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ABSTRACT
The topographic growth of the Eastern Cordillera in the northern Andes of Colombia is a critical event in the tectonic and pale-
ogeographic evolution of the western Amazon Basin. Documentation of early orogenic growth is enabled through multi-proxy 
provenance signatures recorded in the adjacent retro-foreland basin. In broken foreland basins, basement highs interrupt the lat-
eral continuity of facies belts and potentially mask provenance signals. The Putumayo Basin is a broken foreland basin in western 
Amazonia at ~1°–3° N, where the Florencia, Macarena, and El Melón-Vaupes basement highs have compartmentalised discrete 
depocentres during basin development. This study presents new evidence from stratigraphic, conglomerate clast count, sand-
stone petrography, detrital zircon U–Pb geochronology and novel apatite detrital U–Pb age trace element geochemistry analyses. 
The results show that the southern Eastern Cordillera (i.e., Garzon Massif) and Putumayo Basin basement highs were initially 
uplifted during the Late Cretaceous coeval with the Central Cordillera, most likely associated with the collision of the Caribbean 
Large Igneous Province (CLIP). Distinctive facies distributions and provenance changes characterise the Putumayo Basin over 
a ~300 km distance from south to north, in the Rumiyaco Formation and Neme Sandstone. Detrital zircon U–Pb ages record a 
sharp reversal from easterly derived Proterozoic to westerly sourced late Mesozoic–Cenozoic Andean zircons derived principally 
from the Central Cordillera. Provenance signatures of the synorogenic Eocene Pepino Formation demonstrate the continued 
exhumation of the Eastern Cordillera as a second-order source area. However, the emergence of the northern intraplate highs 
modulated the provenance signature due to the rapid unroofing of relatively thinner marine sedimentary cover strata that overlie 
the Putumayo basement, in comparison to the thicker sequences of the southern basin. The provenance data and facies distribu-
tions of the Oligocene–Miocene Orito Group were more heterogeneous due to strike-slip deformation, associated with major plate 
tectonic reorganisation as the Nazca Plate subducted under the South American margin.
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1   |   Introduction

The uplift history of orogenic belts has major implications for 
the evolution of biodiversity, the organisation of river drainage 
patterns, climate change and sedimentary discharge (DeCelles 
et  al.  1998, 2011; Mulch  2016; Horton  2018; van Hinsbergen 
and Boschman 2019; Calvet et al. 2022; Wolf et al. 2021). The 
uplift of mountains can be recognised through various indirect 
proxies such as cooling patterns from low-temperature thermo-
chronometry on bedrock samples (e.g., Gallagher  2012), sub-
sidence records in orogenic basins (Bayona et al. 2008, Bayona, 
Bustamante, et al. 2020; Parra et al. 2009), genomics of biogeo-
graphic species (Antonelli et  al.  2009; Baker et  al.  2014) and 
stable isotope paleoelevation analysis (Garzione et  al.  2017). 
Multi-method sediment provenance analysis in sandstones is an 
essential approach in documenting the first stages of mountain 
uplift (Garzanti and Malusà 2008; Nie et al. 2012). By analysing 
the compositional changes throughout the stratigraphic record 
of orogenic basins, their early exhumation histories can be re-
constructed and the evolution of orogen systems can be better 
understood (Spotila  2005; Garzanti et  al.  2007; Schildgen and 
van der Beek 2019).

The Andes are among the largest orogenic belts on Earth and 
their growth triggered the development of foreland basins adja-
cent to its eastern flank. Andean mountain building began in the 
Late Cretaceous (~100 Ma) in the southern Andes (Ramos and 
Folguera 2005; Folguera et al. 2015), and at ~80–70 Ma in the cen-
tral and northern Andes (Parra et al. 2012; Spikings et al. 2010; 
Horton 2018; Bayona 2018; Bayona, Bustamante, et al. 2020). The 
changes in provenance signatures recorded by foreland basin 
deposits enable recognition of the early stages of topographic 
growth, as demonstrated in orogenic systems such as the Pyrenees 
(Jones et  al.  2004; Odlum et  al.  2019), Himalayas (DeCelles 
et al. 1998; Najman et al. 2005), Alps (Garzanti and Malusà 2008) 
and Andes (Bayona et al. 2008, Bayona, Bustamante, et al. 2020; 
Nie et al. 2010, 2012; Horton et al. 2016; Horton 2018; Louterbach 
et  al.  2018; Hurtado et  al.  2018; Mora et  al.  2020; Custódio 
et al. 2023, 2024). Broken foreland basins represent flexural basins 
filled with synorogenic sediments and disrupted by basement-
involved topographic highs (Horton et al. 2022). Foreland prove-
nance histories commonly evolve with sediment supply originally 

from catchment areas located at relatively large distances (such as 
an adjacent craton) followed by sudden shifts to nearby structures 
in emerging fold-thrust belts (Horton 2018) and/or intraplate up-
lifts within a broken foreland configuration (Strecker et al. 2011; 
Saylor et al. 2011; Horton et al. 2022). Such provenance changes 
leave their imprint on sandstone/conglomerate compositions and 
detrital zircon U–Pb age distributions (Lawton et al. 1986; Weltje 
and von Eynatten 2004; Garzanti 2016; Horton 2018).

In the northern Andes, a well-documented cratonward orogenic 
advance toward the Eastern Cordillera has been modulated by 
Cenozoic reactivation of inherited structures (Parra et al. 2012; 
Mora et al. 2006, 2009, 2020) and possibly by Miocene flat slab 
subduction Siravo et al. (2019) in their northern (Llanos) segment 
of the retro-foreland basin Bayona et al. (2008). The Cenozoic his-
tory of the Llanos Basin is largely derived from the integration of 
provenance, sedimentologic, subsidence and thermochronomet-
ric datasets (Horton et al. 2020 and references therein). Farther 
south, the orogenic history is poorly documented in the Garzon 
Massif of the southernmost Eastern Cordillera, which limits the 
current Putumayo Basin in the retroarc foreland of southern 
Colombia and northern Ecuador (Figure 1). The Garzon Massif 
consists of Mesoproterozoic-Tonian (1.4 Ga-0.9 Ga) crystalline 
rocks and a thin Mesozoic-Cenozoic sedimentary cover sec-
tion deformed during the Andean Orogeny (van Der Wiel 1991; 
Anderson et al. 2016; Sandoval et al. 2024).

The current understanding holds that the early Cenozoic subsid-
ence in the northern Andean retro-foreland basins (i.e., Oriente, 
Putumayo, Upper Magdalena Valley, Eastern Cordillera and 
Llanos) was associated with basement-involved shorten-
ing in the Central Cordillera of Colombia (van Houten and 
Travis 1968; Montes et al. 2021; Villamizar-Escalante et al. 2021) 
and Cordillera Real of Ecuador (Higley 2001; Baby et al. 2013; 
Christophoul et al. 2002; Spikings et al. 2000; Ruiz et al. 2004; 
Gutiérrez et al. 2019; Vallejo et al. 2021). However, the timing 
of early deformation in more-eastern segments of the orogen is 
debated, with a broken foreland segmented by basement uplifts 
proposed for the Neogene (Montes et al. 2021), Paleogene (Saylor 
et al. 2011), Maastrichtian (Bayona 2018) and as early as in the 
Aptian-Albian (León et  al.  2023; Calderon-Diaz et  al.  2024). 
The Putumayo sedimentary basin is a broken foreland basin in 
which the Florencia, Macarena and El Melón-Vaupes basement 
highs have compartmentalised Cenozoic deposition (Figure  1; 
Pachón-Parra et  al.  2020). These structural highs, which are 
currently partially buried and have a north–south strike, can be 
extended into the northern part of the Oriente Basin based on 
gravimetric and seismic information (Figure 1A; Pachón-Parra 
et al. 2020; Vargas Gómez 2020). The depocenters that formed 
adjacent to the basement highs exhibit thicknesses ranging from 
4400 to 7000 m. These depocenters are comprised of Cretaceous 
and Paleogene sedimentary sequences that exhibit a pronounced 
pinch-out eastwards, particularly against the Florencia and 
Macarena highs (Pachón-Parra et al. 2020; Vargas Gómez 2020). 
The timing of basement uplift and the onset of basement exhu-
mation within the Garzon Massif and the attendant evolution 
of the Putumayo Basin remain poorly understood. The uncer-
tainties relate to limited information on the sediment prove-
nance of Cretaceous-Cenozoic basin fill and their respective 
source areas. The two main phases of flexural subsidence have 
been attributed to retroarc shortening and uplift of the Central 

Summary

•	 Slab flattening of the subducting Caribbean plate 
produces the early orogenic growth of the Northern 
Andes.

•	 Orogenic growth in the southern segment of the 
Eastern Cordillera began in the Late Cretaceous.

•	 The uplift of intraplate highs aided the establishment 
of the Putumayo broken foreland basin.

•	 Cenozoic provenance data are modulated by the 
incipient uplift of Colombia's Eastern and Central 
Cordilleras.

•	 Northeastern diachronic provenance shift from 
Cratonic to Andean source in the fragmented 
Putumayo foredeep.
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Cordillera during the Late Cretaceous-early Palaeocene and 
Oligocene-Miocene periods (Londoño et al. 2012; Pachón-Parra 
et al. 2020). These phases led to deposition of clastic depocen-
ters, including an Eocene synorogenic succession related to 
the initial uplift of the Eastern Cordillera (Londoño et al. 2012; 
Wolaver et al. 2015; Pachón-Parra et al. 2020).

In this work, we present the first comprehensive documen-
tation of the evolution of the Putumayo Basin and an updated 
Cenozoic chronostratigraphic framework for the synorogenic 
clastic succession. We employ a multi-proxy provenance inves-
tigation that includes conglomerate clast counts, sandstone pe-
trography, detrital zircon U–Pb geochronology and apatite U–Pb 
age trace element geochemistry analysis (Tables  S1–S5). The 
provenance changes recorded in the Putumayo Basin are inter-
preted in terms of exhumational episodes and diachronous oro-
genic growth of the Northern Andes related to long-term crustal 
shortening since the Late Cretaceous and oblique collision of 
the Caribbean oceanic plateau with the northwestern margin of 
South America (Jaillard et al. 2009; Pindell and Kennan 2009; 
Bayona et al. 2012; Cardona et al. 2020; Mora et al. 2020).

2   |   Geological Setting

The tectonic configuration of the northwestern border of 
the South American plate has resulted from the collision 
and accretion of continental and oceanic lithospheric blocks 

to the Amazonian craton over the last 1400 Ma (Cordani 
and Teixeira  2007; Cordani et  al.  2005). The westernmost 
Mesoproterozoic rocks of the Amazonian craton comprise 
the high-grade metamorphic rocks of the Rio Negro-Juruena 
Province (1800–1500 Ma) and the Rondonia-San Ignacio 
belt (Cardona et  al.  2009; Tassinari and Macambira  1999) or 
Vaupes belt (1550–1300 Ma) (Sandoval et  al.  2024; Moyano-
Nieto et  al.  2022). Farther west, amphibolite and granulite-
grade metamorphic rocks of the adjacent Putumayo Orogen 
(1100–900 Ma) constitute most of the basement rocks beneath 
the retroarc Putumayo foreland basin and the Garzon Massif 
in the Eastern Cordillera of southern Colombia (Ibanez-Mejia 
et al. 2011; Ibañez-Mejia 2020; Sandoval et al. 2024).

2.1   |   Lithology and Ages of the Potential Sources

In Colombia, the Northern Andes are defined by the Western, 
Central and Eastern cordilleras, which subdivide the adjacent 
Cauca Valley, Magdalena Valley and Llanos/Putumayo foreland 
basins (Figure 1). The Western Cordillera consists of Cretaceous 
low-grade metamorphic belts and oceanic mafic supracrustal 
rocks. These include oceanic arc and oceanic plateau rocks 
formed as part of the Caribbean Large Igneous Province (CLIP) 
(McCourt et al. 1984; Kerr et al. 1996; Jaillard et al. 2009; Pindell 
and Kennan 2009; Villagómez et al. 2011; León et al. 2018) and 
Palaeocene-Miocene arc plutons related to the Panama-Choco 
block (Bayona et  al.  2012; Bustamante, Cardona, et  al.  2017; 

FIGURE 1    |    (A) Map of the Northern Andes showing the study area relative to the Western Cordillera (WC), Central Cordillera (CC), Eastern 
Cordillera (EC), the Oriente, Putumayo and Llanos foreland basins, the intermontane Upper Magdalena Valley Basin (UMV) and the subsurface 
extension of the basement high uplifts (reddish shading) (Pachón-Parra et al. 2020; Vargas Gómez 2020). (B) Geologic map of the southern part of the 
Northern Andes with the main faults and exposed rocks, including those from the Garzón Massif. Red squares denote zircon detrital U–Pb ages from 
this work and blue squares are those from the Colombian Geological Survey (SGC) published by Buchely et al. (2015). Green circles denote samples 
for apatite U–Pb age-light rare earth element analysis (AUPb-LREE).
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Cardona et al. 2018; Zapata-García and Rodríguez-García 2020). 
The Panama-Choco block is an intra-oceanic arc that formed 
in Late Cretaceous time by subduction of the Farallon plate be-
neath the CLIP and later, in the Oligocene, collided with South 
America (Montes and Hoyos 2020 and reference therein). The 
Central Cordillera is split into two domains by the Romeral 
fault system (Figure 1; i.e., Cauca-Almager, Silvia-Pijao and San 
Jeronimo faults) (Vinasco and Cordani 2012). The composition of 
the western domain is similar to that of the Western Cordillera, 
with Cretaceous arc-related, oceanic metasedimentary and me-
tavolcanic rocks of the Quebradagrande Complex (Jaramillo 
et al. 2017; Zapata et al. 2019). In contrast, the eastern domain 
comprises Permian–Triassic migmatites and gneisses, with Late 
Jurassic Barrovian-type amphibolites derived from an oceanic 
basalt protolith (Cajamarca Complex) (Maya and González 1995; 
Blanco-Quintero et al. 2014; Bustamante, Archanjo, et al. 2017). 
Major units include Permian granitoids such as the La Plata 
Granite (Rodríguez et al. 2017), a Triassic rift-related sedimen-
tary succession (Payande Group) (Mojica 1980; Cediel et al. 1981) 
and several Jurassic intrusive bodies emplaced into a continen-
tal arc (i.e., Ibague Batholith, Sombrerillo Batholith, Mariquita 
Stock) (Bustamante et  al.  2016; Cochrane, Spikings, Gerdes, 
et al. 2014; Rodríguez et al. 2018; Zapata et al. 2016; Restrepo 
et  al.  2021) along with coeval volcano-sedimentary intervals 
such as the Saldaña Formation (Bayona et  al.  1994; Bayona, 
Bustamante, et  al.  2020; Mojica and Prinz-Grimm  2000). The 
Upper Magdalena Valley is a hinterland basin that separates the 
Central and Eastern cordilleras (Figure 1). Prior to uplift of the 
Eastern Cordillera, the Upper Magdalena Valley was part of a 
region with a complex array of extensional basins formed during 
the Mesozoic, including a thermal-sag basin filled by thick ma-
rine Upper Cretaceous strata, overlain by Cenozoic nonma-
rine deposits associated with a flexural basin (Anderson 1972; 
van Houten and Travis  1968; Caicedo and Roncancio  1994; 
Roncancio and Martínez 2011; Gómez et al. 2005).

The aforementioned units are grouped into geochronological 
provinces according to their crystallisation ages. Whereas the 
Amazon craton exhibits 1.3–2.0 Ga ages, the Putumayo basement 
consists of units from the Vaupes belt and Putumayo Orogen 
with 900–1600 Ma ages (Moyano-Nieto et  al.  2022). The pre-
Cretaceous crystalline basement includes Palaeozoic sedimen-
tary units with ages of 550–300 Ma, Permian-Middle Triassic 
granitoids of 300–250 Ma exclusively from the Central Cordillera 
and Jurassic Andean arc rocks of 220–140 Ma in the southern-
most Eastern Cordillera and entire Central Cordillera (Zapata 
et  al.  2016; Rodríguez et  al.  2018; Leal-Mejía et  al.  2019). The 
Cretaceous arc has ages ranging from 145 to 65 Ma including 
granitoids such as Antioquia (99–83 Ma), Mistrato Stock (85 Ma), 
the Buga (91 Ma) and Jejenes (84 Ma) batholiths in the Central and 
Western cordilleras (Villagómez et al. 2011; Cardona et al. 2020; 
Leal-Mejía et  al.  2019) and the Condúe-Pinampiro Batholith 
(94-73 Ma) in the Cordillera Real of northern Ecuador (Spikings 
et al. 2000; Gutiérrez et al. 2019). In addition, a set of bentonite 
layers has been identified interstratified in the marine sequences 
of the Upper Magdalena Valley and Middle Magdalena Valley 
basins with crystallisation ages spanning a range between 95 Ma 
and 75 Ma (Villamil and Arango 1998; De la Parra et al. 2024).

A Palaeocene to early Eocene Andean volcanic arc (66 to 50 Ma) 
was established along the Central Cordillera and northern 

Caribbean margin of Colombia (Bayona et al. 2012; Bustamante, 
Cardona,  et  al.  2017; Barbosa-Espitia et  al.  2019; Jaramillo 
et al. 2022), along with a Late Eocene to Oligocene (40–30 Ma) 
volcanic arc within the Panama-Chocó block currently ex-
posed in the western flank of the Western Cordillera (Montes 
et  al.  2012; Cardona et  al.  2018). Late Oligocene to Neogene 
ages overlap with the fragmentation of the Nazca Plate into 
smaller microplates, allowing the establishment of the modern 
magmatic arc of the Central Cordillera and the emplacement of 
small plutons in the Central and Western cordilleras (Leal-Mejía 
et al. 2019; Echeverri et al. 2015; González et al. 2023).

Farther east, the Eastern Cordillera was part of a Mesozoic 
back-arc basin that was inverted along basement-involved faults 
during Andean orogenesis (Cooper et al. 1995; Mora et al. 2013). 
The Eastern Cordillera is flanked by fold-thrust belts with op-
posite vergences and mixed thin- and thick-skinned geometries 
in its northern segment (4° N) (e.g., Mora et al. 2020 and refer-
ences therein). There, the flanking structures involve a marine 
Cretaceous succession similar to that preserved in the inter-
montane Upper Magdalena Valley Basin (Horton et al. 2020 and 
references therein). In contrast, in the southern segment (1°–
3° N), the Eastern Cordillera includes basement structures with 
thick-skinned geometries (Saeid et al. 2017; Wolaver et al. 2015; 
Mora et al. 2020). Amphibolite-grade and granulite-grade met-
amorphic basement rocks attributed to the Putumayo Orogen 
(1100–900 Ma) crop out in the southern Eastern Cordillera near 
the Florencia area (Figure  1) (Ibanez-Mejia et  al.  2011; Priem 
et  al.  1989). The Precambrian subsurface basement of the 
Putumayo retroarc foreland basin has been characterised using 
petrology and U–Pb geochronology (Ibanez-Mejia et  al.  2011, 
2015, 2018) from core samples retrieved beneath the 4–5.5 km-
thick Meso-Cenozoic sedimentary cover (Londoño et al. 2012; 
Pachón-Parra et  al.  2020; Beltrán et  al.  2022). Other units in-
volved in deformation accommodated by the thick-skinned 
structures include Early to Middle Jurassic (180–140 Ma) quartz 
monzonites, granites and limited quartz-diorites attributed to 
the Mocoa-Sombrerillos batholiths and the coeval volcanoclastic 
Saldaña Formation (Rodríguez et al. 2018; Bayona, Bustamante, 
et al. 2020; Sandoval et al. 2024) (Figure 2).

2.2   |   Stratigraphy of the Putumayo 
and Oriente Basins

Cretaceous sediment accumulation in the Putumayo Basin of 
Colombia commenced in the Aptian (121–113 Ma) with deposi-
tion of fluvial-deltaic strata that make up the Caballos Formation 
(Cáceres and Teatin  1985; Govea and Aguilera  1980; Mora 
et al. 1998; Núñez 2003) and the equivalent Hollin Formation of 
the Oriente Basin in Ecuador Vallejo et al. (2021). These basal de-
posits, which overlie the Proterozoic Garzon Group in the north 
and Jurassic volcanoclastic rocks of the Saldaña/Misahualli for-
mations in the south (Figure 3), consist of 50–90 m of quartz-
arenites and conglomerates and minor variegated mudstones 
(Montenegro and Barragán 2011; León et al. 2023). The overly-
ing 50 m (northern area) to 600 m (southern area) thick Villeta 
Formation consists of interbeds of black mudstones, limestones 
and thin beds of glauconitic quartzarenites of Albian-Santonian 
age Mora et  al.  (1998). The Villeta Formation has been cor-
related with the Napo Formation in the Oriente Basin Vallejo 
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et al. (2021) and was deposited in offshore and shoreface envi-
ronments within an epicontinental sea (Cáceres and Teatin 1985; 
Govea and Aguilera 1980; Mora et al. 1998). Laterally equivalent 
facies in the Upper Magdalena Valley Basin farther west include 
thick marine sequences with two 60–200 m-thick levels of sili-
ceous siltstones that accumulated in the Turonian-Coniacian 
and Santonian-Campanian (Etayo-Serna  1994; Guerrero 
et al. 2000; Roncancio and Martínez 2011).

The Cenozoic sedimentary record of the Putumayo Basin con-
sists of a 4.5 km-thick, eastward thinning clastic wedge that is 
mainly composed of synorogenic conglomerates and sandstones 
(Londoño  2004). Initial Cenozoic sedimentation was recorded 
by the 400–1200 m-thick Rumiyaco Formation (Maastrichtian-
Palaeocene), which consists of red claystones and siltstones in-
terbedded with sandstone beds (Cáceres and Teatin 1985; Mora 
et  al.  1998; Núñez  2003; Buchely et  al.  2015). The correlative 
Tena Formation in the Oriente Basin has a similar lithology 
(Figure 3) (Roddaz et al. 2010). In the northern area, near the 
Florencia and Macarena basement highs, the Garzon Group or, 
farther south, the Villeta Formation, is unconformably overlain 
by the Rumiyaco Formation. This unit consists of reddish mud-
stones that change laterally to medium-grained quartzarenites 
and locally conglomeratic sandstones of the informally named 
Neme Sandstone unit (ANH-UPTC 2009; Buchely et al. 2015), 
representing accumulation in transitional meandering river 
to deltaic environments (Mora et  al.  1998; Vallejo et  al.  2017; 
Bayona 2018).

The 400–500 m-thick Pepino Formation unconformably over-
lies the Rumiyaco Formation and consists of three members 

(Cáceres and Teatin 1985; Núñez 2003; Buchely et al. 2015). The 
lower and upper members contain conglomerates with interlay-
ered sandstones, while the middle member consists of reddish to 
greyish claystones and siltstones; deposition during the middle 
Eocene is defined by the palynomorphs Bombacacidites bellus, 
Striatriocolpites catatumbus and Cicatricosisporites dorogen-
sis (Mora et al. 1998). The Pepino Formation is correlated with 
the Tiyuyacu Formation based on the comparable stratigraphic 
position in the Oriente Basin, includes interbedded tuffaceous 
beds of early Eocene age (51 ± 5 Ma zircon fission track age; Ruiz 
et al. 2004) and has been interpreted as deposited in a braided 
fluvial system with the development of palaeosols (Roddaz 
et  al.  2010; Gutiérrez et  al.  2019). The 120–300 m-thick early 
Oligocene Orteguaza Formation is conformably overlying the 
Pepino and Tiyuyacu formations and consists of marine, green-
ish shales and medium to coarse, locally glauconitic sandstones 
(Figure 3). Fluvial sandstones are dominant in the western sec-
tor of the basin (Cáceres and Teatin 1985; Núñez 2003; ANH-
UPTC 2009; Roddaz et al. 2010; Christophoul et al. 2002).

The late Oligocene to Pliocene sedimentary records of the 
Oriente and Putumayo basins show contrasting patterns in terms 
of grain size and depositional conditions (Figure 3). Whereas the 
Oriente Basin contains principally fluvial sandstones and con-
glomerates represented by the Chalcana (late Oligocene-early 
Miocene), Arajuno (early Miocene) and Chambira (middle-
late Miocene) formations (Roddaz et  al.  2010; Christophoul 
et  al.  2002), the Orito Group of the Putumayo Basin contains 
greater proportions of finer-grained deposits, including the 
Oligocene Orteguaza Formation and overlying Orito-Belen 
Formation, with early Miocene to Pliocene ages assigned on the 

FIGURE 2    |    Detailed geologic map of the southern Putumayo Basin (after Núñez 2003). Squares show the locations of new samples for provenance 
analysis, including zircon U–Pb geochronology (red), sandstone petrographic analysis (black) and conglomerate clast counts (yellow star). The white 
rectangle shows the location of the stratigraphic section measured along the Mulato River. See location in Figure 1.
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6 of 32 Basin Research, 2025

basis of palynomorphs such as Mauritiidites franciscoi (ANH-
UPTC  2009; Buchely et  al.  2015). The latter unit consists of 
heterogeneous mudstones, siltstones, coal beds, and sandy mud-
stones with calcareous nodules deposited in floodplain swamps 
and deltas (Cáceres and Teatin  1985; Núñez  2003; Buchely 
et al. 2015). The overlying Ospina Formation (middle Miocene 
to Pliocene) consists of sandy mudstones and fine-grained lithic 
sandstones deposited in mangroves and marshes (Cáceres and 
Teatin 1985; Núñez 2003; Buchely et al. 2015).

3   |   Methods

We report new results on the composition, detrital zircon geo-
chronology, apatite geochronology, and trace element signatures 

(Table  S1) of Cenozoic sedimentary and basement rocks in 
the Putumayo Basin aimed at characterising the location and 
configuration of sediment source regions within the northern 
Andes and Amazonian craton.

3.1   |   Stratigraphy and Sedimentology

A 680 m-thick stratigraphic column was measured, sampled 
and described along the Mulato River section, close to the city 
of Mocoa (Figure  2). Well-exposed intervals were analysed 
bed-by-bed using a Jacob staff, while covered intervals were 
measured with a tape measure and compass. Measured litho-
logic units include the Rumiyaco Formation, Pepino Formation 
and Orito Group (Figure 4). Other equivalent intervals of the 

FIGURE 3    |    Schematic chronostratigraphic chart of the Putumayo and Oriente basins, showing the distribution of the main lithologic units from 
the southwestern segments around the Mocoa area to the northeastern segments around the Florencia area. White diamonds show the main maxi-
mum depositional ages (MDA) obtained from zircon U–Pb detrital geochronology (Figures 6–8).
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7 of 32

Pepino Formation Upper Member and the Orito Group were 
measured near the Mulato River. Based on the lithology and 
sedimentary structures, 18 lithofacies and four facies associa-
tions (Tables 1 and 2) were recognised within the Rumiyaco, 
Pepino and Orito–Belen formations following Miall  (1985, 
2006). A summary of the lithofacies descriptions, facies analy-
sis, the spatial distribution of the facies associations, the asso-
ciated depositional processes and sedimentary environments 
is presented in Table 2.

3.2   |   Conglomerate Clasts Counting and Sandstone 
Petrography

Conglomerate clast counts help identify nearby contributors of 
coarse material within a source-to-sink sedimentary system. 
Sandstone petrographic analyses further allow for the discrim-
ination of potential source areas over a more extensive region 
with greater transport distances. Clast counting was performed 
for thick conglomerate beds within the Lower Member (CN4) 
and Upper Member of the Pepino Formation (CN1, CN3) and 
the Orito Group (20OR-06B) (Figure  5; Table  S2). The identi-
fication of gravel clasts was systematically performed using a 
rectangular grid with 10 cm spacing until a total of 100 clasts 
were counted. We also include a clast count reported by Buchely 
et al. (2015) for the Florencia area.

A total of 11 new thin sections were analysed for sandstone pe-
trography within the Rumiyaco Formation (two samples), the 
Lower (one sample), Middle (one sample) and Upper (six sam-
ples) Members of the Pepino Formation and Orito Group (one 
sample). Other petrographic analyses (34 thin sections) by Nuñez 
(Núñez 2003) for the Mocoa area and by Buchely et al. (2015) for 
the Florencia area from the same lithologic units were compiled 
for this study (Figure  5; Table  S2). Point-count analyses were 
conducted according to the Gazzi-Dickinson method (Ingersoll 
et  al.  1984) with 400 framework grains counted for each thin 
section. Thin sections were stained with sodium cobaltinitrite to 
readily identify potassium feldspar. Samples selected for modal 
analysis are plotted in QFL ternary diagrams to interpret prov-
enance relations (e.g., Dickinson  1985; Dickinson et  al.  1983). 
Criteria used for distinguishing lithic types (Lawton et al. 1986), 
matrix types and other components follow those of Dickinson 
and Suczek  (1979). Recalculated petrographic modal data are 
presented in Table S2.

3.3   |   Zircon U–Pb Geochronology

Detrital zircon U–Pb analyses provide absolute age control and 
identify provenance signatures within Mesozoic–Cenozoic 
strata of the southern (Table S3.1) and northern (Table S3.2) 
Putumayo Basin. U–Pb geochronological analyses of individual 

FIGURE 4    |    Composite stratigraphic section of Cenozoic deposits of the Putumayo Basin along the Mulato River, including facies associations and 
interpretations based on Miall (1985, 2006).
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8 of 32 Basin Research, 2025

zircon grains from six samples of Jurassic, Cretaceous and 
Neogene sandstones in the Putumayo Basin were conducted 
using laser ablation–multicollector inductively coupled 
plasma–mass spectrometry at the Radiogenic Isotope and 
Geochronology Laboratory (Washington State University) fol-
lowing the methods and laboratory conditions described by 
Chang et al. (2006).

In addition, 11 samples were analysed by laser ablation induc-
tively coupled plasma mass spectrometry (LA-ICP MS) at the 
Arizona LaserChron Center (Gehrels et al. 2006, 2008; Gehrels 
and Pecha 2014). Zircon grains were ablated with a beam diam-
eter of 20 μm using a Photon Machine Analyte G2 excimer laser 
equipped with a Helex sample ablation cell. The laser was set at 
a wavelength of 193 nm, a repetition rate of 8 Hz and a fluence of 
~5 J/cm2. Ablated material was carried in helium to the plasma 
source of an Element2 HR ICMPS for simultaneous analyses 
of U-Th-Pb isotopic ratios. For age calibration, measurements 

were compared to a primary age standard, Sri Lanka zircon 
(563.5 ± 2.3 Ma; Gehrels et  al.  2008) and secondary standards 
FC-1 (206Pb/238U age of 1099.5 ± 0.5 Ma and 206Pb/207U age of 
1099 ± 0.6 Ma; Paces and Miller 1993) and R33 (206Pb/238U age 
of 419.3 ± 0.4 Ma; Black et al. 2004). Uncertainties for 206Pb/238U 
and 206Pb/207Pb ages are 1%–2% (1σ error).

For both datasets, reported ages for zircons younger than 
1000 Ma represent 206Pb/238U ages and 206Pb/207Pb ages for zir-
cons older than 1000 Ma, due to the low abundance of 207Pb. 
This isotope is difficult to measure even for equipment such 
as LA-ICP-MS, producing discordant ages in very young zir-
cons (< 400 Ma) (Gehrels 2014). Individual analyses with > 20% 
discordance, > 5% reverse discordance, or 10% internal uncer-
tainty were filtered and removed from further consideration. 
The data were plotted in age frequency probability plots using 
the R Isoplot package described by Vermeesch (2018). U–Pb age 
comparisons with previously published data for various source 

TABLE 1    |    Architectural elements in fluvial deposits.

Symbol Lithofacies Sedimentary environment

Gms Massive, matrix-supported conglomerate Subaerial or subaqueous plastic debris flow

Gm Massive or crudely stratified conglomerate Lag deposits, longitudinal bars, high 
hydrodynamic conditions

Gp Planar stratified conglomerate Longitudinal bars, deltaic growths from older bar remnants

Gt Trough cross-bedded conglomerate Minor channel fills

SGp Planar cross-bedded gravelly sandstone Transverse and linguoid gravelly sand 
bedforms, (2D) dunes and bars

St Trough cross-bedded, medium 
to very coarse sandstone

Sinous crest and linguoid (3D) dunes (upper 
part of the lower flow regime)

Sp Planar cross-bedded, medium 
to very coarse sandstone

Transverse and linguoid bars, sand waves, (2D) dunes 
and bars (medium part of the lower flow regime)

Sh Horizontally bedded very fine 
to very coarse sandstone

Plane bed flow (upper flow regime)

Sm Massive, very fine to very coarse sandstone Sediment gravity flow deposits

Sr Ripple cross-laminated, very fine to fine sandstone Ripples (lower flow regime)

Sl Low angle (< 10°) cross beds, very 
fine to very coarse sandstone

Scour fills, washed-out dunes, antidunes

Se Crude cross-bedding, medium to very coarse 
sandstone with erosional scours and intraclasts

Scour fills

Fw Wavy laminated mudstone-siltstones Overbank deposits with intermittent water level

Fl Finely laminated mudstone-siltstones Overbank or waning flood deposits

Fm Massive mudstone-silstones Overbank, abandoned channel or drape 
deposits, backswamp deposits from deposition 

in suspension with permanent water level

Fcf Massive greyish to black mudstones Fresh waters swamps with molluscs

Fp Massive siltstones-mudstones with 
rootlets and/or carbonate nodules

Palaeosol

C Coal, carbonaceous mud, plants 
fragments, mud films

Swamp deposits

Note: Modified from Miall (1985).
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9 of 32

TABLE 2    |    Facies association in fluvial environments modified from Miall (2006).

Lithofacies 
association Lithofacies Sedimentary environment

G1 Gm, Sh Hyperconcentrated and subaerial or 
subaqueous plastic debris flows

G2 Gms, Sh Hyperconcentrated and pseudo 
plastic debris flows

S1 Gt, SGp, Sp, Sm, St, Sh, Se
Longitudinal and transverse bars, lag 
deposits in channels and sand sheets 

deposited in an upper flow regime

S2 Sm, Sh, Fm Overbank deposits and sand sheets 
deposited in crevasse splay

F1 Fp, Fl, Sh, Sm, Sw Flood plains with overbank deposits 
and crevasse splay deposits

F2 Fp, Fm Flood plains with subaerial 
exposition (Palaeosols)

(Continues)

 13652117, 2025, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/bre.70041 by U

niversity O
f Sao Paulo - B

razil, W
iley O

nline L
ibrary on [30/06/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



10 of 32 Basin Research, 2025

regions, each with a distinct geochronologic and geodynamic 
context (Buchely et al. 2015), enabled the characterisation of the 
relative proportions of grains within different age groups.

3.4   |   LA-ICP-MS Apatite U–Pb Geochronology 
and Multi-Elemental Analysis

The apatite U–Pb ages and trace element analyses (AUPb-
LREE) (Table S4) were carried out using the LA-ICP-MS at the 
ChronusCamp Research Laboratory, applying the method for 
the direct determination of uranium content using a LA-ICP-MS 
(Soares et al. 2014). LA-ICP-MS data were normalised using the 
43Ca/238U ratios of standard (std) and unknown (unk) samples:

The system consists of a UP213nm laser ablation system at-
tached to an Agilent 7800 ICP-MS. A gas mixer (Squid) was con-
nected to the laser ablation system for better homogenisation of 
the isotope mixture. The analytical work included quantifying 
fission track ages in apatite (presented in another manuscript) 
and, therefore, the spot size was chosen to cover the maximum 
area where spontaneous fission tracks were previously mea-
sured using an optical microscope. The laser acquisition routine 
included (1) warm-up time of 15 s, which is used as a back-
ground; (2) 45 s of dwell time, which is the sample ablation time 
and (3) 30 s for washout delay, which is used to clean the system 
before analysing the next grain.

The AUPb technique is based on the accumulation of ra-
diogenic 206Pb and 207Pb from radioactive decay of 238U and 
235U series in apatites and the ensuing movement of lead (Pb) 
within the atomic structure of an apatite grain through heat-
induced volume diffusion (Paul et al. 2019), which, therefore, 
offers insights into the thermal history of the apatite grain 
(Cochrane, Spikings, Chew, et al. 2014). Several studies have 
determined that the AUPb system closure temperature ranges 
from 550°C to 450°C, depending on factors such as cooling 

rates and the size of the apatite crystals (Chew et  al.  2012; 
Cochrane, Spikings, Chew, et al. 2014). Isotopes of 204Pb, 206Pb, 
207Pb, 208Pb, 232th and 238U measured through LA-ICP-MS 
were employed for determining AUPb ages. Madagascar ap-
atite (MAD) crystals (reference age 474.2 ± 0.4 Ma; Thomson 
et  al.  2012) were used as the primary reference material, 
while McClure apatite grains (523.5 ± 1.5 Ma; Schoene and 
Bowring  2006) were used for quality control. Data reduc-
tion was performed using the “VisualAge_UcomPbine” Data 
Reduction Scheme (DRS) in the software Iolite, which can 
account for the presence of variable common Pb in the pri-
mary reference material (Paton et al. 2011; Chew et al. 2014). 
We considered non-dateable grains (as defined by O'Sullivan 
et al. 2018) as those having uncertainties larger than 20% on 
the 207Pb-corrected U–Pb age.

Trace element analyses on apatite are diagnostic of their host 
rock and a faithful recorder of the parent melt geochemistry 
(O'Sullivan et al. 2020). Trace element data reduction was per-
formed using the X_Trace_Elements_ISDRS in Iolite (Paton 
et  al.  2011), following Chew et  al. (2016). Instrumental drift 
was corrected using NIST 612 as the primary standard, and 
elemental concentrations were calculated using 43Ca for inter-
nal standardisation using stoichiometric abundance of Ca at 
39.74 wt% (Chew et  al.  2014). In addition, a synthetic apatite 
crystal (SynAp) was used as a high-chlorine standard. The syn-
thetic apatite crystal (SynAp) served as a high-chlorine standard 
alongside NIST 612 glass and MAD apatite for determining in-
dividual element concentrations.

The apatite trace element provenance consists of discriminating 
the source of apatites by using the sum of light rare earth elements 
(LREE) such as 139La, 140Ce, 141Pr and 146 Nd (ƩLREE) normalised 
to chondrite (Laul  1979). Then, Sr/Y versus the summation of 
LREE was plotted in a support vector machine apatite classifi-
cation diagram (SVM plot) that aids in characterising each grain 
petrogenetically (O'Sullivan et al. 2020). The six broad categories 
of apatite consist of alkali-rich igneous rocks (ALK); mafic I-type 
granitoids and mafic igneous rocks (IM); low- and medium-grade 

[U]unk =
{[(

43Ca∕238U
)

unk

]

∕
[(

43Ca∕238U
)

std

]

×
(

Ustd

)}

.

Lithofacies 
association Lithofacies Sedimentary environment

F3 Fcf, C Back swamp pods or freshwater swamps

Note: Photographs of the main lithofacies observed along the stratigraphic section of the Mulato River. A 32 cm–long hammer is used for scale. (A) Lithofacies Gm 
of oligomictic conglomerate dominated by black chert ~75% from the alluvial fans in the Lower Member of the Pepino Formation. (B) Lithofacies Gms of polymictic 
conglomerate dominated by black chert ~40% and siliceous claystone ~30% from the alluvial fans in the Upper Member of the Pepino Formation. (C) Lithofacies 
St and Se of cross-bedding sandstones from channel deposits in the Middle Member of the Pepino Formation. (D) Lithofacies SGp and St of sandstone bars from 
overbank deposits in the Upper Pepino Formation. (E) Lithofacies Sm and Fm of fining-upward sequences from overbank deposits in the Middle Member of the 
Pepino Formation. (F) Lithofacies Sh and Sm from crevasse splays with muddy intraclasts in the Middle Member of the Pepino Formation. (G) Lithofacies Fp of 
reddish mudstones from palaeosols in the Middle Member of the Pepino Formation. (H) Lithofacies Fcf of massive greyish mudstones from lacustrine swamps in the 
Orteguaza Formation.

TABLE 2    |    (Continued)
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11 of 32

FIGURE 5    |    (A) Compositional sandstone petrographic trends (Folk 1980). Ternary diagrams show the dominance of litharenites in the Rumiyaco 
Formation and the Lower and Middle Members of the Pepino Formation, with sublitharenites and quartzarenites in the Upper Member of the Pepino 
Formation. (B) Compositional sandstone variations through the stratigraphic record in the Mocoa area showing an upsection decrease in monocrys-
talline quartz from the Rumiyaco Formation through the Lower Pepino Formation and an increase in monocrystalline quartz within the Orito 
Group. The opposite trend is shown by the lithic grains. (C) Detailed discrimination of sandstone lithic grains showing an upsection decrease in 
volcanic lithic material from the top of the Rumiyaco Formation through all members of the Pepino Formation. (D) Compositional results from con-
glomerate clast counts in the Lower and Upper Members of the Pepino Formation and the Orito Group (Orito-Belen Formation) show an upsection 
decrease in chert clasts and increases in quartz and volcanic clasts. Photomicrographs of some samples in Figure S2.
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12 of 32 Basin Research, 2025

FIGURE 6    |     Legend on next page.
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metamorphic and metasomatic (LM); partial-melts/leucosomes/
high-grade metamorphic (HM); S-type and I-type granitoids with 
high aluminium saturation index (S) and ultramafic rocks includ-
ing carbonatites, lherzolites and pyroxenites (UM).

4   |   Results

The southern segment of the Eastern Cordillera was subdivided 
into three geographical zones. The southernmost area around the 

city of Mocoa corresponds to the southern zone, and the north-
ernmost area between the city of Florencia and the La Macarena 
Range is divided into central and northern zones (Figure 1).

4.1   |   Stratigraphy of the Maastrichtian-Cenozoic 
Putumayo Basin

The three lithologic units described along the Mulato River 
(Figure 2) are the Rumiyaco and Pepino formations and the base 

FIGURE 6    |    Kernel Density Estimate (KDE) plots of detrital zircon U–Pb ages from the Jurassic Saldaña Formation, Upper Cretaceous–Palaeocene 
Caballos and Rumiyaco formations, Eocene Pepino Formation, and Miocene Orito Group in the southern area (Mocoa) of the Putumayo Basin. The 
muddy Oligocene succession was not analysed. Note the change in the provenance signal between the Rumiyaco and Pepino formations. MDA ages 
correspond to the U–Pb age from maximum likelihood age (MLA) (Vermeesch 2021). Because the MLA ages have a better statistical approach that 
converges to a unique MDA value. See Figure S3 for probability density plots.

FIGURE 7    |    Kernel Density Estimate (KDE) plots of detrital zircon U–Pb ages from the Palaeozoic Güejar Group, Campanian–Palaeocene Neme 
Sandstone, Palmichal and Rumiyaco formations, Eocene Pepino Formation and Miocene Orito Group. The samples span two regions: a central zone 
south of the Florencia basement high and a northern zone between the Florencia High and Macarena basement highs. Note the contrasting age of 
the provenance polarity switch: Eocene in the central zone and Miocene in the northern zone. MDA ages correspond to the U–Pb age from maxi-
mum likelihood age (MLA) (Vermeesch 2021). Because the MLA ages have a better statistical approach that converges to a unique MDA value, see 
Figure S4 for probability density plots.
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14 of 32 Basin Research, 2025

of the Orito Group (i.e., Orteguaza Formation). The Rumiyaco 
Formation has a thickness of 85 m. Upsection, it consists of 
reddish mudstones interlayered with massive fine grain size 
sandstones and subordinate grey mudstones grouped into the 
lithofacies associations F1 and S1 (Figure 4, Table 2). In addi-
tion, local very thick and wedge-shaped beds of sandstones cor-
responding to lithofacies association S2 are related to growth 
strata with dips varying from 17° to 25°, between 25 m and 
50 m of the Mulato River section (Figure S1). According to its 
lithofacies association, the Rumiyaco Formation can be associ-
ated with meandering rivers within a regional-scale fluvial sys-
tem. The age of deposition for this unit has been indicated as 
Maastrichtian based on palynomorphs such as Buttinia andreevi 
(Mora et al. 1998).

The Pepino Formation comprises a 195 m-thick intermediate 
member of mudstone-dominated facies interlayered between 
the 100 m-thick conglomeratic Lower Member and 150 m-
thick sandy Upper Member and is conformably overlying the 
Rumiyaco Formation. The Lower Member has oligomictic 
clast-supported boulder conglomerates related to lithofacies 
association G1 (Figures 4 and S1). Second-order coarsening up-
ward successions of trough cross-bedded sandstones and red 

mudstones related to lithofacies association S2 and S1 occur in-
terlayered with the conglomerates. According to its lithofacies 
associations, the Lower Member of the Pepino Formation was 
deposited in alluvial fans transitioning into a fluvial system of 
braided rivers.

The Middle Member of the Pepino Formation has a thickness of 
195 m and is conformably overlying the Lower Member. Due to the 
scarcity of outcrops, we were only able to describe three packages 
(Figure 4). The 5–20 m-thick packages consist of red mudstones 
with palaeosols and occasionally fining upward successions of 
massive sandstones with matrix-supported cobble conglomer-
ates related to lithofacies associations F1, F2, S1 and S2 (Table 2). 
According to its lithofacies association, this member is associated 
with a high sinuosity channels fluvial system in flood plains. The 
age of deposition has been identified as middle Eocene based on 
palynomorphs such as Bombacacidites bellus, Striatriocolpites 
catatumbus, and Cicatricosisporites dorogensis (Mora et al. 1998).

The Upper Member of the Pepino Formation has a thickness of 
150 m, ~70% of it exposed and conformably overlies the Middle 
Member (Figure 4). The basal part consists of polymictic matrix-
supported granule and pebble conglomerates (Table  2) that 

FIGURE 8    |    Trace element geochemistry of detrital apatites from Mesoproterozoic basement rocks of the Garzon Group and Jurassic batho-
liths such as the Algeciras and Mocoa batholiths. Analysed sandstone units include the Lower Cretaceous Caballos Formation, Upper Cretaceous-
Palaeocene Rumiyaco Formation and Eocene Pepino Formation. All data are plotted on Sr/Y vs. ΣLREE SVM biplot and coloured by U–Pb age 
(undated grains in grey or black). Abbreviations for groups: ALK = alkali-rich igneous rocks; IM = mafic I-type granitoids and mafic igneous rocks; 
LM = low- and medium-grade metamorphic and metasomatic; HM = partial-melts/leucosomes/high-grade metamorphic; S = S-type granitoids and 
high aluminium saturation index (ASI) ‘felsic’ I-types; UM = ultramafic rocks including carbonatites, lherzolites and pyroxenites.
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transition upsection to thick-bedded (~10 m) fining upward se-
quences of cross-bedding sandstones that grade to variegated 
mudstones and palaeosols. According to lithofacies associations 
G2, S1, F2 and F1, the Upper Member of the Pepino Formation 
can be associated with alluvial fans and braided rivers with the co-
eval development of palaeosols. The age of deposition for this unit 
has been indicated as late Eocene based on palynomorphs such 
as Verrucatosporites cf. usmensis and Cicatricosisporites dorogensis 
(Mora et al. 1998).

In the study area, we recognised the base of the Orito Group cor-
responding to the Orteguaza Formation. It consists of 50 m-thick 
grey mudstones related to lithofacies associations F3 conformably 
overlying the Upper Member of the Pepino Formation (Figure 4; 
Table 2) and interpreted as freshwater swamp deposits. The age 
of deposition for the Orteguaza Formation has been indicated 
as Oligocene based on palynomorphs such as Homotryblium 
floripes, Echiperiporites trianguliformis, and Cicatricosisporites 
dorogensis from borehole samples (Osorio et al. 2002).

4.2   |   Conglomerate Clast Counting

Clast counting was performed in the Upper and Lower mem-
bers of the Pepino Formation and in one outcrop of the Orito 
Group close to sample 22OR-09 (Figure 1). Gravel clasts from 
the Lower Member of the Pepino Formation in the southern 
section show a high content of chert (75%), followed by siliceous 
claystones (17%) and quartz (8%). Sparse volcanic (1%) and other 
sedimentary lithics (1%) clasts are present (Figure 5D). Farther 
north, in the Florencia area, this unit includes less chert (60%) 
and quartz (2%) clasts, a similar amount of siliceous claystone 
clasts (14%) and more lithic fragments, including other sedi-
mentary clasts (18%) and metamorphic clasts (6%) (Buchely 
et al. 2015). The Upper Member of the Pepino Formation has 
two slightly contrasting counting results (Figure  5D). The 
CN-3 sample shows a moderate content of chert clasts (49%), 
followed by siliceous claystones (31%), quartz (13%) and other 
sedimentary clasts (7%). While the CN-1 sample has a similar 
content of chert (42%) and other sedimentary clasts (3%), it 
contains more quartz (39%) and less siliceous claystone clasts 
(16%). Upsection, the Orito Group shows a decrease in chert 
(29%) and quartz (14%) clast contents at the expense of an in-
crease in siliceous claystones (39%) and sedimentary clasts (6%) 
(Figure 5D). Remarkably, a relatively high content of volcanic 
clasts (12%) characterises the Orito Group.

4.3   |   Sandstone Petrography

Most sandstone samples from this study, as well as those re-
ported by Nuñez (Núñez 2003) in the Mocoa area, have a higher 
content (> 50%) of lithic grains (L) than the total quartz (Qt) 
and feldspar (F). In contrast, the sandstones from the Florencia 
area reported by Buchely et al.  (2015) are commonly richer in 
total quartz (> 50%) than in lithics and feldspar (Figure  5A). 
The samples from the Rumiyaco Fm. in the Mocoa area are 
quartzarenites at the base and shift to litharenites and sub-
litharenites upsection. In contrast, the samples from this unit 
in the Florencia area are quartzarenites and subtlitharenites 
of the informal Neme Sandstone unit (Buchely et al. 2015). In 

the Pepino Formation, sandstones in the Lower Member are 
litharenites and one sample is a quartzarenite, whereas in the 
Middle Member they are exclusively litharenite and in the Upper 
Member, as well as in the Orito Group, sandstones range from 
litharenite to sublitharenites.

To refine the provenance analysis, samples from the Mocoa area are 
plotted in stratigraphic order, discriminating between monocrys-
talline quartz (Qm), feldspar, and total lithics, which include lithic 
fragments and polycrystalline/chert quartz (Figure 5B). In addi-
tion, the abundance of sedimentary, volcanic and metamorphic 
lithic grains is analysed for the composite stratigraphic section 
(Figure 5C). Sandstones in the Rumiyaco Formation, as well as 
the Lower Member of the Pepino Formation, display an upsection 
decrease in monocrystalline quartz and an increase in lithic grains 
while containing a low amount of feldspar grains (Figure  5B). 
Most of the lithics are sedimentary and increase upsection (40%–
60%). The volcanic lithic grains (20%–10%) show an upsection de-
crease, and so do the feldspars (Figure 5C), while the proportion 
of metamorphic grains (30%–20%) remains stable (Figure 5C). In 
contrast, sandstones from the Middle and Upper Members of the 
Pepino Formation show a slight upsection increase in monocrys-
talline quartz and a decrease in lithic grains. Feldspars disappear 
in Middle and Upper Pepino members (Figure 5B) and volcanic 
lithics decrease upsection in the Upper Pepino Formation samples 
(Figure 5C). The samples from the Orito Group show a minor but 
persistent proportion of feldspars in all samples, a more accentu-
ated increase in monocrystalline quartz upsection and a decrease 
in lithic fragments, especially sedimentary grains, from 60% to 20% 
(Figure 5C). In addition, the metamorphic lithics have an inverse 
trend, with only a few grains (< 10%) at the base and abundant at 
the top (~70%). An abrupt increase in volcanic lithics (60%–50%) is 
seen in the basal samples of the Orito Group.

4.4   |   Zircon U–Pb Detrital Geochronology

Detrital zircon U–Pb ages were grouped into seven populations 
according to potential source areas identified in the northern 
segment of the Eastern Cordillera and Llanos Basin (Horton 
et  al.  2020), including Cenozoic ages (< 65 Ma), Cretaceous 
ages (145–65 Ma), Norian-Jurassic ages (220–145 Ma), Permian-
Middle Triassic ages (300–250 Ma), Palaeozoic ages (550–
300 Ma), Mesoproterozoic-Tonian ages (1400–900 Ma) and 
Paleoproterozoic ages (1400–2000 Ma). The characteristic prov-
enance signatures were evaluated in several areas: a southern 
area near Mocoa (Figure 2) and a northern area near Florencia, 
which is subdivided into a central zone south of the Florencia 
High and a northern zone between the Florencia High and 
Macarena-Vaupes High (i.e., Macarena Sierra) (Figure 1).

4.4.1   |   Southern Putumayo Basin

In the southern Putumayo Basin, the basal stratigraphic unit, 
the Jurassic Saldaña Formation, has 99% of its zircon U–Pb ages 
between 220–145 Ma (Figure  6). In contrast, the Cretaceous 
Caballos and Villeta formations are dominated by Precambrian 
ages (~90%) with two populations. First, a Paleoproterozoic 
population containing ages > 1400 Ma ranges from 53%–57% in 
the Caballos Formation to 64%–69% in the Villeta Formation. 
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Second, a Mesoproterozoic-Tonian (1400–900 Ma) population 
represents 30%–47% of ages in the Caballos Formation and 
28% in the Villeta Formation. Although the basal Rumiyaco 
Formation exhibits a Paleoproterozoic population that forms 
90% of the age distribution, the upper Rumiyaco contains re-
duced amounts of Paleoproterozoic (32%) and Mesoproterozoic-
Tonian (10%) ages, and a sharp increase in Cretaceous ages 
(55%). Upsection, the proportion of Cretaceous ages increases 
to 51% for the Lower Pepino Formation and 91% for the Middle 
Pepino Formation. However, this Cretaceous population de-
creases to 30% in the Upper Pepino Formation, at the expense of 
the reappearance of both the Paleoproterozoic population, which 
represents ~20%–50%, and the Mesoproterozoic-Tonian ages, 
with ~10%–17%. The Upper Pepino Formation (sample Mocoa-1) 
also shows the first appearance of Permian-Middle Triassic 
ages, which comprise 17% of the sample's zircon ages. Finally, at 
the top of the succession, the Orito Group is distinguished by a 
more heterogeneous population incorporating Paleoproterozoic 
(46%), Mesoproterozoic-Tonian (9%), Norian-Jurassic (18%) and 
significant Cenozoic (19%) age groups.

Maximum depositional ages (MDA) were obtained for sam-
ples of the Saldaña, Rumiyaco, Lower Pepino and Orito-Belen 
(Orito Group) formations. Based on the method described by 
Copeland (2020), which consists of taking the youngest single-
grain zircon age for each sample analysed, the calculated 
MDA values are 155.5 ± 3.8 Ma for the Saldaña Formation, 
72.1 ± 0.8 Ma for the Rumiyaco Formation, 53.9 ± 3.2 Ma for the 
Lower Member-Pepino Formation and 14.0 ± 1.3 Ma for the Orito 
Group. An alternative method described by Vermeesch  (2021) 
calculates an MDA using all dated zircons and a statistical 
treatment with a binary mixture of discrete and continuous 
distributions, which converge on a Maximum Likelihood Age 
(MLA). Using this method, the MLAs are 177.3 ± 0.3 Ma for the 
Saldaña Formation, 77.9 ± 0.1 Ma for the Rumiyaco Formation, 
62.0 ± 3.5 Ma for the Lower Member-Pepino Formation and 
15.7 ± 0.6 Ma for the Orito Group. Furthermore, the weighted av-
erage age from the three youngest zircons (Y3Z) is 162.0 ± 3 Ma 
for the Saldaña Formation, 72.8 ± 1.3 Ma for the Rumiyaco 
Formation, 70.0 ± 2.1 Ma for the Lower Member-Pepino 
Formation and 18.6 ± 0.8 Ma for the Orito Group. As suggested 
by Vermeesch (2021), we chose the MLA ages as the maximum 
depositional ages because the algorithm is a statistical approach 
that converges to a unique MDA value and successfully recovers 
the depositional age for detrital U/Pb ages, producing meaning-
ful results.

4.4.2   |   Northern Putumayo Basin

In the northern Putumayo Basin, U–Pb analyses were ob-
tained in the Palaeozoic Güejar Group, which is part of the 
“basement” of the basin, the Rumiyaco Formation, its later-
ally equivalent Neme Sandstone and Palmichal Formation 
in the Macarena Range, the Pepino Formation and the Orito 
Group. As in the southern area, Precambrian ages are pres-
ent in all units (Figure 7). The Palaeozoic Güejar Group has a 
dominant Mesoproterozoic-Tonian age (69%) and minor (7%) 
Paleoproterozoic ages. In contrast, upsection, the Campanian-
Palaeocene Palmichal Formation and Neme Sandstone and 
Eocene Upper Pepino Formation yield Paleoproterozoic ages 

ranging from ~50%–60%, with Mesoproterozoic-Tonian ages de-
creasing to ~30%. The Upper Pepino has a distinctive peak at 
1700 Ma ages that exceed that of other units.

In the central zone, a similar pattern is observed for the Neme 
Sandstone and Upper Pepino Formation. Palaeozoic ages are 
significant for the Neme Sandstone (9%) in the central zone, 
but in the northern zone, this population is present in the 
Palmichal Formation (8%) and Güejar Group (20%), including 
the youngest Palaeozoic MDA of 498.1 ± 8.4 Ma with a Y3Z age 
of 509.0 ± 6.1 Ma and MLA of 510.2 ± 5.7 Ma. The first appear-
ance of a moderate Jurassic-Norian population (10%) occurs in 
the Upper Pepino Formation in the central zone, whereas the 
Orito Group shows a relative increase in this population with 
values of ~30% in both the central and northern zones, and a 
reduction of Precambrian ages to ~10%–30% Mesoproterozoic-
Tonian ages and ~ 5%–15% Paleoproterozoic ages. Another 
shift involves increasing Permian-Middle Triassic ages, with 
values ranging from 10%–40% in the Orito Group of the cen-
tral and northern zones. Two exceptions to this pattern in 
the Orito Group include sample COM-0498 (northern zone) 
with the reappearance of Precambrian ages with 95% and a 
higher peak (89%) of 1100 Ma, and sample APB-0147 (cen-
tral zone) with a more heterogeneous distribution involving 
chiefly Mesoproterozoic-Tonian (40%) and Paleoproterozoic 
ages (23%) and moderate Palaeozoic (20%), Permian-Middle 
Triassic (10%) and Cenozoic (5%) ages.

MDAs were determined from the youngest zircon ages, with 
65.7 ± 0.9 Ma for the Neme Sandstone and 64.4 ± 1.3 Ma for the 
Palmichal Formation, while the Y3Z ages are 73.1 ± 1.2 Ma and 
65.5 ± 1.5 Ma and MLAs are 65.7 ± 1.8 Ma and 66.5 ± 1.3 Ma, 
respectively. Thirty zircons from a tuffaceous palaeosol 
capping the Neme Sandstone were dated (sample 21FL-10; 
Figure 3) and provide an MLA of 59.6 ± 0.5 Ma and a Y3Z age 
of 59.1 ± 1.2 Ma (Figure S4). The Orito Group contains few zir-
cons of Cenozoic age (1%–5%), but MDA values of 19.4 ± 0.7 Ma 
and 12.0 ± 0.3 Ma are reported for the youngest zircons from 
samples APN0147 and COM0498, respectively. Furthermore, 
the Y3Z ages for these same samples are 20.6 ± 0.6 Ma 
and 12.9 ± 0.4 Ma and MLA ages are 20.8 ± 0.6 Ma and 
12.1 ± 0.5 Ma, respectively.

4.5   |   Apatite U–Pb Ages and Trace Elements

We obtained trace element geochemical data for apatite grains 
from the Putumayo basement and basin fill, including 10 samples 
from the Precambrian metamorphic rocks of the Garzon Group, 
five samples from Jurassic batholiths (Mocoa and Algeciras 
granitoids) and seven samples from the sedimentary cover, in-
cluding two samples from the Caballos Formation, two samples 
from the Rumiyaco Formation (including the Neme Sandstone) 
and three samples from the Pepino Formation (Table  S4). We 
separately obtained apatite U–Pb ages for all of these samples, 
with the exception of two samples from the Mocoa area in the 
south (Figure 8).

The Sr/Y vs. ƩLREE biplots (Figure  8) allow categorization of 
apatites from the Putumayo basement into three main sources:  
(1) Mesoproterozoic-Tonian apatites of the Garzon Group with 
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U–Pb ages ranging from 900–1500 Ma and discriminating fields 
of I-type granitoids (IM) and alkali-rich igneous rocks (ALK); (2) 
Late Mesoproterozoic-Tonian apatites with U–Pb ages ranging 
from 800–1100 Ma and discriminating fields of partial-melts/leu-
cosomes/high-grade metamorphic (HM), S-type/I-type granitoids 
with high aluminium saturation index (S) and I-type granitoids 
(IM); and (3) apatites of the Mocoa and Algeciras batholiths with 
U–Pb ages ranging from 180–200 Ma and discriminating fields 
of I-type granitoids (IM), alkali-rich igneous rocks (ALK) and S-
type/I-type granitoids with high aluminium saturation index (S).

The apatites from the Lower Cretaceous Caballos Formation plot 
in the IM and ALK provenance fields with U–Pb ages ranging from 
1500–500 Ma but with a high dominance of 1000–1200 Ma ages. 
The Upper Cretaceous-Paleogene Rumiyaco Formation apatites 
plot dispersed in the IM, ALK and S fields with U–Pb ages ranging 
from 1100–500 Ma. Similar to the Rumiyaco Formation apatites, 
the Eocene Pepino Formation displays dispersed data in the IM, 
ALK and S fields with U–Pb ages ranging from 1400–1000 Ma. 
In contrast, the Eocene Pepino Formation in the southern area of 
Mocoa shows clustered apatites in the IM field.

5   |   Discussion

Late Cretaceous–Cenozoic construction of the Andean oro-
genic belt prompted the development of retroarc foreland basins 

(Horton  2018). Our results demonstrate that the initial uplift 
of the northern Andes is recorded by clastic deposits of the 
Putumayo Basin through changes in the sediment provenance 
and depositional conditions. These changes commenced in the 
Late Cretaceous but were not temporally or spatially uniform 
throughout the foreland region in southern Colombia and north-
ern Ecuador. The following synthesis discusses the implications 
of the new compositional, geochemical and chronostratigraphic 
datasets on orogenic growth in the northern Andes, evolution of 
the Putumayo Basin and the Cenozoic palaeogeography of west-
ern Amazonia.

5.1   |   Depositional Environments

The Mesozoic-Cenozoic stratigraphic record of the Putumayo 
Basin shows a change from a Cretaceous rift to a thermal-sag 
basin with marine conditions represented by the Caballos and 
Villeta formations to a Cenozoic nonmarine foreland basin 
with predominantly fluvial sedimentation (Figure 9A; Londoño 
et  al.  2012). Cenozoic sedimentation in the Putumayo Basin 
started with the Late Cretaceous/Palaeocene deposition of the 
Rumiyaco Formation. The uppermost Rumiyaco in the Mulato 
River section is composed of sandstones and red mudstones that 
accumulated in meandering fluvial systems (Figures 4 and 9B). 
In contrast, in the Florencia area, reddish mudstones change 
to coarse-grained quartzarenites of Neme Sandstone that 

FIGURE 9    |    Schematic block diagrams showing the paleoenvironmental evolution of the Putumayo Basin from the southern (1-Mocoa) to the 
northern (2-Florencia) areas. Six stages are shown (A) Campanian (B) Maastrichtian-Palaeocene (C) Early Eocene (D) Late Eocene (E) Oligocene 
and (F) Miocene. Schematic changes in detrital zircon U–Pb provenance signatures are represented in each stage, as well as the dominant sandstone 
composition. Maximum depositional ages (MDA) and Maximum Likelihood Age (MLA) are included.
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were deposited in marine-influenced deltaic systems (Buchely 
et  al.  2015; Bayona  2018). A northward trend toward coarser-
grained facies has been interpreted as the main evidence of early 
uplift of the Eastern Cordillera along the intraplate basement 
highs (i.e., Florencia, Macarena and El Melón-Vaupes), instead 
of a fall of eustatic sea level, setting up a broken foreland basin 
configuration (Bayona  2018; Bayona, Bustamante,  et  al.  2020; 
Pachón-Parra et  al.  2020). In addition, we identified growth 
strata in the upper beds of the Rumiyaco Formation (Figures 4 
and S1), which have been identified in outcrops (ANH-
UPTC 2009; Buchely et al. 2015) to the north in the Florencia 
area and seismic sections in the south of the Putumayo Basin 
(Corredor et al. 2019; Beltrán et al. 2022).

The overlying synorogenic Eocene Pepino Formation, whose 
lower member is characterised by thick beds of oligomictic 
conglomerates deposited in alluvial fans (Figure 9C), has also 
been documented from wells drilled in the southern area of the 
Putumayo Basin near the boundary with Ecuador (Cáceres and 
Teatin 1985; Govea and Aguilera 1980; Mora et al. 1998). The 
overlying Middle Member has thick sequences of red mudstones 
and the development of palaeosols recording a change to a deposi-
tional environment with lower energy conditions in a fluvial sys-
tem with high sinuosity, probably meandering rivers (Figure 4). 
The resumption of fluvial higher energy conditions dominates 
the basin during the accumulation of the polymictic conglom-
erate and sandstones of the Upper Member along braided river 
systems. Variegated and red mudstones from the Upper Member 
have been interpreted as palaeosols (Figures 4 and 9D). These 
second-order patterns of coarsening upward sequences between 
the Rumiyaco Formation/Lower Pepino Formation in the early 
Eocene and Middle/Upper Pepino Formation in the late Eocene 
are not part of the typical sedimentation pattern for synorogenic 
sediments in the foredeep of a wide and continuous foreland 
basin (Londoño et  al.  2012; Horton et  al.  2010). Instead, they 
are the product of local changes in the subsidence for the Mocoa 
area, which is higher than the Florencia area, with an increase 
since the Oligocene in both sectors of the basin (Figures 9E and 

10). The low subsidence in the Florencia area results in the par-
tial exposure of basement highs at the surface. This is reflected 
in the lateral facies changes of the Rumiyaco Formation in the 
Palaeocene and the persistent provenance of the Putumayo 
Basement in the Pepino Formation.

For instance, the thickness of the Pepino Formation decreases 
abruptly northward from ~600 m in the Mocoa area to ~300 m in 
the Florencia area; the lateral facies change is also accompanied 
by thickness decrease in the Campanian-Palaeocene Rumiyaco 
Formation and Neme Sandstone (Figure 3). According to our field 
observations, this sequence is condensed into a 100 m section over 
the Florencia High. This suggests that in the Putumayo Basin, a va-
riety of depocenters with distinct accommodation space emerged 
during the Paleogene, collectively shaping the thickness of these 
synorogenic sequences. These patterns are analogous to those 
documented in the northern segment of the Eastern Cordillera 
with the development of several synorogenic depocenters in the 
Paleogene (Bayona et al. 2013; Bayona, Baquero, et al. 2020), re-
sulting in the contrasting stratigraphic patterns, subsidence his-
tories and provenance shifts typical of broken foreland basins 
(Horton et al. 2022 and references therein).

5.2   |   Provenance Analysis and Exhumation 
Episodes

The zircon U–Pb detrital ages from the Jurassic Saldaña Formation 
display a unimodal 190–160 Ma population with a maximum dep-
ositional age (MDA) of 155.5 ± 3.8 Ma. This MDA suggests depo-
sition synchronous with extensive Jurassic arc volcanism and 
batholith emplacement in the northern Andes, such as the Mocoa 
and Sombrerillos batholiths (Bustamante et  al.  2016; Rodríguez 
et al. 2018; Zapata et al. 2016; Bayona, Bustamante, et al. 2020; 
Restrepo et al. 2021). Furthermore, the apatite U–Pb ages ranging 
from 200–180 Ma for these Jurassic batholiths show a geochemi-
cal signature from alkaline/I-type granitoid (Figure 8), compatible 
with shallow emplacement Chavarría et al. (2022).

The Cretaceous Caballos, Villeta and basal Campanian-
Palaeocene Rumiyaco formations have two dominant zir-
con U–Pb detrital age populations, a > 1600 Ma population 
from the Amazonian Craton and a 1600–900 Ma population 
from the Putumayo basement source (Cardona et  al.  2009; 
Cordani and Teixeira 2007) (Figures 6 and 7). The presence of 
Mesoproterozoic AUPb ages with important alkaline and I-type 
plutonic contributions suggests the main sources in the central 
zone of the Putumayo basement (Figure 9) cropping out in the 
Florencia High as also documented with zircon U–Pb ages (León 
et al. 2023). The increase in Paleoproterozoic ages from the cra-
tonic source suggests a basin eastward widening associated with 
thermal-sag until the Campanian (Figure 11A). In addition, the 
Mocoa-17 sample from the Caballos Formation and both sam-
ples from the Villeta Formation have few zircons (< 5%) with 
Jurassic ages, which indicates that the fluvial-transitional sys-
tem of the Caballos Formation and the shallow marine system 
of the Villeta Formation were eroding incipient rift-shoulders 
uplifted from the Central Cordillera arc system to the west of 
the basin.

FIGURE 10    |    Total subsidence history based on decompacted sed-
iment accumulation for the Putumayo Basin comparing the two ar-
eas of the northern segment (Florencia) and the southern segment 
(Mocoa). Data from SGC-ANH (2022), Caceres and Teatin (Cáceres 
and Teatin  1985), Londoño  (2004), Osorio et  al.  (2002), and Mora 
et al. (1998).
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5.2.1   |   Maastrichtian-Palaeocene Provenance

Following the episode of thermal-sag basin formation between 
Maastrichtian and Palaeocene (Figures 9B and 11A), an abrupt 
change in detrital zircon U–Pb age populations is observed 
within the Rumiyaco Formation, in between samples Mocoa-10 
and 20RM-05, from dominantly Paleoproterozoic to dominantly 
Cretaceous, unambiguously documenting a shift in provenance 
polarity, from easterly derived Amazonian cratonic detrital to 

westerly sourced Andean arc sediments (Figure 10). This shift 
is further supported by the change from quartzarenites to a rich 
sedimentary and volcanic lithic sandstones in the same strati-
graphic level. Based on previous biostratigraphy and our U–Pb 
age in the tuffaceous palaeosol of sample 21FL-10, this change 
occurred at 59.6 + 0.5 Ma in the late Palaeocene. In contrast, 
in the Florencia area, the coeval Neme Sandstone in the cen-
tral zone and Palmichal Formation in the northern zone show 
the dominant source area is Proterozoic Amazon Craton and 

FIGURE 11    |    (A) Tectonic model of the Putumayo Basin showing the collisional events that triggered the inversion of preexistent Jurassic 
rift sequences during the Upper Cretaceous and their influence in the provenance sources from the synorogenic deposits. Brown arrows suggest 
Amazonian and Putumayo basement sources, dark green arrows suggest a provenance source from unroofing of the Cretaceous sedimentary cover 
in the Eastern Cordillera. Grey, light blue and green arrows suggest Andean sources from thrust slivers in the Central Cordillera basement, Jurassic 
arc and Cretaceous volcaniclastic sequences, respectively. (B) Paleogeographic maps of the middle Eocene to Miocene in the Northern Andes show-
ing various events of marine incursions and their respective extents, which are limited by the basement highs including the incipient Eastern 
Cordillera High (ECH), Florencia High (FH), Macarena High (MH) and El Melon-Vaupes High (MVH). In contrast, the middle Miocene show the 
marine incursion of the Pebas system established in a significant portion of the Western Amazon Basin.
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Putumayo Basement but minor Palaeozoic zircon U–Pb ages, 
probably recycled from the Güejar Group. Apatite trace element 
geochemistry further supports that the Putumayo Basement is 
the main source (first- order source) area with AUPb age ranges 
of 1100 Ma to 500 Ma, implying that the Florencia, Macarena 
and El Melón-Vaupes highs were incipiently uplifted struc-
tures that delivered detritus to the northern sector of the basin 
(Figures 7–9). However, the presence of few Cretaceous zircons 
suggests an active western source in the Andean arc was already 
delivering sediment (second-order source) to this basin sector, 
albeit less so than to the south in the Mocoa area.

The abundance of Cretaceous zircon U–Pb ages in the Rumiyaco 
Formation in the Mocoa area indicates sources similar to Late 
Cretaceous plutons such as the Antioquia (99–83 Ma) (Montes 
et  al.  2019), Buga (91 Ma) and Jejenes Batholith (84 Ma) in 
Colombia (Villagómez et  al.  2011; Cardona et  al.  2020; Leal-
Mejía et al. 2019) that were emplaced in the Central Cordillera at 
an equatorial latitude (Montes et al. 2019). An alternative source 
may correspond to the Condúe-Pimampiro Batholith (94–
73 Ma) in the Cordillera Real of Ecuador at 0.4° S Lat (Aspden 
et  al.  1992; Gutiérrez et  al.  2019). The dominant sedimentary 
and volcanic lithic composition, together with the few feldspars 
in sandstone grains in the upper Rumiyaco Formation, indicate 
that the upper volcanic portion of the arc was the primary sed-
iment source area. The occurrence of metamorphic lithics indi-
cates that the pre-Cretaceous basement of the Central Cordillera 
was also contributing sedimentary material for this basin. An 
alternative hypothesis is that some of these Cretaceous zircons 
may have originated from interbedded volcanic beds in Upper 
Cretaceous units (De la Parra et al. 2024), which could be con-
sidered a second-order source area, similar to what has been 
previously found in the coeval Napo Formation in the Oriente 
Basin (Vallejo et  al.  2021). The axial and eastern flank of the 
northern segment (4° N) of the Eastern Cordillera exhibit inter-
bedded volcanic beds within the Cretaceous marine sedimen-
tary cover (Martinez 2010; Ballesteros et al. 2013). These beds 
were subsequently eroded and transported to the Paleogene 
foredeeps, increasing the Cretaceous U–Pb signature observed 
in its synorogenic sediments (Bayona, Baquero, et  al.  2020). 
Moreover, mudstones that are rich in volcanic zircons may 
significantly influence the U–Pb zircon provenance signature 
(Sylvester et al. 2022).

The shift of provenance from craton to Andean sources is 
recorded in coeval stratigraphic units in other northern 
sub-Andean foreland basins, including the Oriente Basin 
in Ecuador, the Upper Magdalena Valley Basin in Colombia 
(Horton  2018; Gutiérrez et  al.  2019; Villamizar-Escalante 
et  al.  2021) and southernmost Peruvian basins, such as the 
Marañon and Huallaga (Louterbach et  al.  2018; Hurtado 
et al. 2018; Custódio et al. 2024). This shift in provenance in-
dicates that the onset of Northern Andean exhumation is in 
the Late Cretaceous. This exhumation involves Cretaceous 
granitoids in the Central or Real Cordillera as the first-order 
source and the unroofing of Cretaceous marine sedimentary 
cover as a second-order source in the southern area of Mocoa. 
Additionally, uplifted intraplate basement highs supply detri-
tus to the adjacent northern foredeeps. The earliest record of 
the Andean exhumation has been documented in other locali-
ties. In the Oriente Basin, it was interpreted from provenance 

proxies as U–Pb detrital ages (Gutiérrez et  al.  2019; Martin-
Gombojav and Winkler  2008), heavy mineral assemblages 
(Ruiz 2002; Martin-Gombojav and Winkler 2008) and deposi-
tional changes (Christophoul et al. 2002) in the Maastrichtian 
Tena Formation. A similar approach allowed for the identifica-
tion of a coeval exhumation episode in the Central Cordillera 
concurrent with the synorogenic sedimentation of the Upper 
Magdalena Valley Basin (Gómez et  al.  2005; Villamizar-
Escalante et  al.  2021), the Middle Magdalena Valley Basin 
(Horton et al. 2010; Valencia-Gómez et al. 2020) and the axial 
Colombian Eastern Cordillera accompanied by uplift of in-
traplate basement highs (Bayona, Baquero, et al. 2020).

5.2.2   |   Early Eocene Provenance

The Eocene is marked by the deposition of the thick synoro-
genic sequences of the Pepino Formation (Figure  9C). The 
Lower Member of the Pepino Formation has a detrital zircon 
U–Pb age signature like that described for the upper Rumiyaco 
Formation in the Mocoa area, with abundant Late Cretaceous 
ages. The sandstone composition, rich in sedimentary and vol-
canic lithics, is also similar in both units. The Lower Member 
shows a dominant Upper Cretaceous population with an MDA 
of 62.0 ± 3.5 Ma in agreement with the Early Eocene biostrati-
graphic ages (Mora et al. 1998). The high content of sedimen-
tary and volcanic lithics in the sandstones, accompanied by 
calcareous cement filling the interstitial material, suggests that 
the Cretaceous sedimentary units (i.e., Olini Group, Villeta 
Formation) were being unroofed and transported over a rela-
tively short distance. This unroofing occurred through the uplift 
of southern intraplate basement blocks like those documented 
in the northern segment of the Eastern Cordillera (Bayona 2018; 
Bayona, Baquero, et  al.  2020; Valencia-Gómez et  al.  2020). 
However, we attribute the dominant Cretaceous detrital zircon 
U–Pb ages in this lower Eocene sequence to distal Cretaceous 
plutons in the Central Cordillera or Real Cordillera, in addition 
to a potential contribution of volcanic zircons from the Upper 
Cretaceous sedimentary formations.

Nevertheless, the sandstones and conglomerates of the Lower 
Pepino Formation in the Florencia area have a contrasting 
composition (Figure 5D). While the sandstones have abundant 
monocrystalline quartz (70%–80%) and little lithic fragments, 
whose predominant composition is sedimentary, the conglom-
erates have abundant chert and sedimentary clasts (~78%), little 
quartz (2%) and few metamorphic clasts (6%) (Figure 5C). This 
composition can be explained by a thinner Cretaceous sedimen-
tary cover than in the Mocoa area as the source for these con-
glomerates, whereas the metamorphic Putumayo basement has 
been eroded in a larger drainage area feeding the sands with 
abundant quartz grains (Figure  9C). In adjacent basins, the 
deposition of an Eocene thick sedimentary section with abun-
dant chert clasts is documented for the Palermo Formation 
(base of the Gualanday Group) in the Upper Magdalena Valley 
Basin (Anderson  1972; van Houten and Travis  1968; Caicedo 
and Roncancio 1994; Bayona et al. 2009; Villamizar-Escalante 
et al. 2021) and the Lower Member of the Tiyuyaco Formation 
in the Oriente Basin (Christophoul et al. 2002). Further evidence 
for contemporaneous sedimentation with the NorthernAndean 
exhumation in these sub-Andean basins derives from the fluvial 
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paleoflow directions (van Houten and Travis 1968; Christophoul 
et al. 2002). Southeastward paleocurrents have been identified 
in the Eocene units such as the Tiyuyacu Formation in the 
Oriente Basin (Christophoul et al. 2002), the Gualanday Group 
in the Upper Magdalena Valley Basin (Anderson  1972; van 
Houten and Travis 1968; Caicedo and Roncancio 1994) and the 
Pepino Formation in the Putumayo Basin (Mora et  al.  1998). 
Furthermore, unroofing of the Cretaceous sedimentary cover 
also has been interpreted for the Upper Magdalena Valley Basin 
from the sediments of the Eocene Gualanday Group related to 
several episodes of exhumation and basin inversion in the east-
ern flank of the Central Cordillera through the La Plata–Chuspa 
Fault system (Villamizar-Escalante et al. 2021).

5.2.3   |   Middle—Late Eocene Provenance

In the middle Eocene (~50 Ma), the Middle Member of the Pepino 
Formation has a detrital U–Pb age signature with no variations 
in the source in the Mocoa area. Still, its stratigraphic record 
shows the development of palaeosols and meandering rivers 
along the foredeep (Figure 9D), suggesting an increase in local 
accommodation space as indicated by the subsidence curve for 
this sector (Figure 10).

The Putumayo Basin in the late Eocene is filled with the con-
glomerates of the Upper Member of the Pepino Formation. 
This was accompanied by an increase in quartz in the con-
glomerates and sandstones, while the feldspars and volcanic 
lithics decreased upsection. The reappearance of the Paleo–
Mesoproterozoic U–Pb age populations and the presence of an 
apatite IM type granitoid LREE signal similar to that found in 
the Caballos Formation suggest that erosion of this sequence in 
intraplate highs of the Eastern Cordillera is the main source. In 
addition, the increase of Palaeozoic and Triassic ages (17%) in 
the uppermost sample Mocoa-1 suggests erosion of the Triassic–
Jurassic Cajamarca Complex and Permian granitoids from the 
Central Cordillera (Figure 11A; Villagómez and Spikings 2013; 
Villagómez et al. 2011; Cardona et al. 2010).

In the northern Florencia area, the Upper Pepino Formation 
has detrital zircon U–Pb age signatures with a large Paleo-
Mesoproterozoic population, although the appearance of 
Norian-Jurassic zircons (10%) in the central zone sample 21FL-
03 close to Florencia High, together with apatites sourced by 
I-type granitoids, suggests that the principal source of this 
sequence is the Caballos Formation. In the northern zone 
near the Macarena and El Melón-Vaupes Highs, Proterozoic 
zircons (20HC-07) and mixed IM, ALK and S apatites suggest 
that the source was the Putumayo basement. The possible sce-
nario to explain such variation includes a first-order erosion 
and recycling of the Caballos/Saldaña sequence in both areas 
with greater involvement of the metamorphic Putumayo base-
ment and recycling of the lower Palaeozoic Güejar Group in 
the northern zone. The establishment of these basement highs 
also prevented the advance of middle Eocene marine incur-
sions from the Caribbean farther south of the Llanos Basin 
(Santos et al. 2008; De La Parra et al. 2021) into the Putumayo 
Basin (Figure  11B, Santos et  al.  2008), the Oriente Basin in 
Ecuador (Roddaz et al. 2010) and the Huallaga, Santiago and 
Marañon basins in Peru (Custódio et al. 2023).

5.2.4   |   Oligocene-Miocene Provenance

The differences in depositional environments and source areas 
appear since the early Oligocene, when fluvial and alluvial sed-
iments from the Potrerillo and Doima formations (Gualanday 
Group) and the base of the late Oligocene Barzalosa Formation 
continued to be deposited in the Upper Magdalena Valley 
(Anderson  1972; van Houten and Travis  1968; Caicedo and 
Roncancio 1994). Fine-grained sediments with marine influence 
belonging to the Orteguaza Formation were deposited along the 
foredeep of the Oriente Basin in the late Eocene–early Oligocene 
(Figure 3; Christophoul et al. 2002; Zambrano et al. 1999) and 
in the Putumayo Basin in the Oligocene (Figure  9E; Cáceres 
and Teatin 1985; Govea and Aguilera 1980; Osorio et al. 2002). 
Similar lacustrine facies of much younger age have been docu-
mented at the top of the late early Miocene Barzalosa Formation 
in the Upper Magdalena Valley Basin (De La Parra et al. 2019) 
and the early Miocene in the Llanos Basin (Parra et  al.  2010; 
Jaramillo et al. 2017). The provenance for this marine incursion 
has been proposed from southern Ecuador along the current 
Guayaquil Gulf into the Amazonian Basin since the Palaeocene 
(Louterbach et al. 2014) and with a northward path reaching the 
Putumayo Basin in the late Eocene (Santos et al. 2008).

This marine incursion is interpreted to be driven by an increase 
in accommodation space generated by an increase in flexural 
subsidence due to the acceleration of the topographic growth of 
the Eastern and Central cordilleras. We attribute the increase 
in topographic load to a change in the subduction configura-
tion, where the former oceanic Farallon Plate tectonic breaks up 
into the Nazca and Cocos plates at 23 Ma (Figure 11B, González 
et  al.  2023; Somoza  1998). This tectonic reorganisation led to 
more orthogonal convergence between the newly formed Nazca 
and South American plates (González et al. 2023). Consequently, 
the subduction angle of the young and buoyant Nazca Plate 
shallows (Borrero et al. 2012; Echeverri et al. 2015), modifying 
mantle wedge flow patterns and generating dynamic subsid-
ence to the east in the Putumayo Basin foredeep (Sacek 2014; 
Cordeirio-Bicudo et al.  2019; Bicudo et al. 2019; Pachón-Parra 
et al. 2020; González et al. 2023). Slab shallowing also triggered 
migration to the east of the magmatic arc in the Western and 
Central cordilleras (Echeverri et  al.  2015) and an increase in 
their exhumation rates (Villagómez and Spikings  2013). This 
dynamic subsidence was enhanced and widespread by the mid-
dle Miocene when the lacustrine Pebas system was established 
along the Western Amazon Basin flooding a large part of the 
basement highs of the Putumayo Basin (Figure 12B, Wesselingh 
et al. 2002, 2006; Hoorn et al. 2010; Duarte et al. 2017; Jaramillo 
et al. 2017).

The Miocene Orito Group in the Mocoa area displays increases 
of quartz, feldspar, metamorphic and volcanic lithics content in 
sandstones and volcanic clasts in conglomerates that are accom-
panied by an increase in Cenozoic detrital zircon U–Pb ages, with 
distinct < 40 Ma and Norian-Jurassic arc zircons. In contrast, 
the detrital U–Pb results for the northern Florencia area reveal 
more diverse populations (Figures 9F–11A). In the central and 
northern zones, the basal Orito Group samples show a reversal 
in provenance polarity, with a switch from cratonic to Andean 
sources, as also documented in the Campanian-Palaeocene 
Rumiyaco Formation of the southern Mocoa area. Unlike the 
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dominant Cretaceous age populations associated with this 
switch in the south, in the northern area the dominant ages are 
Norian-Jurassic and Permo-Triassic. The uppermost samples in 
both areas have contrasting provenance signatures. While the 
northern sample shows the reappearance of Mesoproterozoic-
Tonian ages, suggesting an exclusive Putumayo basement 
source, the central sample yields heterogeneous populations 
with dominant Paleoproterozoic and Mesoproterozoic-Tonian 
ages, with subordinate Palaeozoic and Permian-Middle Triassic 
ages, indicating a continued connection with river systems 

derived from the Central Cordillera. This pattern indicates that 
unroofing of the Cretaceous cover had ceased and the basin was 
recording the contribution of multiple sources, mainly from the 
Putumayo basement (i.e., Garzon Massif), including the recy-
cling of the Palaeozoic sedimentary cover. A second second-
order source comprised the pre-Cretaceous crystalline basement 
and the Neogene plutonic rocks of the Central Cordillera, which 
will imply a fluvial connection between the Magdalena Valley 
and the Putumayo basins through a trans-Andean portal, as 
suggested by Montes et al. (2021). In addition, in the northern 

FIGURE 12    |    Multidimensional Scaling (MDS) plot for samples from the Oriente (Gutiérrez et  al.  2019), Putumayo (this study) and Upper 
Magdalena Valley (UMV) (Villamizar-Escalante et al. 2021) basins. While the Cretaceous samples show highly similar cratonic provenance across 
all three basins, the Paleogene and Neogene samples show a dissimilarity that allows them to be placed into two separate provenance fields: either a 
strictly Andean source or a mixed cratonic with Andean sources.
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zone, between the Florencia, Macarena and El Melón-Vaupes 
highs, a unique source from the Putumayo basement suggests 
that the basin was disconnected from the Central Cordillera, 
at least since the 10 Ma (Figure 11B). By this time, the tectonic 
reconstructions document the end of the fragmentation of the 
Nazca Plate into the Coiba and Malpelo microplates (González 
et  al.  2023). A concomitant steepening of the subduction slab 
and the development of deep structures such as the Malpelo tear 
(Idárraga García et al. 2016) could have introduced greater com-
plexity to the mantle wedge flows, consequently leading to het-
erogeneous subsidence within the Putumayo Basin.

The adjacent Upper Magdalena Valley Basin, located west-
ward of Putumayo Basin and proximal to the Central 
Cordillera, has a complete record of Miocene sediments crop-
ping out in the Tatacoa Desert at 3° N (Montes et al. 2021). In 
that place, in addition to the extensive and abundant fossil 
record (Carrillo et  al.  2023 and references therein), the flu-
vial sandstones of the Honda Group show detrital U–Pb ages 
with a dominant Cenozoic and Jurassic population (Anderson 
et al. 2016; Montes et al. 2021), similar to the basal samples of 
the Orito Group. Miocene strike-slip deformation in the UVM 
Basin and the Central Cordillera promoted the development 
of fragmented local sources that feed the drainage system 
(Zapata et al. 2023), causing heterogeneity in the provenance 
signals described above. This strike-slip framework occasion-
ally allows for the creation of fluvial passages, which connect 
the Pacific and Caribbean regions with the Putumayo Basin 
and may reach the drainage of the Solimoes Formation in the 
western Amazon (Kern et al. 2020; Zapata et al. 2023).

To better understand how the synorogenic sediments of the 
Oriente, Putumayo and UVM basins are related to each other in 
terms of provenance shifts since the late Cretaceous, we divided 
the population signatures into three main source fields in the 
MDS plots based on the sample similarity and grouped all sam-
ples by chronostratigraphic intervals (Figure 12). For instance, 
the Pepino samples of the southern zone (20RM-08, 20RM-10, 
Mocoa-7 and Mocoa-1) are treated as one sample. The craton and 
basement source field consists of samples with high dominance 
of a 900 Ma to > 1400 Ma population. A second field corresponds 
to an Andean source and consists of samples with age predomi-
nance in the range < 220 Ma. The third field lies between the for-
mer two and represents a combination of the two end-members.

The Cretaceous sequences of Oriente, the northern and south-
ern segments of the Putumayo Basins and even the Palaeozoic 
rocks from the northern Putumayo Basin have a high affinity 
with the craton field and suggest an entire basin connected in 
the Aptian to Campanian times with similar source rocks, ex-
cept the Upper Magdalena Valley whose Cretaceous sedimen-
tary cover is more related to the Andean source field, which 
corresponds to rift-shoulders of an extensional, back-arc basin 
(Sarmiento-Rojas et  al.  2006). A similar pattern is identified 
with individual samples extracted from the same sedimentary 
sequences (Figure S6). Samples from the base of the Cretaceous/
Paleogene sequences (i.e., Rumiyaco Formation) have a high af-
finity to the craton-basement source throughout the Putumayo 
Basin. A  similar pattern occurs at the top of the Cretaceous/
Paleogene sources in the northern Putumayo Basin.

An essential question in the Cenozoic evolution of the north-
ern Andes is when the Central Cordillera started to be ex-
humed and began contributing detritus to retro-foreland 
basins (Gómez et al. 2005). The best-documented example is the 
Middle Magdalena Valley Basin, where provenance analyses, 
structural/stratigraphic relationships imaged in seismic lines 
and thermochronological constraints point to a Maastrichtian 
onset of exhumation (Parra et al. 2012; Nie et al. 2012; Caballero 
et al. 2013). Our results show that the provenance polarity shift 
in the Putumayo Basin, from basement rocks of the Putumayo 
Orogen and Amazonian craton to the Andean magmatic arc, 
is due to substantial contributions from the uplift and exhu-
mation of the Central Cordillera. In this work, the timing of 
the initial Andean contribution varies spatially, with sediment 
input recorded diachronously, with the shift occurring in the 
Maastrichtian south of the Putumayo Basin, in the late Eocene 
at the latitude of the Florencia High and finally in the early 
Miocene at the latitude of the Macarena and El Melón-Vaupes 
Highs (Figures 6 and 7).

Our MDS plot shows how the affinity of the sediments becomes 
closer to an Andean arc source (Figure  12). Within the UVM 
Basin, the Lower Cretaceous succession is positioned closer to 
this region, while the Eocene sequence is undeniably associated 
with it. While in southern Putumayo, the closest sequences to 
this field are the upper part of the late Cretaceous/Palaeocene 
sequence and the Neogene sequences in northern Putumayo. 
This tendency suggests a northward diachroneity related to 
a differential uplift of the Central Cordillera. Further, in the 
Oriente Basin, the Neogene succession exhibits a major affinity 
to the Andean magmatic arc, which reflects a Late Cretaceous 
through Cenozoic trend toward greater arc material.

This multi-proxy approach shows that the Putumayo and Oriente 
basins record a wholesale shift in provenance polarity from 
cratonic to Andean sources, where Campanian-Maastrichtian 
(72–65 Ma) strata record the initial exhumation of the Eastern 
Cordillera of southern Colombia (this study) and the Cordillera 
Real of Ecuador (Martin-Gombojav and Winkler  2008; 
Horton 2018; Gutiérrez et al. 2019). In addition, the progressive 
cratonward advance of exhumation during the Eocene (59–
34 Ma)—as expressed in the fold-thrust belts flanking these ba-
sins and/or in intrabasinal structural highs—triggered erosional 
recycling of Cretaceous cover strata and deposition of proximal 
alluvial fan conglomerates in local depocenters within a bro-
ken foreland configuration. Finally, Miocene strike-slip defor-
mation and dynamic subsidence (Sacek 2014; Cordeirio-Bicudo 
et  al.  2019) may have further influenced foreland deposition 
with a heterogeneous distribution of source rocks associated 
with multiple marine incursions.

5.3   |   Regional Tectonic Implications

The new findings bearing on sediment provenance and basin 
evolution provide a new paleogeographic perspective for the 
Northern Andean configuration concerning the early exhu-
mation of both the Central Cordillera and Eastern Cordillera 
during the Late Cretaceous through Cenozoic (Figure 11). The 
Putumayo Basin of southern Colombia records the evolution 
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of a Cenozoic broken foreland basin filled with thick syn-
orogenic clastic deposits affected both by thrust belt devel-
opment in the west and uplift of basement highs within the 
basin itself. Evidence for intraplate uplift comes from strati-
graphic thinning of synorogenic strata toward several large-
wavelength structural highs. During the Late Cretaceous, 
tectonic events such as the oblique collision of the Caribbean 
Large Igneous Province (CLIP) oceanic plateau against the 
continental South American Plate (Figure  10) (McCourt 
et al. 1984; Kerr et al. 1996; Vallejo et al. 2006, 2009; Jaillard 
et al. 2009; Cardona et al. 2011; Montes et al. 2019) helped trig-
ger early exhumation of the Central Cordillera in Colombia 
(Villagómez and Spikings  2013) and the Cordillera Real in 
Ecuador (Spikings et al. 2001, 2010; Vallejo et al. 2006; Spikings 
and Simpson  2014). Increased exhumation rates during the 
Campanian-Maastrichtian (80–70 Ma) have been documented 
through thermochronometry of Jurassic granitoids such as the 
Ibague Batholith in the Central Cordillera (Villagomez 2010; 
Villagómez and Spikings 2013) or the Azafran Granite in the 
Real Cordillera (Spikings et al. 2000). Phenomena associated 
with this CLIP collision, such as crustal thickening in Ecuador 
(George et al. 2021) or the establishment of a protracted mag-
matic arc with a paleoelevation of ∼2 km within the Central 
Cordillera of Colombia (León et  al.  2021) characterise the 
evolving tectonic configuration for the northern Andes during 
the Cenozoic. Numerical models show the development of 
different subduction geometries during the collision of CLIP 
with the South American Plate, including the initial flat slab 
subduction (Riel et al. 2023).

Perhaps the most characteristic signature of this early Andean 
collision involves inboard deformation within the Eastern 
Cordillera, as manifest in the uplift of intraplate basement highs 
that influenced sedimentation patterns in the foreland basin, as 
shown by provenance changes in the southern Llanos Basin, the 
axial zone of Eastern Cordillera (Bayona, Baquero, et al. 2020; 
Bayona 2018), the Oriente Basin of Ecuador (Gutiérrez et al. 2019; 
Vallejo et al. 2021) and our current findings for the Putumayo 
Basin of southern Colombia (Figure 12). In addition, the devel-
opment of additional intraplate highs farther north within the 
Eastern Cordillera was triggered by the flat slab subduction that 
also produced the latest Palaeocene intraplate magmatic activ-
ity recorded as far east as in the adjacent Llanos Basin (Bayona 
et al. 2012, 2013, 2015; Bayona 2018).

Numerical modelling has shown that when a buoyant oceanic 
plateau collides with a thick continental lithosphere that moves 
rapidly trenchward, a common scenario involves the develop-
ment of flat slab subduction and therefore shortening and up-
lift far inboard of the trench (Liu and Currie 2019). Similar to 
the well-documented Laramide Orogeny in North America (Liu 
et  al.  2010; Lawton  2019 and references therein), we propose 
that the infilling of the Putumayo Basin in the latest Cretaceous 
to Cenozoic was influenced by the uplift of basement structures 
associated with thick-skinned deformation along the Garzón 
Massif (Saeid et al. 2017; Wolaver et al. 2015) in a broken fore-
land configuration with erosional unroofing of sedimentary 
cover from basement-involved highs, as documented for the 
North American Laramide Orogeny (Yonkee and Weil  2015; 
Lawton 2019; Horton et al. 2022).

6   |   Conclusions

The exhumation of the Northern Andes, particularly the south-
ern segment of the Eastern Cordillera, began during the Late 
Cretaceous period when the Caribbean Plate collided obliquely 
with the South American Plate. The provenance signals in the 
sediments deposited in the Putumayo Basin provide evidence of 
this event. The orogenic growth facilitated the establishment of 
a broken foreland basin, resulting in the uplift of intraplate highs 
as those in the northern sector of the basin due to the flat slab 
subduction of CLIP. This process is similar to that documented 
in the Laramide Orogeny in North America (Lawton 2019 and 
references therein).

The configuration of the broken foreland basin during the 
Cenozoic influenced the provenance signatures and facies distri-
bution along the foredeep of the Putumayo Basin. The southern 
foredeep (Mocoa area) was dominated by meandering rivers and 
palaeosols during the Late Cretaceous and Paleogene. In con-
trast, the northern foredeep (Florencia area) has thick sequences 
of sandstones in fluvial-deltaic environments conditioned by the 
Florencia, Macarena and El Melón-Vaupes intraplate highs. The 
change in sandstone composition and detrital zircon U–Pb sig-
nature polarity, from Amazonian craton to Andean sources in 
the Rumiyaco Formation, confirms the onset of Late Cretaceous 
exhumation in the Central Cordillera as a primary source 
area, as well as the coeval incipient exhumation of the Eastern 
Cordillera as isolated intraplate uplifts as a secondary source 
area. The less prominent change in provenance signatures in the 
northern foredeep can be explained by the exposure of the base-
ment as an intraplate high, which promotes the unconformable 
deposition of a sequence of locally condensed sandstones (i.e., 
Neme Sandstone).

The Eocene synorogenic succession was deposited in fluvial 
and alluvial fan environments. The provenance signatures and 
composition of the sandstones and conglomerates indicate on-
going exhumation of the Central Cordillera to the south that 
began in the Late Cretaceous, allowing for the unroofing of 
the sedimentary cover overlying the Putumayo basement and 
the local erosion of the basement itself in the Florencia and 
Macarena, and El Melón–Vaupes intraplate highs, accompa-
nied by the Central Cordillera as a second-order source area. 
In contrast, the sedimentary provenance and facies distribution 
of the Orito Group during the Oligocene–Miocene period were 
more heterogeneous, including an increase in accommodation 
space due to an increase in flexural subsidence enhanced by dy-
namic subsidence resulting from the tectonic reorganisation of 
the subducting plates to the west. The increase in subsidence 
is associated with the Oligocene breakup of the Farallon Plate 
into the more orthogonally convergent Nazca Plate in the south 
and the Cocos Plate in the north. A more complex subsidence 
pattern resulted from the Middle Miocene breakup of the north-
ern Nazca Plate into the Malpelo and Coiba microplates. This is 
reflected in the deposition of grey mudstone facies in lacustrine 
environments with marine influence during the Oligocene. In 
the Miocene, the depositional environment changed to fluvial, 
with the development of palaeosols. The provenance signature 
of the Orito Group is heterogeneous due to a strike-slip config-
uration of the Northern Andes triggering the reorganisation of 
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several sediment source areas, as also recorded in the Oriente 
Basin in Ecuador. The foredeep deposits there also document 
the onset of the exhumation of the Northern Andes during the 
Late Cretaceous (Gutiérrez et al. 2019).

In contractional orogenic systems, the transition from sag basin 
to retro-foreland basin is characterised by continuous deposition 
of sediments in a broad depocenter, resulting from the flexure 
of the upper plate. Our findings indicate that this transition in 
the Putumayo Basin is marked by the early uplift of basement 
highs of an incipient Eastern Cordillera during the flexural 
stage, which disrupts the depositional systems and influences 
the provenance of synorogenic deposits typical of a broken fore-
land basin.
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