thickness 
and facies variations are common in extensional settings and can be 
explained by syn-deformational sedimentation coeval with normal fault 
activity, with higher stratigraphic thickness proximal to the structures 
(Brune et al., 2023; Destro, 1995; Liesa et al., 2006; Mora et al., 2009). 
The sedimentation recorded by the Aptian-Albian Caballos Formation 
would have been related to normal fault activity on the eastern side of 

Fig. 8. (a) Comparison between the zircon U–Pb geochronological and ZFT data of the Cretaceous strata obtained in this work. KDE of zircon U–Pb geochronology 
(red) and ZFT (blue) from the Cretaceous units. Gray vertical bars denote the Cretaceous and Miocene cooling events unraveled in the thermal history of the Garzón 
massif (GM; Fig. 6c). Red horizontal lines denote the zircon U–Pb geochronological signatures of the potential source areas including the Amazon craton, Paleozoic 
sedimentary rocks from the Macarena range, the Garzón massif, the Central Cordillera, and the Cretaceous magmatic arc and associated volcanoclastic rocks 
(Bustamante et al., 2010; Horton et al., 2010; Ibañez-Mejia et al., 2011, 2015; Pastor-Chacón et al., 2023; Zapata et al., 2019a). (b) sedimentary depositional system 
and depositional ages of the Cretaceous units of the UMB, horizontal bars summarize the age assignments for each unit (Bayona, 2018; Etayo-Serna and Carrillo, 
1996; Julivert, 1968; Prössl and Vergara, 1993; Vergara, 1997). (c) compiled sandstone petrographic data, stars denote petrography present in this study and the 
shaded areas correspond to previous studies (Duarte et al., 2018; Gómez et al., 2003; León et al., 2023; Mesa, 2002; Veloza et al., 2008). (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.) 
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the mapped area (Garzón massif and blocks in the Amazon craton), 
where the stratigraphic thickness of this unit is higher (Mora-Bohorquez 
et al., 2010). These normal fault controls on sedimentation have also 
been observed in seismic data from the UMB (Mora et al., 2006, 2009; 
Mora-Bohorquez et al., 2010; Sarmiento-Rojas, 2019). 

Detrital zircon U–Pb age populations from the Caballos Formation 
suggest that rocks related to the Garzón massif were the main source 
area in this segment of the basin (Fig. 1). This interpretation is supported 
by the similar age populations of the Caballos Formation and the 
geochronological data from the Garzón massif. Modern river sediments 
from the Suaza River, which drains the Garzón massif, show Proterozoic 
(1200–980 Ma) and Jurassic (~170 Ma) age peaks similar to those ob
tained from the Caballos Formation (Fig. 5). These age populations are 
also similar to the zircon U–Pb ages obtained from the igneous and 
metamorphic rocks exposed in the Garzón massif (180–160 Ma and 
1500–900 Ma), including sample 34054Gz (Figs. 5a and 8a) and pub
lished U–Pb ages of basement rocks (Bustamante et al., 2010; Rodríguez 
et al., 2018; Ibañez-Mejia et al., 2011). This interpretation is supported 
by the petrographic data, where the high content of subangular to 
subrounded monocrystalline quartz is likely associated with meta
morphic and plutonic rocks (Fig. 8c). 

A typical section of continental crust includes sedimentary and vol
canic rocks at the top and plutonic and metamorphic rocks at depth 
(Garzanti, 2016). Currently, the Garzón massif mainly exposes high- 
grade metamorphic rocks with associated intrusive bodies (Fig. 1a). 
Considering the low-metamorphic and sedimentary lithics found in the 
Caballos Formation and the detrital zircon signature, we suggest that an 
upper crustal segment of the Garzón massif, which likely had lower- 
grade metamorphism but similar age signatures, acted as a source area 
together with less exposed high-grade metamorphic rocks of the Garzón 

massif. The presence of sedimentary lithics can be explained by the 
sources from the volcano-sedimentary strata from the Saldaña Forma
tion, as suggested by the presence of Jurassic zircon ages. 

Based on the provenance of the Caballos Formation, we interpret that 
the Garzón massif was exposed between 120 and 100 Ma (Fig. 9). The 
presence of a positive relief in the Garzón massif between 120 and 100 
Ma can be related to the segmentation of the Andean extensional basins 
during this time and the absence of an integrated regional drainage 
network (León et al., 2023). 

5.3. Onset of contractional setting during the Late Cretaceous (100 to 80 
Ma) 

The Villeta Group was deposited during the Cenomanian-Santonian. 
In stratigraphic sections 2 and 3, this unit is characterized by inner- to 
mid-shelf deposits in shallow marine environments (Table 2; Figs. 3 and 
8b), suggesting basin-deepening. The studied area was likely part of a 
regional carbonate ramp developed in eastern Colombia between ~100 
and 80 Ma (Sarmiento-Rojas, 2019). This depositional system includes 
the deposition of the La Luna Formation in the Middle Magdalena Basin 
and the Eastern Cordillera, a unit that has been correlated with the 
Villeta Group (Casadiego-Quintero and Ríos-Reyes, 2016; Guerrero 
et al., 2020a, 2020b; Rangel et al., 2000). Although we do not present 
detrital U–Pb zircon data from the Villeta Group, the petrographic data 
and ZFT detrital ages indicate that there were no major provenance 
changes in the Villeta Group with respect to the Caballos Formation. 
Therefore, we suggest that the Garzón massif may have also acted as 
source area a during the deposition of the Villeta Group. Following the 
marine sedimentation of the Villeta Group, the Oliní Group records the 
basin deepening during the Santonian-Campanian (Fig. 8b; see the 

Fig. 9. Schematic model for the tectonic evolution of the Upper Magdalena Basin showing possible configurations that would explain the geo- and thermochro
nological data from the Cretaceous sedimentary rocks and the thermal history of the Garzón massif between ~160 and 85 Ma. CC = Central Cordillera, UMB = Upper 
Magdalena Basin, GM = Garzón massif. 
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paleogeographic reconstruction from Sarmiento-Rojas, 2019). 
The deposition of the Villeta Group overlaps with the Cretaceous 

cooling event (~100 and 85 Ma) in the Garzón massif (Fig. 6c). This 
sedimentary record and the associated cooling event occurred during a 
prolonged period that includes the regional transition from extension to 
contraction in the Colombian Andes (Bayona, 2018; Cardona et al., 
2020; Zapata et al., 2019a). 

In the UMB, internal discordances within the Villeta Group have 
been presented as evidence for the transition to contraction (Fig. S7) 
(Jaimes and de Freitas, 2006). The Late Cretaceous cooling record 
unraveled by the thermal history of the Garzón massif between ~100 
and 85 Ma could be related to post-extension cooling, the onset of 
contraction, or a combination of both. Given the Albian-Cenomanian 
intraformational discordances in the Villeta Group, we propose that 
the Cretaceous cooling in the Garzón massif was associated with the 
onset of the contractional phase (Figs. 6c and 9). The apparent incon
sistency related to the coeval basin deepening represented by the Oliní 
Group and the onset of contraction may be explained by a significant rise 
in the sea level (Barrio and Coffield, 1992; Hallam, 1984; Haq, 2014; 
Miller et al., 2004) combined with minor rock uplift within the basin, 
indicating that contraction began as localized and low magnitude 
events. 

This Cretaceous cooling between ~100 and 85 Ma suggests that the 
Garzón massif had positive relief at least until ~85 Ma. Regional stra
tigraphy indicates that the Villeta Group was also deposited in the 
Putumayo Basin (Mora-Bohorquez et al., 2010); this sedimentary 
pattern may suggest a discontinuous topography in the Garzón massif, 
where some segments may have been covered by the Villeta Group while 
other basement blocks experienced uplift and erosion. 

Bedrock ZFT cooling ages between 100 and 74 Ma have been docu
mented in the Central Cordillera, on the western margin of the basin 
(Villamizar-Escalante et al., 2021). These data, together with the ther
mal history model of the Garzón massif presented here (Fig. 6c) suggest 
coeval exhumation in the western and eastern boundaries of the UMB 
during the Late Cretaceous, forming a broken foreland basin that implies 
the existence of intra-basin uplifts disconnected from the main orogenic 
front (del Papa et al., 2021; Horton et al., 2022; Strecker et al., 2011). 

5.4. Eastern basement uplift and topographic growth in the Late 
Cretaceous (80 to 70 Ma) 

After the deposition of the Santonian-Campanian Oliní Group, the 
deposition of the Maastrichtian (~72 Ma) La Tabla Formation in a sandy 
shelf transitional environment marked a major shift in the sedimentary 
systems (Table 2; Fig. 3). 

La Tabla Formation sandstones are characterized by high quartz 
content (>70%), and low lithic content (~2%) (Figs. 4a and 8c). The 
dominant quartz-type is undulatory-monocrystalline, and the lithic 
fraction consists of sedimentary and low-grade metamorphic lithics, 
suggesting metamorphic and sedimentary rocks as the main source 
areas. The contribution of high-grade metamorphic rocks is also sup
ported by the ratio between undulatory-monocrystalline and poly
crystalline quartz in both samples (Fig. 4d). 

Detrital zircon U–Pb age populations from the La Tabla Formation 
exhibit Proterozoic (2000–1000 Ma) age peaks. Populations between 
1500 and 1000 Ma can be supplied from the Garzón massif, however, 
older ages require provenance from rocks exposed in the western 
segment of the Amazon craton, such as rocks from the Putumayo orogen, 
and the detrital signature of Paleozoic rocks exposed in the Macarena 
range (Figs. 5 and 8a) (Horton et al., 2010; Ibañez-Mejia et al., 2011; 
Pastor-Chacón et al., 2023). The distal position of the UMB may explain 
the lack of sedimentary sources from the Central Cordillera in the La 
Tabla Formation. 

Since chemically unstable minerals are eliminated during prolonged 
weathering processes (León et al., 2023; Smyth et al., 2008), the quartz- 
rich composition of the La Tabla sandstones may also indicate high- 

weathering conditions and low relief in the source areas, during trans
port and/or at the deposition site. These source area characteristics are 
consistent with the incorporation of sediments derived from cratonic 
regions to the basin. 

These provenance and stratigraphic observations from the La Tabla 
Formation suggest that the metamorphic and sedimentary rocks exposed 
in the Amazon craton were a source area for the UMB (Figs. 8 and 10). 
The absence of exhumation in the Garzón massif suggests the cease of 
rock uplift, which may have facilitated the arrival of sediment derived 
from eastern source areas (Fig. 6c). Moreover, seismic data from the 
south of the Upper Magdalena and Putumayo basins exhibit a contin
uous thickness of the preserved Paleogene sedimentary sequences, 
suggesting that these basins were connected at this time and that the 
Garzón massif was buried (Mora-Bohorquez et al., 2010; Saeid et al., 
2017). Maastrichtian sedimentary successions are unconformably 
deposited on the Precambrian basement of the Macarena range (Fig. 1a) 
(Buchely et al., 2015), indicating that this basement block acted as a 
positive relief during the Late Cretaceous. 

Two scenarios may explain the appearance of eastern cratonic source 
areas during the Late Cretaceous. The first is the continuation of broken 
foreland sedimentation, where after the initial exhumation of the 
Garzón massif between 100 and 80 Ma, deformation migrated eastward, 
deforming isolated basement blocks that are now in the Amazon craton 
(Moreno-López and Escalona, 2015; Pachón-Parra et al., 2020). The 
second is related to the eastward migration of source areas due to flex
ural basin subsidence generated by topographic loading in the Central 
Cordillera (e.g. Moreno-López and Escalona, 2015). These scenarios are 
schematized in Fig. 10; however, the provenance data do not resolve the 
tectonic mechanisms that allowed the appearance of eastern sources in 
the UMB. 

5.5. Major western basement uplift and topographic growth in the Late 
Cretaceous (70 to 65 Ma) 

The Maastrichtian-Paleocene Seca Formation marks a final shift in 
the source areas of the Cretaceous-Paleocene sedimentary systems in the 
UMB. The facies distribution described in section 1 (Table 2; Fig. 3) 
suggests that this unit was deposited in a coastal plain strongly influ
enced by fluvial processes under oxidizing conditions, as also suggested 
by the lithological and biostratigraphic data from previous studies 
(Bayona, 2018; Carvajal-Torres et al., 2022; Guerrero et al., 2000). 

The sandstone of the Seca Formation is characterized by a significant 
increase in the lithic fraction (>70%) compared to the other Cretaceous 
units, which includes a high content of sedimentary lithics and the 
appearance of volcanic lithics (Figs. 4 and 8c). Detrital zircon U–Pb age 
populations include the appearance of Cretaceous (~82 Ma) and 
Jurassic (~187 Ma) peaks implying a decrease in Proterozoic ages 
compared to the Maastrichtian La Tabla and Aptian-Albian Caballos 
formations (Fig. 8). These provenance characteristics suggest that 
Mesozoic sedimentary and volcanic rocks constituted the primary source 
areas of the Seca Formation. This provenance signature is likely derived 
from the Cretaceous and Jurassic magmatic and volcano-sedimentary 
rocks exposed in the Central Cordillera (Figs. 1 and 8a) (Cardona 
et al., 2020; Duque-Trujillo et al., 2019; Leal-Mejía et al., 2019; Villag
ómez et al., 2011). 

Stratigraphic and provenance constraints for the Seca Formation 
show a shift to continental sedimentation with western source areas 
(Fig. 8). This modification on the basin source areas can be explained by 
significant topographic growth in the western basin boundary and burial 
of the eastern basement highs. Topographic growth may have caused the 
development of fluvial continental depositional systems sourced from 
the Central Cordillera (Fig. 10). This major change was likely associated 
with the final stages of the Caribbean plateau collision, where sub
stantial uplift and exhumation characterized the Central Cordillera 
(Cardona et al., 2020; George et al., 2021; Montes et al., 2019; Spikings 
et al., 2015; Zapata et al., 2021). 
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5.6. Cenozoic evolution in the UMB 

After the Cretaceous tectonic phases recorded by the detrital and 
bedrock data, the Garzón massif block experienced slow burial and 
reheating until the final cooling phase at ~20 Ma (Fig. 6c), which could 
be associated with the major exhumation and uplift pulse in this block 
during the final phases of the Andean orogeny (Anderson et al., 2016; 
Pérez-Consuegra et al., 2021; Ramon and Rosero, 2006; Saeid et al., 
2017; Van Der Wiel, 1991; Zapata et al., 2023). 

In contrast, the Central Cordillera experienced slow cooling trends 
between the Oligocene - Early Miocene and constituted a continuous 
barrier at this time (Cardona et al., 2018; Echeverri et al., 2015; Zapata 
et al., 2023; Zapata et al., 2021). Our thermal history model suggests 
that this segment of the Garzón massif experienced a rapid cooling phase 
at 20 Ma (Fig. 6c), prior to the major uplift phases at ~12 and 6 Ma 
(Anderson et al., 2016; Saeid et al., 2017; Zapata et al., 2023). Coeval 
with the onset of exhumation in the Garzon massif, the UMB experienced 
an erosion or non-deposition period, resulting to the unconformity be
tween the Eocene-Oligocene Gualanday Group and the Miocene Barza
losa Formation (Fig. 10) (de La Parra et al., 2019; Zapata et al., 2023). 

6. Conclusions 

A multi-technique source-to-sink analysis of the Cretaceous strata 
from the Upper Magdalena Basin (UMB) and the adjacent Garzón massif 
reveals a multi-phase evolution under contrasting paleogeographic and 
tectonic settings during the Cretaceous. Our results document Late 
Jurassic to Early Cretaceous exhumation likely related to Jurassic 
contraction and the onset of basement exhumation, followed by one 
major extensional phase and three contractional stages in the UMB 
during the Cretaceous. This model highlights how progressive extension 
led to the development of new depocenters and how contractional set
tings are characterized by disorganized basement uplift patterns and 
progressive topographic growth. 

The detrital thermochronological ages from the Cretaceous strata 
suggest exhumation between ~160 and 120 Ma, which is probably 
related to the Late Jurassic deformation and the Early Cretaceous 
extension in the Garzón massif and other eastern blocks. This event was 
followed by a major extensional event between ~120 and 100 Ma coeval 
with the deposition of the Caballos Formation. During both extensional 
phases, the Garzón massif was exhumed and acted as a horst block 
limiting the basin to the east. 

Between ~100 and 80 Ma, the transition to contractional settings is 

Fig. 10. Schematic model for the Late Cretaceous and the Miocene. Note that there are two scenarios between 80 and 70 Ma (see chapter 5.4). For detailed caption 
and legend see Fig. 9. 
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evidenced by an increase in clastic supply, intrabasinal fault reac
tivation, and basement cooling in the Garzón massif. The accumulation 
of the La Tabla Formation between 80 and 70 Ma was coeval with the 
collision of the Caribbean plateau in the west and basement uplift in the 
Amazon craton. The development of topographic load during contrac
tion may have promoted the subsidence and burial of the Garzón massif. 
Finally, during the deposition of the Seca Formation in continental en
vironments, this contractional event prompted significant topographic 
growth and exhumation in the Central Cordillera. As a result, the Central 
Cordillera became the major source area of the UMB between 70 and 65 
Ma. Finally, a major exhumation and uplift pulse is recorded in the 
Garzón massif at ~20 Ma and in the Miocene sedimentary sequences in 
the UMB. 
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Álvarez, J.J., Botelho, N.F., Maya Sánchez, M., Pérez Parra, O.M., Ramírez 
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Gutierrez, M., Labandeira, C., Bayona, G., Rueda, M., Paez-Reyes, M., Cárdenas, D., 
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Ibañez-Mejia, M., Ruiz, J., Valencia, V.A., Cardona, A., Gehrels, G.E., Mora, A.R., 2011. 
The Putumayo Orogen of Amazonia and its implications for Rodinia reconstructions: 
New U–Pb geochronological insights into the Proterozoic tectonic evolution of 
northwestern South America. Precambrian Res. 191 (1–2), 58–77. https://doi.org/ 
10.1016/j.precamres.2011.09.005. 
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León, Santiago, Jiménez-Rodríguez, S., Piraquive, A., Florez-Amaya, S., Muñoz-Rocha, J., 
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295–305. https://doi.org/10.1111/ter.12399. 

Ramon, J.C., Rosero, A., 2006. Multiphase structural evolution of the western margin of 
the Girardot subbasin, Upper Magdalena Valley, Colombia. J. S. Am. Earth Sci. 21 
(4), 493–509. https://doi.org/10.1016/j.jsames.2006.07.012. 

Ramos, V.A., 2010. The Grenville-age basement of the Andes. J. S. Am. Earth Sci. 29 (1), 
77–91. https://doi.org/10.1016/j.jsames.2009.09.004. 

Randon, C., Caridroit, M., 2008. Age and origin of Mississippian lydites: examples from 
the Pyrénées, southern France. Geol. J. 43 (2–3), 261–278. 

Rangel, A., Parra, P., Niño, C., 2000. The La Luna formation: chemostratigraphy and 
organic facies in the Middle Magdalena Basin. Org. Geochem. 31 (12), 1267–1284. 
https://doi.org/10.1016/s0146-6380(00)00127-3. 

Reimann-Zumsprekel, C.R., Bahlburg, H., Carlotto, V., Boekhout, F., Berndt, J., Lopez, S., 
2015. Multi-method provenance model for early Paleozoic sedimentary basins of 
southern Peru and northern Bolivia (13◦–18◦S). J. S. Am. Earth Sci. 64, 94–115. 
https://doi.org/10.1016/j.jsames.2015.08.013. 

Reiners, P.W., 2005. Zircon (U-Th)/he thermochronometry. Rev. Mineral. Geochem. 58 
(1), 151–179. https://doi.org/10.2138/rmg.2005.58.6. 

Reiners, P.W., Brandon, M.T., 2006. Using thermochronology to understand orogenic 
erosion. Annu. Rev. Earth Planet. Sci. 34 (1), 419–466. https://doi.org/10.1146/ 
annurev.earth.34.031405.125202. 

Restrepo, M., Bustamante, C., Cardona, A., Beltrán-Triviño, A., Bustamante, A., 
Chavarría, L., Valencia, V.A., 2021. Tectonic implications of the jurassic magmatism 
and the metamorphic record at the southern Colombian Andes. J. S. Am. Earth Sci. 
111 (103439), 103439 https://doi.org/10.1016/j.jsames.2021.103439. 

Reyes-Harker, A., Ruiz-Valdivieso, C.F., Mora, A., Ramírez-Arias, J.C., Rodriguez, G., de 
la Parra, F., Caballero, V., Parra, M., Moreno, N., Horton, B.K., Saylor, J.E., Silva, A., 
Valencia, V., Stockli, D., Blanco, V., 2015. Hyperspectral imaging for the 
determination of bitumen content in Athabasca oil sands core samples. AAPG Bull. 
99 (08), 1407–1453. https://doi.org/10.1306/06181411110. 

Rodríguez, G., Arango, M.I., Zapata, G.G., Bermúdez, J.G., 2016. Catálogo de unidades 
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esp.36.2019.04. 

Roncancio, J., Martinez, M., 2011. Geology and hydrocarbon potential of the Upper 
Magdalena Basin. In: Cediel, J., Colmenares, F. (Eds.), Petroleum Geology of 
Colombia, volume 14. Upper Magdalena Basin. Agencia Nacional de Hidrocarburos 
(ANH). https://www.anh.gov.co/es/hidrocarburos/informaci%C3%B3n-geol%C3% 
B3gica-y-geof%C3%ADsica/estudios-integrados-y-modelamientos/petroleum-geolo 
gy-of-colombia/. 

Roure, F., 2008. Foreland and Hinterland basins: what controls their evolution? Swiss J. 
Geosci. 101 (S1), 5–29. https://doi.org/10.1007/s00015-008-1285-x. 

Rubatto, D., 2002. Zircon trace element geochemistry: partitioning with garnet and the 
link between U–Pb ages and metamorphism. Chem. Geol. 184 (1–2), 123–138. 
https://doi.org/10.1016/s0009-2541(01)00355-2. 

Rubiano-Ortiz, J.L., 1989. Petrography and Stratigraphy of the Villeta Group, Cordillera 
Oriental, Colombia, South America (Doctoral dissertation,. University of South 
Carolina. 

Saeid, E., Bakioglu, K.B., Kellogg, J., Leier, A., Martinez, J.A., Guerrero, E., 2017. Garzón 
Massif basement tectonics: Structural control on evolution of petroleum systems in 
upper Magdalena and Putumayo basins, Colombia. Mar. Pet. Geol. 88, 381–401. 
https://doi.org/10.1016/j.marpetgeo.2017.08.035. 

Sarmiento-Rojas, Luis Fernando, 2019. Cretaceous stratigraphy and Paleo-facies maps of 
northwestern South America. In: Geology and Tectonics of Northwestern South 
America. Springer International Publishing, pp. 673–747. 

Sarmiento-Rojas, L.F., Van Wess, J.D., Cloetingh, S., 2006. Mesozoic transtensional basin 
history of the Eastern Cordillera, Colombian Andes: Inferences from tectonic models. 
J. S. Am. Earth Sci. 21 (4), 383–411. https://doi.org/10.1016/j.jsames.2006.07.003. 

Schneider, S., Hornung, J., Hinderer, M., 2017. Evolution of the northern Albertine Rift 
reflected in the provenance of synrift sediments (Nkondo-Kaiso area, Uganda). 
J. African Earth Sci. (Oxford, England: 1994) 131, 183–197. https://doi.org/ 
10.1016/j.jafrearsci.2017.04.012. 

Scisciani, V., Patruno, S., Tavarnelli, E., Calamita, F., Pace, P., Iacopini, D., 2019. Multi- 
phase reactivations and inversions of Paleozoic–Mesozoic extensional basins during 
the Wilson cycle: case studies from the North Sea (UK) and the Northern Apennines 
(Italy). Geol. Soc. Spec. Publ. 470 (1), 205–243. https://doi.org/10.1144/sp470- 
2017-232. 

Shanley, K.W., McCABE, P.J., Hettinger, R.D., 1992. Tidal influence in cretaceous fluvial 
strata from Utah, USA: a key to sequence stratigraphic interpretation. Sedimentology 
39 (5), 905–930. https://doi.org/10.1111/j.1365-3091.1992.tb02159.x. 

Shiers, M.N., Mountney, N.P., Hodgson, D.M., Colombera, L., 2018. Controls on the 
depositional architecture of fluvial point-bar elements in a coastal-plain succession. 

In: Fluvial Meanders and their Sedimentary Products in the Rock Record. Wiley, 
pp. 15–46. https://doi.org/10.1002/9781119424437.ch2. 

Siks, B.C., Horton, B.K., 2011. Growth and fragmentation of the Andean foreland basin 
during eastward advance of fold-thrust deformation, Puna plateau and Eastern 
Cordillera, northern Argentina: Fragmentation of Andean Foreland Basin. Tectonics 
30 (6). https://doi.org/10.1029/2011tc002944. 
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Pardo-Trujillo, A., Castañeda, J.P., 2019a. Cretaceous extensional and contractional 
tectonics in the Northwestern Andes, prior to the collision with the Caribbean 
oceanic plateau. Gondwana Res.: Int. Geosci. J. 66, 207–226. https://doi.org/ 
10.1016/j.gr.2018.10.008. 

Zapata, S., Sobel, E.R., Papa, C., Jelinek, A.R., Glodny, J., 2019b. Using a paleosurface to 
constrain low-temperature thermochronological data: Tectonic evolution of the 
Cuevas range, Central Andes. Tectonics 38 (11), 3939–3958. https://doi.org/ 
10.1029/2019tc005887. 

Zapata, S., Patiño, A., Cardona, A., Parra, M., Valencia, V., Reiners, P., Oboh- 
Ikuenobe, F., Genezini, F., 2020. Bedrock and detrital zircon thermochronology to 
unravel exhumation histories of accreted tectonic blocks: An example from the 
Western Colombian Andes. J. S. Am. Earth Sci. 103 (102715), 102715 https://doi. 
org/10.1016/j.jsames.2020.102715. 

Zapata, S., Zapata-Henao, M., Cardona, A., Jaramillo, C., Silvestro, D., Oboh- 
Ikuenobe, F., 2021. Long-term topographic growth and decay constrained by 3D 
thermo-kinematic modeling: Tectonic evolution of the Antioquia Altiplano, Northern 
Andes. Glob. Planet. Chang. 203 (103553), 103553 https://doi.org/10.1016/j. 
gloplacha.2021.103553. 

Zapata, S., Calderon-Diaz, L., Jaramillo, C., Oboh-Ikuenobe, F., Piedrahita, J.C., 
Rodríguez-Cuevas, M., Cardona, A., Sobel, E.R., Parra, M., Valencia, V., Patiño, A., 
Jaramillo-Rios, J.S., Flores, M., Glodny, J., 2023. Drainage and sedimentary response 
of the Northern Andes and the Pebas system to Miocene strike-slip tectonics: A 
source to sink study of the Magdalena Basin. Basin Res. https://doi.org/10.1111/ 
bre.12769. 

Zapata-Villada, J.P., Cardona, A., Serna, S., Rodríguez, G., 2021. Late cretaceous to 
Paleocene magmatic record of the transition between collision and subduction in the 
Western and Central Cordillera of northern Colombia. J. S. Am. Earth Sci. 112, 
103557. 

Zhou, R., Schoenbohm, L.M., Sobel, E.R., Davis, D.W., Glodny, J., 2017. New constraints 
on orogenic models of the southern Central Andean Plateau: Cenozoic basin 
evolution and bedrock exhumation. Geol. Soc. Am. Bull. 129 (1–2), 152–170. 
https://doi.org/10.1130/b31384.1. 

L. Calderon-Diaz et al.                                                                                                                                                                                                                         

https://doi.org/10.1016/j.jsames.2006.07.007
http://refhub.elsevier.com/S0040-1951(24)00105-7/rf1070
http://refhub.elsevier.com/S0040-1951(24)00105-7/rf1070
http://refhub.elsevier.com/S0040-1951(24)00105-7/rf1070
http://refhub.elsevier.com/S0040-1951(24)00105-7/rf1075
http://refhub.elsevier.com/S0040-1951(24)00105-7/rf1075
https://doi.org/10.1016/0168-9622(89)90035-3
https://doi.org/10.1002/2017gl073981
https://doi.org/10.1016/j.chemgeo.2006.09.002
https://doi.org/10.18273/revbol.v38n2-2016001
https://doi.org/10.18273/revbol.v38n2-2016001
https://doi.org/10.1016/j.gr.2018.10.008
https://doi.org/10.1016/j.gr.2018.10.008
https://doi.org/10.1029/2019tc005887
https://doi.org/10.1029/2019tc005887
https://doi.org/10.1016/j.jsames.2020.102715
https://doi.org/10.1016/j.jsames.2020.102715
https://doi.org/10.1016/j.gloplacha.2021.103553
https://doi.org/10.1016/j.gloplacha.2021.103553
https://doi.org/10.1111/bre.12769
https://doi.org/10.1111/bre.12769
http://refhub.elsevier.com/S0040-1951(24)00105-7/rf1125
http://refhub.elsevier.com/S0040-1951(24)00105-7/rf1125
http://refhub.elsevier.com/S0040-1951(24)00105-7/rf1125
http://refhub.elsevier.com/S0040-1951(24)00105-7/rf1125
https://doi.org/10.1130/b31384.1

	Cretaceous extensional and contractional stages in the Colombian Andes unraveled by a source-to-sink geochronological and t ...
	1 Introduction
	2 Geological setting
	2.1 Cretaceous tectonic evolution of the Northern Andes
	2.2 Stratigraphy of the Upper Magdalena Basin
	2.3 Potential source areas for the Cretaceous strata in the Upper Magdalena Basin

	3 Methods and procedures
	3.1 Mapping and stratigraphy
	3.2 Sandstone petrography
	3.3 UPb Zircon geochronology
	3.4 Low-temperature thermochronology
	3.4.1 Zircon and Apatite Fission Track dating (ZFT and AFT)
	3.4.2 Zircon and Apatite (U-Th-Sm)/He dating (ZHe and AHe)
	3.4.3 Thermal modeling


	4 Results
	4.1 Stratigraphy
	4.1.1 Lower Cretaceous Caballos Formation
	4.1.2 Upper Cretaceous Villeta Group
	4.1.3 Upper Cretaceous Oliní Group
	4.1.4 Upper Cretaceous La Tabla Formation
	4.1.5 Upper Cretaceous Seca Formation

	4.2 Petrography
	4.3 Zircon UPb Geochronology
	4.4 Low-temperature thermochronology
	4.4.1 Bedrock low-temperature thermochronology and inverse thermal modeling
	4.4.2 Detrital ZFT thermochronology


	5 Discussion
	5.1 Late Jurassic to Early Cretaceous setting in the UMB (160 to 120 ​Ma)
	5.2 Pronounced Early Cretaceous extensional phase (120 to 100 ​Ma) in the UMB
	5.3 Onset of contractional setting during the Late Cretaceous (100 to 80 ​Ma)
	5.4 Eastern basement uplift and topographic growth in the Late Cretaceous (80 to 70 ​Ma)
	5.5 Major western basement uplift and topographic growth in the Late Cretaceous (70 to 65 ​Ma)
	5.6 Cenozoic evolution in the UMB

	6 Conclusions
	Submission declaration and verification
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix A Supplementary data
	References


