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ARTICLE INFO ABSTRACT

Keywords: Epeiric seas were widespread during the Cretaceous, associated with global sea-level rise. Their stratigraphic
La Luna Sea record, controlled mainly by eustasy, tectonic and climatic factors, resulted in the accumulation of important
Cretaceous

hydrocarbon source and reservoir rocks. In the NW of South America-Colombia, an epeiric sea established in the
Early Cretaceous—knows as La Luna Sea in the Late Cretaceous—, bounded by a volcanic arc to the western side
and by the Amazonian Craton to the east, was progressively filled during the Campanian-Maastrichtian, being
these latest Cretaceous deposits important hydrocarbon reservoirs for conventional petroleum systems. In the
Campanian-early Maastrichtian period the western side and the central part of the basin had a normal shoreface
profile, dominated by pelagic and wave sedimentation processes, while a delta profile dominated by fluvial
processes characterized the eastern side. During the late Maastrichtian, directly related to the accretion of
western Caribbean terranes, transitional and continental environments dominated by fluvial processes were
established on both sides of the basin, suggesting changes in geomorphological-topographic and drainage system
characteristics of the emerged areas, leading to the filling of the epeiric basin. The distribution of the deposits
was controlled by allogenic processes: tectonism associated with the growth of the proto-Central Cordillera, the
global eustatic level, and in minor degree by autogenic processes such as channel avulsion, bottom and longshore
currents, and high productivity events. These processes and their variable temporal and spatial influence were
responsible for the different types of deposits on either side of the basin, which had a direct impact on the
establishment of macrobenthic communities, also providing new exploration ideas related to the reservoirs.

Comparisons suggest that the size of the receiving and emerged zones plays an important role in the distri-
bution and arrangement of deposits along and across the basin, related to the nature of the internal processes
involved in sediment redistribution.

Sedimentary parameters
Depositional settings
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Allogenic and autogenic controls
South America

1. Introduction

An epeiric sea develops when cratons are flooded during sea-level
rise (Johnson and Baldwin, 1996; Pratt and Holmden, 2008). This
type of sea has been widely documented in the geologic past, showing
great variability due to the diversity of processes and factors involved in
its origin, evolution and filling —e.g., tectonic setting, connection to
adjacent oceans, sediment composition, water-column fluctuations,
hydrological configuration, climatic and oceanographic variables—

(Erlich et al., 2003; Schwarz et al., 2022; Ferreira et al., 2025). In these
shallow seas, important factors and/or processes to estimate are how the
siliciclastic material arrived and was distributed in the basin (e.g., Orton
and Reading, 1993; Nittrouer and Wright, 1994; Wright and Nittrouer,
1995; Walsh and Nittrouer, 2009; Schwarz et al., 2022). Arrival depends
on external basin factors that include the distribution, extent and
topography of emerged areas, erosion rate, transport mechanism, and
sediment paths. Distribution is controlled by internal basin factors,
including waves, storms, tides, bottom and longshore currents,
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hypopycnal river plumes, paleobathymetric barriers and submarine
gravity flows (Johnson and Baldwin, 1996; Erlich et al., 2000; Schieber,
2016). These processes and factors behind sediment arrival and its
subsequent distribution in the epeiric basin affect parameters such as
salinity, productivity, oxygenation and food supply, hence determining
the existence, evolution, and distribution of macrobenthic communities
in the depositional setting. The combination of external and internal
factors, as well as physical and biological parameters, would therefore
condition the origin, development, and subsequent evolution of ele-
ments of the petroleum system in hydrocarbon-producing basins.

The Cretaceous was a highly dynamic period in which diverse
geologic and biologic processes occurred: important eustatic changes
generating epicontinental seas, the formation of large igneous provinces
(LIPs), the occurrence of Oceanic Anoxic Events (OAEs), a geographic
expansion of carbonate platforms, collision of terrains, global warming
and cooling, and mass extinctions (Scotese et al., 2024 and references
therein). Although the imprint of all these events is recorded in the
sedimentary deposits, their detection and differentiation is not an easy
task and requires very detailed work that integrates different analytical
tools.

In the northwestern margin of South America, especially in Colombia
and Ecuador, the Cretaceous was characterized by a simultaneous
occurrence of several of the aforementioned complex geologic processes
(e.g., accretion of oceanic terranes, vulcanism, magmatism, eustatic sea-
level fluctuations, rifting, OAEs), making it challenging to understand
the geologic evolution of this region (Villamil, 1998; Villamil et al.,
1999; Pindell and Kennan, 2009; Zapata et al., 2019; Paez-Reyes et al.,
2021; Zapata-Villada et al., 2021). The rocks that preserve the record of
these processes currently crop out in the western and eastern domains of
Colombia, separated by the Romeral Fault System (RFS) acting as the
tectonic boundary between these domains (Moreno-Sanchez and
Pardo-Trujillo, 2002; Vinasco, 2019; Restrepo and Toussaint, 2020;
Toussaint and Restrepo, 2020, Fig. 1). The co-existence during the Late
Cretaceous of contractional processes in the western allochthonous
margin related to the Caribbean Plate evolution, and extensional pro-
cesses in the eastern autochthonous margin related to the South Amer-
ican Plate, were the dominant tectonic processes that controlled
sedimentary dynamics and basin evolution of this region (Bayona, 2018;
Sarmiento-Rojas, 2019; Pardo-Trujillo et al., 2020; Botero-Garcia et al.,
2023; Leon et al., 2023). The western domain exhibits a discontinuous
Cretaceous sedimentary record, with mainly Santonian-Maastrichtian
deposits accumulated in deep marine environments associated with
the proto-Pacific Ocean (Pardo-Trujillo et al., 2020; Giraldo-Villegas
et al., 2023 and references therein), while the eastern domain has a
record of shallow marine deposits associated with the development of an
epeiric sea connected to the proto-Atlantic Ocean during most of the
Cretaceous, and finally filled during the Campanian-Maastrichtian
(Villamil et al., 1999; Erlich et al., 2000, 2003; Sarmiento-Rojas et al.,
2006; Bayona, 2018; Sarmiento-Rojas, 2019; Bayona et al., 2021;
Paez-Reyes et al., 2021).

The sedimentary basins associated with the eastern domain have
been extensively studied due to their hydrocarbon potential, as they host
significant global oil source rocks, commonly known as the La Luna Fm,
now Salada, Pujamana, Galembo and La Renta formations (Terraza,
2019; Pastor-Chacén et al., 2023; De la Parra et al., 2024) and the
Campanian-Maastrichtian reservoirs that are the focus of this work. The
fine-grained  source rocks were deposited during the
Cenomanian-Campanian in an epeiric sea called the La Luna Sea (Erlich
et al., 2000; Paez-Reyes et al., 2021), dominated by oxygen-deficient
and highly productive environments that allowed the accumulation of
large amounts of organic carbon (Villamil et al., 1999; Erlich et al.,
2003; Terraza, 2019). Posteriorly, during the Campanian-Maastrichtian
the uplift of the proto-Central Cordillera driven by the collision of the
Caribbean Plate with the NW margin of South America, led to the
deposition of coarse-grained deposits (Guadalupe Group, La Tabla Fm,
Cimarrona Fm; Guerrero, 2002; Gomez et al., 2003, 2005;
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Sarmiento-Rojas, 2019; Giraldo-Villegas et al., 2024), which constitute
important producing reservoirs in the basin (e.g., Guando, Guaduas,
Colon, Cusiana oil fields). Since the Campanian-Maastrichtian deposits
were also accumulated under marine influence and mark the final stages
of the epeiric sea before it became a continental basin, we use the term
La Luna Sea to refer to the epeiric basin developed in the northwestern of
South America from the Cenomanian to the Maastrichtian.

Despite extensive research on the Cretaceous sedimentary basins of
the eastern domain in Colombia, significant gaps remain in under-
standing of the depositional processes (physical and ecological) and
spatio-temporal variability of sedimentary environments associated
with the depositional controls (autogenic and allogenic) that governed
the final stages of the La Luna Sea. Previous studies have primarily
focused on broader stratigraphic, paleontologic and tectono-structural
aspects, often emphasizing the Cenozoic, rather than Mesozoic de-
posits (e.g., Bayona et al., 2006, 2008, 2013, 2021; Parra et al., 2010;
Mora et al., 2013, 2015a, 2015b; Bayona, 2018; Caballero et al., 2020),
and recently, important works have focused on the study of the change
from calcareous to siliciclastic sedimentation that occurred during the
Late Campanian (Patarroyo et al., 2017; Bayona, 2018; Etayo-Serna,
2019; Patarroyo et al., 2022).

Our research, therefore, provides a detailed process-based sedi-
mentologic and ichnologic analysis of the Campanian-Maastrichtian
deposits. By integrating depositional environments and their spatio-
temporal variability, this study provides for a comprehensive under-
standing of the physical and ecological processes involved in the sedi-
ment accumulation, controlling factors and the regional distribution of
hydrocarbon reservoirs. This contribution is essential for refining
regional geological models and enhancing our knowledge of the sedi-
mentary dynamics in this region, thus offering valuable insights for
future explorations and study of similar epeiric systems.

This work aims to understand the evolution of sedimentary systems
during the final stages of the central part of the Late Cretaceous La Luna
epeiric sea in Colombia, specifically seeking to elucidate the processes
and factors that controlled the spatial and stratigraphic distribution of
deposits and influenced the evolution of the macrobenthic fauna on the
seafloor. Through sedimentologic, ichnologic, and paleogeographic ev-
idence, this research furthermore provides a comprehensive under-
standing of the regional stratigraphic architecture and sedimentary
dynamics, offering valuable insights into basin evolution, reservoir po-
tential, and paleoenvironmental conditions in hydrocarbon-producing
epeiric basins.

2. Geologic setting and stratigraphic framework

The Cretaceous geologic evolution of the NW corner of South
America was controlled by the interaction among the Caribbean, Nazca-
Farallon, and South American plates (Pindell and Kennan, 2009; Montes
et al., 2019; Mora-Paez et al., 2019; Gonzalez et al., 2023). This inter-
play during the Cretaceous divided the region into two distinct geologic
domains separated by the RFS —a western allochthonous domain and an
eastern autochthonous domain (Moreno-Sanchez and Pardo-Trujillo,
2003; Vinasco, 2019; Toussaint and Restrepo, 2020). This plate inter-
action has likewise controlled the development of orogens and sedi-
mentary basins from Mesozoic to recent times (Fig. 1). Several
sedimentary basins linked to this interaction developed in the eastern
domain of Colombia, over the South American Plate, during the Creta-
ceous. Today, remnants of this basins in Colombia are mainly found in
outcrops of the Upper Magdalena Valley (UMVB), Middle Magdalena
Valley (MMVB), Eastern Cordillera (ECB), Cesar-Rancheria (CR) and
Catatumbo (CA) basins, and wells of the Eastern Llanos Basin, UMVB
and MMVB (Villamil et al., 1999; Gomez et al., 2003, 2005; Sarmien-
to-Rojas, 2019), all currently significant hydrocarbon-producing basins
(Cediel et al., 2011). This study focuses on the central part of the epeiric
basin, encompassing the UMVB, MMVB and ECB (Fig. 1).

These present-day sedimentary basins formed a single one during the
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Fig. 1. A-C. Location maps. Green marks the remnant surface outcrops of Cretaceous epeiric sea deposits in different sedimentary basins (pink polygon). CA:
Catatumbo Basin; CR: Cesar-Rancheria Basin; ECB: Eastern Cordillera Basin; MMVB: Middle Magdalena Valley Basin; UMVB: Upper Magdalena Valley Basin. In red
are the stratigraphic sections of this work and in blue the stratigraphic sections of Vergara and Rodriguez (1997), Garzon et al. (2012), Montano et al. (2016), Terraza
(2019), and Carvajal-Torres et al. (2022). The black lines correspond to stratigraphic correlation transects. B. Paleogeographic map of the northwestern corner of
South America at 81 Ma, showing the La Luna epeiric sea and the approximate location of the study area (from Salles et al., 2022). D. Lithostratigraphic nomen-
clature for the Campanian-Maastrichtian deposits according to their position in the sedimentary basins and the corresponding studied sections (red bars for this study
and blue bars for previously reported sections) with the age interval according to Petters (1955), De Porta (1966), Pérez and Salazar (1978). Follmi et al. (1992),
Tchegliakova (1993, 1995, 1996), Rodriguez and Ulloa (1994), Guerrero and Sarmiento (1996), Tchegliakova et al. (1997), Vergara (1997), Vergara and Rodriguez
(1997), Guerrero et al. (2000), Sarmiento and Guerrero (2000), Tchegliakova and Mojica (2001), Montano et al. (2016), Etayo-Serna (2019), Terraza (2019),
Patarroyo et al. (2022, 2023), De la Parra et al. (2024). Faults taken from Teson et al. (2013). (For interpretation of the references to color in this figure legend, the

reader is referred to the Web version of this article.)

<

Jurassic-Cretaceous and part of the Cenozoic (Fig. 1). It was an elon-
gated NNE-SSW basin, with maximum widths of ~400-500 km, boun-
ded by a volcanic arc (proto-Central Cordillera) to the west which was
partially flooded during the Turonian-Santonian and later reemerged
during the Campanian-Maastrichtian, and the Amazonian Craton to the
east, as indicated by the compositional provenance of the deposits in
both the eastern and western domains (Guerrero et al., 2000, 2020;
Sarmiento-Rojas et al., 2006; Horton et al., 2010, 2015, 2020; Bayona,
2018; Zapata et al., 2019; Pardo-Trujillo et al., 2020; Valencia-Gomez
et al., 2020; Botero-Garcia et al., 2023; Reyes et al., 2024). The origin of
the former Early Cretaceous extensional basins has been linked to a
rifting phase associated with the breakup of Pangaea and/or back arc
extension between the Triassic and Early Cretaceous (Etayo-Serna et al.,
1983; Maze, 1984; Cooper et al., 1995; Sarmiento-Rojas, 2001, 2019;
Cediel et al., 2003; Gomez et al., 2003, 2005; Sarmiento-Rojas et al.,
2006; Spikings et al., 2015; Leal-Mejia et al., 2019; Guerrero et al., 2020;
Bayona et al., 2021). The sedimentary fill is a mixture of siliciclastic and
carbonate deposits, related to the development of carbonate platforms
overlain by mixed and siliciclastic shelves. During the Jurassic-Lower
Cretaceous (syn-rift phase), ~3 km thick red beds and pyroclastic de-
posits were deposited (Etayo-Serna et al., 1983; Sarmiento-Rojas, 2001;
Gomez et al., 2005; Bayona et al., 2020; Jiménez et al., 2021; Osor-
io-Afanador and Velandia, 2021). Subsequently, an Early Cretaceous
marine transgression allowed the development of an interior sea con-
nected with the proto-Atlantic Ocean, depositing marine rocks ~7 km
thick (Cooper et al., 1995; Villamil and Pindell, 1998; Sarmiento-Rojas,
2001, 2019; Gémez et al., 2003; Sarmiento et al., 2015; Paez-Reyes
et al., 2021). Variations in deposit thicknesses along the basin suggest
tectonic activity during deposition. At the end of the Cretaceous, the
focus of this study, the collision of allochthonous terrains in western
Colombia, combined with a global sea-level fall, led to the retreat of the
sea, and the accumulation of fine- and coarse-grained deposits, that now
constitute important hydrocarbon sources and reservoirs in the basin.
This event marked a shift in depositional systems, transitioning from
marine deposition during the Latest Cretaceous to continental accumu-
lation during the early Paleocene (Cooper et al., 1995; Sarmiento-Rojas
et al., 2006; Bayona, 2018; Sarmiento-Rojas, 2019). The terrain collision
is evidenced in the sedimentary record by the local deposition of
coarse-grained clastic wedges near the uplifted mountain ranges (Gomez
et al., 2003; Bayona et al., 2021; Giraldo-Villegas et al., 2024).

The current structural configuration of the UMVB, MMVB and ECB
basins is related to a Cenozoic double vergent orogen caused by tectonic
inversion processes (Cooper et al., 1995; Mora et al., 2015a, 2015b;
Siravo et al., 2019). Tectonic inversion occurred through major faults on
the western (La Salina Fault) and eastern (Guaicaramo Fault) bound-
aries, along with associated transfer faults (e.g., El Carmen, Tesalia,
Pajarito; Cooper et al., 1995; Mora et al., 2013; Jiménez et al., 2022); the
most positive relief zone roughly coincides with the zone of maximum
subsidence during the Early Cretaceous (Casero et al., 1997; Mora et al.,
2006, 2013; Sarmiento-Rojas et al., 2006).

The Cretaceous deposits of these basins have different lithostrati-
graphic nomenclatures owing to their wide and complex lithological
variations, both vertically and laterally, in terms of depositional settings,
ages and geographic locations. For the Campanian-Maastrichtian

deposits in the study area, dividing the basins in three along-strike
transects (western, central and eastern), the nomenclature from south
to north and from west to east is as shown in Fig. 1.

The sedimentary record throughout the epeiric basin is not contin-
uous, and some unevenly distributed unconformities have been identi-
fied in the uppermost Cretaceous deposits. North of the MMVB and in
the UMVB, late Campanian-early Maastrichtian and Maastrichtian un-
conformities have been reported, separating La Renta and Umir, and
Monserrate and San Francisco formations, respectively (Veloza et al.,
2008; Mora et al., 2010; Bayona, 2018; Etayo-Serna, 2019; Guerrero
et al., 2021; Carvajal-Torres et al., 2022; Pastor-Chacon et al., 2023; De
la Parra et al., 2024).

2.1. Biostratigraphic considerations

Various micropaleontological analyses have been conducted on
Campanian-Maastrichtian deposits in the UMVB, MMVB and the Eastern
Cordillera basins, to study marine (foraminifers, calcareous nanno-
fossils, ostracods) and continental (palynomorphs, ostracods) fossil
groups. Recent research (e.g., UCaldas-ANH, 2021; Patarroyo et al.,
2023) has focused on establishing a robust biostratigraphic framework
for the selected outcrop sections for this work (Fig. 1; Supplementary file
1). However, the resolution of these data prevents the recognition of
time gaps (unconformities). Our study involved 18 stratigraphic sec-
tions. From south to north along the western foothills of the central part
of the Eastern Cordillera, Section 1 shows middle Campanian-late
Maastrichtian ages between 4.3 and 5.9 m based on the presence of
calcareous nannofossils. However, by correlation it is considered late
Maastrichtian. In  Section 2, ages range from the
Campanian-Maastrichtian (109-218 m) to Maastrichtian (218-363 m)
as identified through the integration of palynomorphs, foraminifers,
ostracods, and calcareous nannofossils. Previous work reports early to
late Campanian ages for this stratigraphic section based on foraminifers
and ammonites (Guerrero et al., 2000; Tchegliakova and Mojica, 2001;
Patarroyo et al., 2010). Section 3 reveals a Maastrichtian age based on
the integration of palynomorphs, foraminifers, ostracods and calcareous
nannofossils. Middle to upper Maastrichtian ages have been previously
attributed to this section based on foraminifers (Tchegliakova, 1996).
Section 4 has Santonian-Campanian (31.5-72 m) and
Campanian-Maastrichtian (72-185.5 m) ages, while 5 exhibits late
Campanian-Maastrichtian (0-76 m) and Maastrichtian ages (76-150 m)
based on the integration of palynomorphs, foraminifers and calcareous
nannofossils. Section 6 shows Campanian-Maastrichtian (1.5-6 m) and
Maastrichtian (6-19.5 m) ages derived from the integration of paly-
nomorphs, foraminifers and calcareous nannofossils. Maastrichtian ages
are reported for Section 7 based on palynomorphs.
Maastrichtian-Paleocene ages are obtained from palynomorphs for
Section 8. In Section 9, late Campanian-Maastrichtian ages are reported
based on palynomorphs (Montano et al., 2016). Patarroyo et al. (2023)
assign Campanian to late Maastrichtian ages for Section 10 according to
the integration of foraminifers and calcareous nannofossils and Section
11 records deposits accumulated between the Campanian and lower
Maastrichtian suggested by the palynomorphs (Garzon et al., 2012).

In the axial zone of the central segment of the Eastern Cordillera,



C.A. Giraldo-Villegas et al.

Late Campanian-Maastrichtian ages indicated by palynomorphs are re-
ported for section 12 (Vergara and Rodriguez, 1997). Likewise based on
palynomorphs, Vergara and Rodriguez (1997) report Campanian ages
for Sections 13 and 14, in agreement with those reported by Pérez and
Salazar (1978) and Follmi et al. (1992). Lower Campanian to upper
Maastrichtian deposits are preserved in Section 15, as indicated by the
record of palynomorphs (Vergara and Rodriguez, 1997). Along the
eastern foothills of the central segment of the Eastern Cordillera, the
palynomorphs in Sections 16 and 17 points to the late Campanian-early
Maastrichtian (Vergara and Rodriguez, 1997; Carvajal-Torres et al.,
2022), while in Section 18, early Campanian-early Maastrichtian ages
are suggested by Guerrero and Sarmiento (1996), also derived from the
palynomorph record.

3. Methodology

An outcrop-based facies analysis was conducted, entailing the
description of nine Campanian-Maastrichtian stratigraphic sections sit-
uated along the current outcropping eastern and western foothills of the
central portion of the Eastern Cordillera Basin, which can be associated
paleogeographically with the eastern and western sides of the central
part of the La Luna Sea: eight located on the western foothills (Sections 1
to 8) and one on eastern foothills (Section 18). Nine previously studied
and well-dated Campanian-Maastrichtian stratigraphic sections were
included for comparison, integration, regional stratigraphic correlation
and paleogeographic interpretations: three on the western (Sections 9 to
11), two on the eastern (Sections 16 and 17), and four in the axial part
(Sections 12 to 15, Fig. 1). The first preliminary field descriptions of the
western zone sections were developed under the 220-2021 project
contract 220-2021 developed between the ANH and the University of
Caldas (UCaldas-ANH, 2021). The same field sections were subsequently
revisited to perform and refine the descriptions and interpretations.

Lithological and paleontological features such as bed geometry and
thickness, grain size, sorting, sedimentary structures, trace fossils and
fossil distribution were recorded in each section. We use the term
“mudrock” to refer to lithologies with grain sizes smaller than 63 pm and
having similar proportions of silt and clay. Ichnologic analysis encom-
passed the identification of ichnogenera considering qualitative and
quantitative properties (following the ichnotaxobases of Bromley, 1996;
Bertling et al., 2006, 2022). The abundance of bioturbation (bio-
turbation index, BI) was assessed following Taylor and Goldring (1993),
ranging from no bioturbation (BI = 0) to complete bioturbation (BI = 6).
Bed thickness characterization followed the proposal of Ingram (1954):
laminae (<1 cm), very thin (1-3 cm), thin (3-10 cm), medium (10-30
cm), thick (30-100 cm) and very thick (>100 cm). Sedimentary facies
were defined according to sedimentologic and ichnologic signatures and
grouped in facies associations (FA) based on their relationships, vertical
and spatial distribution, and stacking patterns, allowing for the inter-
pretation of depositional settings, specific physical and ecological sedi-
mentary parameters, and the overall paleoenvironmental and
paleogeographic evolution.

To assess and understand the evolution of the sedimentary systems
over time and space, six correlation transects were performed, including
three along-strike and three cross-strike transects of the depositional
system. Although paleomagnetic research concludes that the inverted
rift shares similar structural trends with the exposed compressional
structures (Jiménez et al., 2014), it should be noted that even though
these successions are currently located towards the basin sides, their
positioning does not always correspond directly to these edges due to the
evolution of the basin in its inversion process. In some cases, especially
in the north-south transects, different tectonic thrust sheets may be
involved.
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4. Results
4.1. Facies and facies associations

The integration of sedimentologic, ichnologic, and paleontologic
(micro and macro) data allowed for the definition of seven facies asso-
ciations (FA) in the western zone (from FAlw to FA7w), two in the
central part (FAlc and FA2c), and three in the eastern zone (from FAle
to FA3e). These combinations of facies are genetically related to specific
depositional environments (see Table 1). The FA are organized by
location related to the Eastern Cordillera Basin (western foothills, axial
zone, and eastern foothills), thus by regional location within the sedi-
mentary epeiric basin (western side, central part, and eastern side) and
arranged from the most distal (deeper) to the most proximal (shallower)
with respect to the coastline. Shallow marine sedimentary environments
dominated by pelagic settling, waves and local tides were interpreted for
the western and central parts, along with a fan delta complex and fluvial
deposits. In contrast, deltaic environments dominated by hyperpycnal
processes were interpreted along the eastern side.

4.1.1. Western foothills

This western side of the basin includes Sections 1, 2, 3, 4, 5, 6, 7 and
8. Integrated additionally are Sections 9 of Montano et al. (2016), 10 of
Terraza (2019), and 11 of Garzon et al. (2012).

4.1.1.1. FAlw: mixed to carbonate shelf. Description: FAlw is recorded
in the Campanian and Maastrichtian deposits of Sections 2, 4, 5, 6, 10
and 11, being predominant in the Campanian. It shows aggradational
trends (up to ~ 200 m thick; Fig. 2A) of thin to thick tabular beds of
limestones (mainly mudstones, occasionally wackestones and pack-
stones, according to Dunham, 1962) in some cases silicified, with hori-
zontal lamination and occasional asymmetric ripple cross-lamination,
both highlighted by foraminifers alignment (Fig. 2B-C), as well as
structureless chert with concoid fracture (Fig. 2D). The lamination in
limestones is laterally continuous, with lenticular sheets of segregated
grains (foraminifers). In addition, thick tabular beds of horizontally
laminated marls and mudrocks are observed, interbedded with black
shales (Fig. 2E-F). Thin to very thin beds of phosphorites are also
recorded separating the limestones layers. These lithologies sporadically
show macro- and microfossils such as ammonites, bivalves, foraminifers,
fish scraps, and indeterminate mollusk fragments. Scattered medium to
thin tabular beds of fine-to very fine-grained bioclastic sandstones with
horizontal lamination are seen. Bioturbation is not observed in these
lithologies (BI = 0). Some levels with calcareous concretions up to 1.5 m
in diameter are locally recorded. Layers of granular phosphorites are
also reported by Terraza (2019) in Section10. These successions are
underlain by shoreface deposits (FA3w) and overlain by offshore de-
posits (FA2w).

Interpretation: The domain of mixed fine-grained lithologies
(mudrocks and limestones) with foraminifers suggests pelagic settling
from suspension in low-energy environments below the storm-wave
base in a mixed shelf environment (Reading, 1996; Nichols, 2009; Flii-
gel, 2010). The horizontal and asymmetric ripple cross-lamination in-
dicates weak suspension currents (Potter et al., 2005; Stow and Smillie,
2020) or bedload transport related to weak bottom currents (Schieber
et al., 2007; Yawar and Schieber, 2017). The bioclastic sandstones and
granular phosphorites may be considered as distal tempestites linked to
storm events that caused sediment remobilization (Kidwell, 1991; Glenn
et al., 1994; Myrow and Southard, 1996). The high abundance of
organic matter reflected in the dark colors of the rock, and the lack of
bioturbation indicate high productivity and a poorly oxygenated sea-
floors (Ekdale and Mason, 1988; Savrda and Bottjer, 1991; Tyson and
Pearson, 1991), which could be linked to upwelling (Follmi et al., 1992;
Villamil et al., 1999; Spalletti et al., 2001). However, the discrete level
with fossils suggests a macrobenthic community tolerant of
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Description and interpretation of facies associations identified in the last stages of the central part of the La Luna epeiric sea during the Campanian-Maastrichtian.

Region Facies Stratigraphic Lithology Sedimentary structures Trace fossils and fossils Thickness Depositional setting
association section
Western  Mixed to 2,4,5,6,10, Tabular beds of Fissility, structureless, Barren in trace fossils (BI 0); ~600 m Pelagic settling from
carbonate 11 limestones (mudstones, horizontal lamination, foraminifers, ammonites, thick suspension in low energy,
shelf (FA1w) wackestones, packstones),  asymmetric ripples. bivalves, fish scraps, mollusk poorly oxygenated
marls, cherts, mudrocks, fragments. environments, with
shales, and bioclastic influence of bottom
sandstones. currents and local storms.
Mixed shelf.
Offshore 2,3,5 Tabular beds of Horizontal lamination, Asterosoma, Chondrites, ~80 m Alternation of settling
(FA2w) mudrocks, muddy heterolithic bedding Ophiomorpha, Palaeophycus, thick from suspension and high
sandstones, sandstones, (lenticular, wavy, Planolites, Schaubcylindrichnus, energy storm events in
and locally marls. flaser), symmetric Scolicia, Taenidium, well-oxygenated settings.
ripples, structureless Teichichnus, Thalassinoides (BI Crugiana ichnofacies.
3 to 4); ammonites, fish scraps, Offshore.
inoceramids, mollusk
fragments.
Shoreface 2 Amalgamated tabular Ripple lamination, Thalassinoides (BI 1); ~120 m High-energy
(FA3w) beds of very fine- to fine- heterolithic bedding foraminifers, carbonized wood thick environments controlled
grained sandstones and (flaser, wavy), fragments. by wave oscillatory
sandy siltstones. Locally horizontal lamination. processes and storms.
mudrocks. Shoreface.
Fan delta 1,2,3 Amalgamated cuneiform- Structureless, planar and  Arenicolites, Dactyloidites, ~100 m High-energy
(FA4w) lenticular- and tabular- trough cross-bedding, Ophiomorpha, Taenidium, thick environments and
shape medium to very horizontal bedding, Thalassinoides (BI = 2); sediment source
thick beds of clast- and normal grading, bivalves, gastropods, relatively close to the
matrix-supported heterolithic bedding carbonized wood fragments. receiving basin. Subaerial
granule- to cobble-size (wavy). cohesionless debris and
conglomerates, pebble- sheet flow deposits
and granule-size typical of alluvial fan
conglomeratic environments. Intervals
sandstones, fine- to very with fining- and thinning-
coarse-grained upward trends are
sandstones, mudrocks. interpreted as channel
filling, which would be
arriving at the coast. The
occasional presence of
marine fossils and trace
fossils is indicative of
marine influence in the
system. Fan delta
complex.
Tidal flat 1,2,8 Irregular concave-up and Macro-heterolithic Arenicolites, Rhizocorallium, ~50 m The physical sedimentary
(FA5w) tabular beds of very fine- bedding, symmetric and Thalassinoides (BI 1). thick structures (heterolithic
to medium-grained asymmetric ripples, bedding) reflect increase
sandstones interbedded flaser and wavy bedding, and decrease in the speed
with mudrocks. Very thin  trough cross-bedding, bi- and energy of flows,
beds of mudrocks follow directional cross- sandy material deposited
the tangential cross-strata  bedding reactivation during high-energy
foresets. surfaces, structureless. episodes (tidal flood) and
muddy material in low-
energy periods (tidal
ebb). Bidirectional
trough cross-bedding and
mud drapes associated
with trough cross-
bedding, forming
bundled cross-bedding,
are clearly indicative of
tidal processes. Tidal flat.
Swamp- 7,9 Tabular beds of Structureless, horizontal ?Gyrolithes, Taenidium, ~450 m High amount of organic
lagoon mudrocks, carbonaceous lamination, symmetric Thalassinoides (BI O to 1); thick matter linked to
(FA6wW) mudrocks and coal, and and combined-flow mangrove palynomorphs. mudrocks and coals is
tabular to lenticular beds ripples, flaser and wavy indicative of large
of very fine- to medium- bedding. accumulations of organic
grained sandstones. matter and areas near the
continent. The dominant
fine-grained lithologies
are indicative of low-
energy settings, e.g.,
lagoon or protected
coastal plains.
Fluvial 3,5 Amalgamated tabular to Structureless, horizontal ?Taenidium (BI 1); ~40 m Fining upward trends
(FA7w) cuneiform-shaped beds of ~ lamination, trough and agglutinated foraminifers. thick from erosional-base

fine- to medium-grained

sandstones to mudrocks

(continued on next page)
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Region Facies Stratigraphic Lithology Sedimentary structures Trace fossils and fossils Thickness Depositional setting
association section
sandstones, and tabular planar cross-bedding, are characteristic of
beds of siltstones and scour marks. channel-floodplain
mudrocks. deposits. Mixed- or
suspended-load
anastomosing river
systems
Central Offshore 12,15 Tabular beds of cherts, Horizontal lamination, Indeterminate bioturbation (BI ~60 m Offshore.
(FAlc) shales, siltstones, wavy and lenticular not reported); foraminifers, thick
claystones, very fine- to bedding, ripples, fish scraps.
fine-grained sandstones. convolute lamination.
Shoreface 12,13, 14,15 Tabular beds of medium- Horizontal lamination, Indeterminate bioturbation (BI ~200 m Shoreface.
(FA2¢c) to very fine-grained heterolithic bedding not reported); fish scraps, thick
sandstones, mudrocks, (flaser and wavy), planar ~ foraminifers, bivalves.
cherts. and trough cross-
bedding, hummocky and
swaley cross-bedding,
ripples.

Eastern Fluvial- 18 Tabular beds of Structureless, horizontal Thalassinoides (BI O to 1); ~100 m High amounts of
dominated mudrocks, siltstones, very lamination, flaser, wavy carbonaceous sheets. thick carbonaceous material
prodelta fine-to fine-grained and lenticular bedding, indicate significant
(FAle) sandstones. scour marks. terrestrial supply. This,

combined with features
such as internal scours,
tractive and massive
structures related fine-
grained lithologies, may
suggest traction transport
or fall-out processes from
turbulent flows
associated with
hyperpycnal and
hypopycnal flows in
prodelta settings.
Fluvial- 17,18 Tabular and lenticular Discontinuous Conichnus, Ophiomorpha, ~250 m This facies association
dominated beds of fine- to coarse- horizontal lamination, Palaeophycus, Planolites, thick shows products related to
delta front grained sandstones, structureless, symmetric Rhizocorallium, Skolithos, high energy settings
(FA2e) tabular beds of mudrocks and combined flow Taenidium, Teichichnus and linked to oscillatory and
and lenticular beds or ripples, trough cross- Thalassinoides (BI 2 to 4); combined flows, like
pockets of granule- to bedding, convolute bivalves. Carbonaceous sheets. those recorded in
pebble-size lamination, normal shoreface-foreshore
conglomerates. grading. environments. However,
in contrast to shoreface
settings, these
successions are regarded
as delta front deposits
based on the abundant
amount of carbonaceous
material, suggesting
phytodetrital pulses from
fluvial discharges.
Shoreface 16 Tabular beds of fine- to Structureless, horizontal Indeterminate bioturbation (BI ~260 m Shoreface.
(FA3e) medium-grained lamination, wavy and no reported), plant remains. thick

sandstones and mudrocks,
with phosphahtic peloids
and mud intraclasts.

lenticular bedding.

oxygen-deficient environments. The origin of the chert is considered
diagenetic in other parts of the basin, such as the Upper Magdalena
Valley Basin, where it was derived from mudstones and wackestones
that were later intensely silicified (Terraza, 2003). These silicified beds,
also called “liditas”, are considered regional lithological markers (Mora
et al., 2010).

4.1.1.2. FA2w: offshore. Description: FA2w is observed in the Maas-
trichtian of Sections 2, 3 and 5. It is characterized by mudrocks, and
discrete marls, sandstones and muddy sandstones, interbedded in an
aggradational arrangement, resulting in successions up to ~80 m thick
(Fig. 3A-C). The mudrock beds are medium to very thick, with tabular
geometry, showing horizontal and lenticular (heterolithic) bedding. The
sandstones and muddy sandstones beds are sharp-based, medium to very
thick, tabular in geometry, fine-to very fine-grained, with horizontal

lamination, symmetric ripple cross-lamination (Fig. 3D), flaser and
wavy bedding, and locally structureless (Fig. 3B-E). The thick to very
thick tabular beds of marls show horizontal lamination. Occasionally,
intervals up to 2 m thick of amalgamated massive sandstones are present
(Fig. 3A-B). Ammonites, fish remains, inoceramids and mollusk frag-
ments are recorded mainly in the sandy beds. Fallen blocks exposed at
the base of the some of these exposed outcrops exhibit a moderate to
abundant (BI = 3, 4) and diverse ichnoassemblage composed of Aster-
osoma, Chondrites, Ophiomorpha, Palaeophycus, Planolites, Schaubcylin-
drichnus, Scolicia, Taenidium, Teichichnus, and Thalassinoides (Fig. 3F-H).
These successions are underlain and overlain by mixed shelf (FA1w) and
fan delta/fluvial deposits (FA4w and FA7w), respectively.
Interpretation: The high occurrence of mudrocks represents sus-
pended fall-out deposition in low-energy offshore environments (Stow,
1985; Stow and Tabrez, 1998). Sandstones bearing broken fossils and
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Fig. 2. Mixed to carbonate shelf FAlw. A. General outcrop view of Section 5. B. Sharp contact between limestones (base) and mudrocks (top) in Section 6. C. Detail
of horizontal and ripple (R) lamination, and lenticular sheets of foraminifers (Lf) in wackestones and packstones of section 6. D. Lenticular chert bed in Section 2. E,

F. Mudrocks-shales interlayered in Section 4.

horizontal lamination and subordinate amalgamated massive beds may
be the response to high-energy storm-related events (Walker and Plint,
1992; Myrow and Southard, 1996), whereas the symmetric ripple
cross-lamination and heterolithic bedding probably formed by the ac-
tion of oscillatory flows (Dumas et al., 2005). This is supported by the
trace fossil assemblage, interpreted as the Crugziana ichnofacies, associ-
ated with lower shoreface-offshore environments, between storm-wave
base and fair-weather-wave base (MacEachern et al., 2007; MacEach-
ern and Bann, 2008). The abundant and diverse trace fossil assemblage
indicates a well-oxygenated seafloor, with benthic food available for a
macrobenthic tracemaker community. In this scenario, the siliciclastic
supply was high enough to dilute the calcium carbonate, avoiding
limestone deposition.

4.1.1.3. FA3w: shoreface. Description: FA3w is recorded in the Campa-
nian of Section 2. Towards the base of this section, a succession up to
~120 m thick comprises amalgamated thick to very thick tabular beds of
very fine-to fine-grained sandstones and sandy siltstones, locally fossil-
iferous (foraminifers), with symmetric ripple and horizontal lamination
(Fig. 4A-C). Sporadic mudrocks forming heterolithic bedding (flaser and
wavy with symmetric and asymmetric ripple cross-lamination)
(Fig. 4D-E), show aggradational and progradational arrangements.
Occasional glauconite grains, foraminifers, charred wood fragments and
Thalassinoides (BI = 1) are observed. These successions are underlain
and overlain by mixed to carbonate shelf deposits (FA1w).
Interpretation: The record of amalgamated sandstone bedsets with
ripple cross-lamination, glauconite, and occasional foraminifers sug-
gests a relatively moderate-energy environment controlled by



C.A. Giraldo-Villegas et al.

Marine and Petroleum Geology 177 (2025) 107385

Fig. 3. Offshore FA2w. A, B. General outcrop views of Section 3. C. Mudrock-fine-grained sandstone interbedding in Section 3. D. Fine-grained sandstone with
symmetric ripple cross-lamination in Section 3. E. Mudrocks interbedded with fine-grained sandstone in Section 5. F, G, H. Trace fossils in fallen blocks of Section 3.

Op: Ophiomorpha, Pa: Palaeophycus, Th: Thalassinoides.

oscillatory wave processes in shoreface and probably some variations to
foreshore settings (Reading, 1996; Einsele, 2000). The high energy
caused by prolonged wave action removes mud from the seafloor, except
where the local occurrence of mudrocks forming heterolites suggests a
decrease in energy relative to sandstones-dominated areas (Weimer
et al., 1982; Brenchley et al., 1993; Reading, 1996). The horizontal
lamination can be linked to high-energy events generated by combined
flows, e.g. storms (Arnott, 1993; Perillo et al., 2014). The scarce
mudrock record suggests deposition above the fair-weather-wave base.
The low bioturbation is indicative of a high-energy unstable environ-
ment that inhibits the establishment of a macrobenthic community.

Charred wood remains indicate a nearby terrestrial source.

4.1.1.4. FA4w: fan delta. Description: FA4w occurs in the Maastrichtian
of Sections 1, 2 and 3. Successions up to ~100 m thick show aggrada-
tional, progradational, and retrogradational patterns, characterized by
amalgamated cuneiform- lenticular- and tabular-shaped medium to very
thick beds of clast- and matrix-supported granule-to cobble-size con-
glomerates, pebble- and granule-size conglomeratic sandstones, and
medium-to very coarse-grained sandstones with irregular and planar
sharp bases (Fig. 5A). The dominant sedimentary structures of these
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Fig. 4. Shoreface FA3w in Section 2. A. General outcrop view composed of amalgamated sandstones with wavy bedding. B, C. Medium-grained sandstone with ripple
cross-lamination. D-E. General and detailed views of fine-to medium-grained sandstones and sandy siltstones with wavy lamination.

lithologies are massive, planar and trough cross-, as well as horizontal-
bedding, and normal grading. The sedimentary structures in the gravelly
sandstones are often highlighted by granule- and pebble-sized clasts
(Fig. 5B-E). The matrix varies between fine-to coarse-grained sandy
material. Lateral outcrop variations in thickness are associated with the
cuneiform-lenticular geometry of beds. Some fining- and thinning-
upward trends are observed, from cuneiform-shape beds of massive
conglomerates to medium-grained sandstones with tractional structures.
The clasts are poorly-to well-sorted, showing subangular to rounded and
highly spherical morphologies, and mostly quartz composition. Calcar-
eous concretions and muddy intraclasts are common features. Locally,
some intercalations of fine-grained sandstones and mudrocks forming
heterolithic (wavy) bedding are found overlying gravelly beds with
molluscan shell fragments (bivalves and gastropods) (Fig. 5F). In addi-
tion, charred wood fragments and Ophiomorpha occur in in-situ outcrops
(Fig. 5G), and Arenicolites, Dactyloidites, Taenidium and Thalassinoides are
recorded in fallen blocks (BI = 2). These successions are underlain and
overlain by offshore (FA2w), and tidal (FA5w) and fluvial (FA7w) de-
posits, respectively.

Interpretation: The dominance of coarse-grained lithologies suggests
high-energy environments and a sediment source relatively close to the
basin (Nemec and Steel, 1988). The occasional presence of marine fossils
and trace fossils is indicative of marine influence in the system
(Giraldo-Villegas et al., 2024). Intervals of structureless conglomerates,
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along with horizontally stratified and normally graded conglomeratic
beds, suggest subaerial cohesionless debris and sheet flows deposits
typical of alluvial fan environments (Nemec and Steel, 1988; Blair,
1999; Sohn et al., 1999; Garcia-Garcia, 2004; Boggs, 2014). Conglom-
erates and sandstones with Ophiomorpha and mollusk shell fragments are
associated with mouth bar deposits reworked by marine processes,
representing a seaward migration of the sedimentary system (Lowe,
1982; Kleinspehn et al., 1984; Nemec and Steel, 1984; Ainsworth et al.,
2016; van Yperen et al., 2020; Giraldo-Villegas et al., 2024). Intervals
with fining- and thinning-upward trends are interpreted as channels that
would have reached the coast (Miall, 1996; Einsele, 2000; Longhitano,
2008; Yeste et al., 2020). Structureless conglomerates represent the
bedload or channel-floor lag deposits transported by the river during the
peak flood, while the cross-bedding features attest to gradual filling of
active channels related to the migration of bedforms (2D and 3D dunes
or megaripples) (Lowe, 1982; Nemec and Postma, 1993; Miall, 1996;
Reading, 1996). The horizontal lamination associated with these suc-
cessions may reflect the development of longitudinal bar bedforms in the
channels (Hein and Walker, 1977; Miall, 1996), or else could be related
to short-lived increases in channel energy or stream velocity (Flemming,
2000; Yeste et al., 2019). Some thin beds of mudrocks and fine-grained
sandstones associated with these channel successions may correspond to
floodplains in the fluvial system (Miall, 1996). The amalgamated
cuneiform- and lenticular-shaped beds of coarse-grained sandstones and
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Fig. 5. Fan delta FA4w in section 3. A. General outcrop view. B. Massive clast-supported conglomerate dominated by quartz. C. Granule-size conglomerate with
planar cross-bedding. D. Conglomeratic sandstones with trough cross-bedding. E. Conglomeratic sandstone with horizontal lamination. F. Conglomeratic sandstone
with mollusk shell fragments (Mf) and charred wood fragments (Wf). G. Ophiomorpha (Op) in conglomeratic sandstone.

conglomerates are interpreted as multi-storey channels or as the result of
rapid runoff during or after sudden rainstorms on the alluvial fans
(Siggerud and Steel, 1999; Scherer et al., 2015; Varejao et al., 2021).
Furthermore, the heterolithic intervals overlying the coarse-grained
marine influenced deposits indicate wave and tidal activity in the
more distal parts of the system (e.g., Ainsworth et al., 2016). This
relationship between alluvial, fluvial and marine processes and the
resulting deposits signals a fan delta complex setting (Gomez and
Pedraza, 1994; Nemec and Steel, 1988; Giraldo-Villegas et al., 2024).
The establishment of these prevailing marine processes in the
fluvial-dominated sedimentary system could indicate upstream avulsion
of fluvial channels, or relative sea-level variations.
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4.1.1.5. FA5w: tidal flat. Description: FASw is recorded in the Maas-
trichtian of Sections 1, 2 and 8. It occurs as sandstones interbedded with
mudrocks (Fig. 6A), generating in some cases macro-heterolithic
bedding (Fig. 6B) that forms aggradational trends, resulting in succes-
sions up to ~50 m thick. Irregular concave-up and tabular beds of
sandstones are recorded, ranging from thin-to thick, very fine-to me-
dium-grained, with asymmetric, and locally symmetric ripples, flaser
and wavy bedding (Fig. 6C-E). Intervals of medium- and fine-to very
fine-grained sandstone sheets are interbedded, forming a type of “hori-
zontal lamination” that is locally interrupted by massive sandstones
(Fig. 6F). Thick stacked sets of trough cross-bedding with reactivation
surfaces and locally bidirectional cross-bedding are also present,
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Fig. 6. Tidal flat FASw. A. General outcrop view of Section 8, with interbedded mudrocks and sandstones forming heterolithic bedding. B. Macro-heterolithic flaser
bedding in Section 1 (S: sandstone, M: mudrocks). Note the irregularly-shaped beds and the mudrocks filling the concave-up bed morphologies. C, D. Asymmetric
ripples in Sections 8 and 2, respectively. Arrows indicate flow direction. E. Wavy heterolithic bedding in Section 8. F. Medium-to very fine-grained sheet sandstones
forming horizontal lamination in Section 1. G. Fine-grained sandstones with bi-directional trough cross-lamination in Section8. H. Fine-grained sandstone with
trough cross-bedding and mud drapes following the foresets in Section 2 (bundled cross-bedding).

occasionally with very thin beds of mudrocks following the tangential
cross-strata foresets (mud drapes; Fig. 6G-H). The mudrock beds are thin
to thick, structureless, found filling the concave-up morphology of
sandstone beds. Trace fossils such as Arenicolites, Rhizocorallium and
Thalassinoides are registered in the sandstone beds (BI = 1). A mixture of
marine (dinoflagellates and foraminiferal linings) and continental
(pollen and spores) elements are found in these deposits (UCaldas-ANH,
2021). These successions are respectively underlain and overlain by fan
delta (FA4w) and fluvial (FA7w) deposits.

Interpretation: Physical sedimentary structures (heterolithic bedding)

12

reflect changes (increase/decrease) in the velocity and energy of flows,
sandy material being deposited during high-energy episodes (tidal
flood) and muddy material during low-energy periods (tidal ebb) in
marine settings, as indicated by the marine trace fossil assemblage
(Reineck and Singh, 1973; Allen, 1982; Davis and Dalrymple, 2012).
Features such as bidirectional trough cross-bedding and the mud drapes
associated with trough cross-bedding, forming bundled cross-bedding,
are evidence of tidal processes (Davis and Dalrymple, 2012; Long-
hitano et al., 2012; Steel et al., 2012). Sandstone beds with sets of trough
cross-bedding can be linked to tidal dune bedforms (Longhitano and
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Nemec, 2005; Davis and Dalrymple, 2012) and the sandstone sheets
showing horizontal lamination may indicate the development of tidal
rhythmites. Additionally, some thick structureless sandstone layers
could potentially reflect the influence of storm events (Archer, 1991,
1995; Dalrymple, 1992; Longhitano et al., 2012). The scarce and scat-
tered bioturbation suggests unfavorable marine habitats for macro-
benthic communities, perhaps related to unstable substrates.
Symmetrically-rippled sandstones point to a local influence of wave
processes (Dumas et al., 2005).

4.1.1.6. FA6w: swamp-lagoon. Description: FA6w occurs in the Maas-
trichtian of Sections 7 and 9. It is characterized by mudrocks,
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carbonaceous mudrocks, coals and sandstones in aggradational succes-
sions up to ~450 m thick (Fig. 7A). Thin to medium tabular mudrock
beds show horizontal lamination. Coal beds of massive structure and
typical concoid fracture show tabular geometries with thicknesses
ranging from medium to thick. The sandstone beds range from thin to
thick, fine-to medium-grained, featuring tabular and lenticular geome-
tries, and having asymmetric and combined-flow ripples and flaser and
wavy bedding (Fig. 7B-F). Punctual records of ?Gyrolithes, Taenidium,
and Thalassinoides (BI = 1) are observed (Fig. 7G-H). These deposits
contain low records of marine elements (dinoflagellates and foraminif-
eral linings) and high abundances of continental palynomorphs (pollen
and spores; UCaldas-ANH, 2021). Montano et al. (2016) report beds

Fig. 7. Swamp-lagoon FA6w in Section 7. A. General outcrop view. B, C, D. Interbedding of carbonaceous mudrocks and coal beds. E. Detail of carbonaceous
mudrock with high amount of fossilized organic matter. F. Detail of coal with concoid fracture. G. Thalassinoides (Th). H. ?Gyrolites (?Gy).

13
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with marine and mangrove palynomorphs in Section 9. These succes-
sions are underlain and overlain by shelf (FAlw) and tidal deposits
(FA5w), respectively.

Interpretation: High amounts of organic matter associated with
mudrocks and coals indicate large accumulations of continental origin.
However, the weak marine influence evidenced in the record of marine
trace fossils and of mangrove and marine palynomorphs (Montano et al.,
2016) suggests that the accumulation occurs in continental areas locally
flooded by the sea. The dominant fine-grained deposits suggests
low-energy environments, such as lagoons or protected coastal plains.
Heterolithic bedding may be related to local tidal and/or wave influence
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in the system.

4.1.1.7. FA7w: fluvial. Description: FA 7w is present in the Maas-
trichtian of Sections 3 and 5. It consists of tabular beds of mudrocks and
claystones, either structureless or displaying horizontal lamination
(Fig. 8A-B). These beds are occasionally interbedded with tabular and
cuneiform sandstone beds, which may be structureless or exhibit hori-
zontal lamination, as well as trough and planar cross-bedding, occa-
sionally highlighted by granule-size clasts (Fig. 8C-F). The sandy levels
show fining-upward trends, transitioning from thick amalgamated

Fig. 8. Fluvial FA7w. A, B. General outcrop views of Sections 3 and 5. C. Cuneiform-shaped bed of fine-to medium grained sandstones interbedded with claystones
and mudrocks in Section 3. D. Sharp irregular contact between massive mudrocks and medium-grained sandstones with trough cross-bedding in Section 3. Note scour
marks at the base of the sandstone. E, F. Fine-to medium-grained sandstones with planar and trough cross-bedding in Section 3. G. Oxidized mud intraclast in

sandstone. H. ?Taenidium (?Ta).

14
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medium-grained sandstones to thin fine-to medium-grained beds and
mudrocks, forming successions up to ~5 m thick, before reverting to a
dominance of mudrocks. Scour marks are locally recorded at the
mudrock and sandstone contacts (Fig. 8C). ?Taenidium (BI = 1) and
oxidized mud intraclasts are rarely observed (Fig. 8G-H). Continental
palynomorphs (pollen and spores) are abundant in these successions,
while discrete agglutinated foraminifers are recorded in Section 3
(UCaldas-ANH, 2021). These successions reach thicknesses up to 40 m
and are underlain by fan delta (FA4w) and tidal (FA5w) deposits.

Interpretation: The domain of mudrocks and claystones suggests
relatively low-energy conditions, likely associated with extensive
floodplains situated at a considerable distance from the main channel (e.
g., Makaske, 2001). The scarce beds of sandstones with fining-upward
trends and tractional structures such as planar and trough
cross-bedding, would represent the action of unidirectional currents in
fluvial channels. The mudrock-sandstone interbedding indicate sedi-
mentation under varying hydrodynamic conditions, marked by period-
ical channel activity and the deposition of facies associated with small
channels or crevasse splay deposits reaching the floodplain, such as
those caused by levee breaches or overflows (Einsele, 2000; Yeste et al.,
2020; Varejao et al., 2021). The fine-grained nature and the record of
deposits associated with floodplains suggest mixed- or suspended-load
anastomosing river systems (Reading, 1996; Makaske, 2001). The con-
tinental palynomorphs suggest the dominance of terrestrial environ-
ments, whereas foraminifers may indicate reworked material or a local
rise in relative sea-level, reaching the mouths of river systems in coastal
plain settings (e.g., Oboh-Tkuenobe et al., 2008).

4.1.2. Axial zone

This central part of the basin includes from south to north strati-
graphic Sections 12, 13, 14 and 15 described by Vergara and Rodriguez
(1997) along the axial part of the Eastern Cordillera Basin.

4.1.2.1. FAlc: offshore. Description: FAlc is recorded in the Campanian
of Section 12 and in the Campanian-Maastrichtian of Section 15. It is
dominated by aggradational and retrogradational trends forming suc-
cessions up to ~60 m thick of cherts and black shales, locally with
nodular phosphates and horizontal lamination (Vergara and Rodriguez,
1997). Siltstones, claystones and subordinate very fine-to fine-grained
sandstones are also common, showing horizontal and convolute lami-
nation, wavy and lenticular bedding, normal and inverse grading, and
ripples. Foraminifers, fish scraps and indeterminate scarce bioturbation
are also recorded. These successions are underlain and overlain by
shoreface deposits.

Interpretation: FAlc is interpreted as an offshore marine environment
with high primary productivity (Vergara and Rodriguez, 1997).

4.1.2.2. FAZ2c: shoreface. Description: FA2c is reported in the Campanian
of Sections 13, 14 and 15, and in the Maastrichtian of Sections 12 and
15. It is characterized by progradational and aggradational trends in
successions up to ~200 m thick containing tabular and cuneiform beds
of fine-to very fine-grained (mainly in the Campanian) and medium-to
very coarse-grained bioturbated sandstones (mainly in the Maas-
trichtian), and locally mudrocks and diagenetic cherts (only in the
Campanian). The sandstone beds show tabular geometry, with hori-
zontal lamination, lenticular and wavy bedding, planar and trough
cross-bedding, hummocky and swaley cross-bedding, normal and in-
verse grading, locally symmetric and asymmetric ripples, and massive
structures. In addition, glauconite, fish remains, foraminifers, bivalves,
and indeterminate bioturbation are reported. Scattered phosphatic
peloids, reactivation surfaces, and mud intraclasts are also recorded.
These successions are respectively underlain and overlain by offshore
and tidal/marsh deposits.

Interpretation: These deposits have been interpreted as accumulated
in shoreface environments (Vergara and Rodriguez, 1997).
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4.1.3. Eastern foothills

This eastern side of the basin includes Section 16 of Vergara and
Rodriguez (1997), Section 17 of Carvajal-Torres et al. (2022), and Sec-
tion 18 of this work complemented with information of Guerrero and
Sarmiento (1996).

4.1.3.1. FAle fluvial-dominated prodelta. Description: FAle is recorded
in the upper Campanian of Section 18. It is mainly characterized by very
thin-to medium-thick tabular- and lenticular-shaped beds of mudrocks,
siltstones and very fine-to medium-grained sandstones in aggradational
trends, resulting in successions up to ~100 m thick (Fig. 9A-B). The
mudrocks exhibit sharp bases, horizontal lamination and massive
structures, and high organic matter content. They are interbedded with
very thin beds of siltstones and sandstones having internal scours, load
and flame structures, lenticular and wavy bedding (with symmetric and
asymmetric ripple cross-lamination) (Fig. 9C). Predominantly muddy
successions (Fig. 9A) alternate with intervals dominated by tabular
sharp-based very fine-to medium-grained sandstones (Fig. 9B) with
some phosphatic fragments and showing discontinuous subhorizontal
lamination marked by muddy carbonaceous material, asymmetric ripple
lamination, and local intercalations of mudrocks forming flaser bedding
(Fig. 9D-E). These deposits are unbioturbated (BI = 0) to slightly bio-
turbated (BI = 1), with some Thalassinoides in the muddy beds (Fig. 9F).
These successions are underlain and overlain by delta front deposits.

Interpretation: High amounts of carbonaceous material indicate sig-
nificant terrestrial supply. This, combined with features such as internal
scours, tractive and massive structures related fine-grained lithologies,
may suggest traction transport or fall-out processes from turbulent flows
associated with hyperpycnal currents (Sumner et al., 2008; Zavala et al.,
2012; Wilson and Schieber, 2014; Zavala and Pan, 2018; Irastorza et al.,
2021). The scarce or absent bioturbation may be related to stress con-
ditions, probably salinity fluctuations in response to the freshwater
input and water turbidity, or to high sedimentation rates, or soupground
substrates having a low preservation potential (MacEachern et al., 2005;
Bhattacharya and MacEachern, 2009; MacEachern and Bann, 2023).
The massive mudrocks may be the result of flocculation processes from
hypopycnal plumes, producing fluid mud deposits (MacEachern et al.,
2005; Bhattacharya and MacEachern, 2009; Ponce et al., 2022), or could
represent low-energy episodes with normal marine suspended sediment
fall-out deposition (Potter et al., 2005). Relative variations in pollen vs.
dinoflagellate content —with proportions of up to 70 % pollen vs. 30 %
dinoflagellates in some beds— indicate high continental input (Guerrero
and Sarmiento, 1996). These processes are interpreted as being
responsible for the fluvial-dominated character of this prodelta envi-
ronment. In addition, some intervals with horizontally laminated
sandstones with phosphatic grains are interpreted as deposited from
high-energy flows related to combined flows such as storms (Arnott,
1993; Glenn et al., 1994; Perillo et al., 2014). The rare occurrence of
Thalassinoides  suggests  episodes of colonization  between
fluvial-dominated events (Buatois et al., 2011).

4.1.3.2. FAZ2e fluvial-dominated delta front. Description: FA2e occurs in
the lower Campanian and Maastrichtian of Sections 17 and 18. It is
characterized by progradational arrangements of thin to medium
tabular beds of mudrocks interbedded with thin to thick tabular and
lenticular beds of amalgamated sandstones, and subordinate lenticular
beds or pockets of conglomerates, resulting in successions up to ~250 m
thick. The sandstones are sharp- and irregular-based, fine-to coarse-
grained, with discontinuous horizontal lamination highlighted by
muddy carbonaceous material, massive, symmetric and asymmetric
ripple cross-lamination, trough cross-bedding, and convolute lamination
structures (Fig. 10A-C). Mud intraclast concentrations and bivalve
fragments are rarely observed, while the phosphatic fragments are
abundant. The mudrocks show horizontal lamination and are generally
associated with sandstones forming heterolithic bedding (flaser and
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Fig. 9. Fluvial-dominated prodelta FAle in Section18. A, B. General outcrop views showing muddy- and sandy-dominated intervals, respectively. C. Interbedded
mudrocks and siltstones. Note the scour marks (yellow arrows) and load structures (white arrows) at the base of the siltstone beds. D. Fine-grained sandstone with
discontinuous horizontal and asymmetric ripple cross-lamination highlighted by muddy carbonaceous material. E. Mudrocks and sandstones interbedded, forming
wavy bedding. F. Mudrocks bioturbated by Thalassinoides (Th). (For interpretation of the references to color in this figure legend, the reader is referred to the Web

version of this article.)

wavy). In some intervals, centimeter-thick beds of highly bioturbated
sandstones interbedded with bioturbated carbonaceous mudrocks are
evidenced (Fig. 10D-E). Load and flame structures are also common in
these intervals. The erosional-based conglomerates are granule-to
pebble-grained, structureless, with subrounded and poorly sorted
muddy clasts (Fig. 10F). Normal grading is occasionally observed be-
tween pebble-size conglomerates and medium-to coarse-grained sand-
stones. Toward the top of the succession, carbonaceous muddy and
sandy-muddy beds up to 80 cm thick, with high amounts of organic
matter, are registered (Fig. 10A-D). These beds have sharp and erosional
bases and transitional irregular tops, horizontal lamination, and exhibit
bioturbation represented almost exclusively by Thalassinoides and
sporadically Teichichnus (BI = 2, 4), with diameters up to 6 cm. These
levels are overlain by sandy beds that also show a high content of
organic matter as sheets, organized forming a subtle horizontal
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lamination. A diverse and abundant (BI = 2, 4) trace fossil assemblage,
composed of Conichnus, Palaeophycus, Planolites, Rhizocorallium, Skoli-
thos, Taenidium, Teichichnus and Thalassinoides, characterizes these beds.
A less abundant (BI = 1, 2) and diverse ichnoassemblage composed of
Ophiomorpha, Palaeophycus, Planolites and Thalassinoides is observed
throughout the succession, mainly associated with sandstones. Bed bases
colonized exclusively by Rhizocorallium and Thalassinoides are recorded
in the lower part of the succession (BI = 4) (Fig. 10G-H). Amalgamated
fine-grained sandstone beds forming successions up to 6.5 m thick,
colonized almost exclusively by Ophiomorpha and in a minor proportion
Palaeophycus and Planolites are also recorded at the base of the section.
These successions are underlain and overlain by swamp/coastal lagoons,
and marsh/estuarine deposits, respectively.

Interpretation: This facies association may be related in a general
context to high-energy environments associated with oscillatory and
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Fig. 10. Fluvial-dominated delta front FA2e in Section 18. A. General outcrop view. B, C. Sandy beds with subtle horizontal lamination highlighted by sheets of
organic matter. Note abundant bioturbation. D, E. Medium-grained sandstones beds alternating with dark mudrocks drapes. Note the bioturbation associated mainly
with sandstones. F. Pebble-size conglomerates grading into a coarse-grained sandstone. G, H. Base of a sandstone bed bioturbated exclusively by Rhizocorallium (Rh)

and Thalassinoides (Th).

combined flows, like those recorded in shoreface-foreshore environ-
ments, within which some energy fluctuations may also be recorded. Yet
in contrast to shoreface settings, these successions are considered as
delta front deposits due to the abundance of carbonaceous material,
suggesting phytodetrital pulses from fluvial discharges (MacEachern
et al., 2005; MacEachern and Bann, 2023). In addition, these deltaic
environments feature the occurrence of soft-sediment deformation
structures related to sedimentary loading along steep slopes
(MacEachern et al., 2005; Buatois et al., 2012). These structures may
also be associated with deformation related to external factors such as
earthquakes (e.g., seismites; Seilacher, 1969). The erosive conglomerate
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beds or pockets are interpreted as bedload arriving at the delta front
linked to mouth bar deposits (van Yperen et al., 2020; Ponce et al.,
2022). Intervals of massive (by bioturbation) sandstones interbedded
with carbonaceous bioturbated mudrocks (colonized from the top down;
Fig. 10E) suggest fluctuations in hydrodynamic energy; high-energy
periods accumulating sandy beds alternate with the fall-out deposition
of muddy beds. These muddy beds are considered as mudrock drapes,
related to deposition by flocculation from hypopycnal plumes
(MacEachern and Bann, 2023). The high bioturbation in sandy layers
indicates the establishment of a well-developed macrobenthic trace-
maker community between river flood events (mudstone drapes) under
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normal, favorable marine conditions. Similar interpretations are sug-
gested for the organic-rich muddy and sandy-muddy beds overlain by
highly bioturbated sandstones that occur toward the top of the succes-
sion. These organic-rich beds would mark hyperpycnal deposits, linked
to sudden fluvial flows arriving at the delta front, supported by the
erosive bases and the record of Thalassinoides and Taenidium alone,
possibly linked to brackish, less favorable conditions. The abundant
bioturbation assigned to the Cruziana ichnofacies in the overlying
sandstones could reveal wave-dominated periods, after fluvial dis-
charges. The low record of trace fossils associated with
suspension-feeders, as opposed to deposit-feeders, can be interpreted as
a scarcity of suspension food, or high turbidity, suggesting that organic
matter was transported mainly by hyperpycnal flows (MacEachern et al.,
2005; MacEachern and Bann, 2023). The scarce levels with bivalve and
phosphate fragments are considered as the result of storm events
remobilizing material from distal areas (Glenn et al., 1994; Myrow and
Southard, 1996). This difference between marine-dominated and those
fluvial-dominated deposits is supported by the pollen vs. dinoflagellate
record, which is 95 %-5 % in some cases and 70 %-30 % in others
(Guerrero and Sarmiento, 1996).

4.1.3.3. FA3e shoreface. Description: FA3e is recorded in the Campanian
and lower Maastrichtian of Section 16. A succession of ~260 m thick of
sandstones and subordinate mudrocks arranged in progradational and
aggradational trends characterizes these deposits. The tabular beds of
fine-to medium-grained sandstones show massive, wavy bedding
structures, while the mudrocks form tabular beds having horizontal
lamination and lenticular bedding. Plant remains, phosphatic peloids,
mud intraclasts and indeterminate bioturbation are common. These
successions are respectively underlain and overlain by swamp/coastal
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lagoons and swamp/estuarine deposits.
Interpretation: Shoreface environments are interpreted for these de-
posits (Vergara and Rodriguez, 1997).

4.2. Depositional model: spatial distribution and stratigraphic evolution of
sedimentary deposits and processes

The stratigraphic correlation of well-dated successions allows us to
observe the distribution and evolution along-strike (Figs. 11 and 12) and
cross-strike (Fig. 13) of depositional sedimentary systems during the
Campanian-Maastrichtian. The vertical (stratigraphic) and lateral
(spatial) relationship between calcareous, mixed (shelf) and siliciclastic
(offshore, shoreface, fan delta, delta front, prodelta, tidal, swamp,
fluvial) facies associations and sedimentary environments provide
insight into the dominant sedimentary processes and depositional con-
ditions in the final stages of the epeiric La Luna Sea during the
Campanian-Maastrichtian. Two distinct phases are recognized in the
basin during this period: one characterized by marine processes during
the Campanian and early Maastrichtian, the other by marginal/transi-
tional and continental processes during the late Maastrichtian (Figs. 14
and 15). At the marine phase, two different sedimentary systems are
distinguished: a normal shoreface-basin profile that includes shelf,
offshore, and shoreface-foreshore environments towards the western
and central parts; and a delta profile in the eastern part, consisting of
delta front to prodelta settings. These are respectively overlain by fan
delta complex, tidal and fluvial deposits, and swamp and estuarine de-
posits, associated with the marginal-continental phase.
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Campanian-Maastrichtian boundary. Light areas with steep lines represent uncertainty in the stratigraphic correlation of depositional settings.

4.2.1. Along- and cross-strike depositional trends and processes

4.2.1.1. Western zone. In the southwestern area, shoreface deposits
overlie Santonian siliciclastic shelf deposits, associated with a pro-
gradational trend due to relative sea-level fall (Guerrero et al., 2000;
Guerrero, 2002). They represent the onset of Campanian siliciclastic
sedimentation in this sector of the basin (Section 2), while towards more
northerly sectors (Sections 4 and 10), the deposition continues in car-
bonate and mixed shelf environments (Fig. 11). Thus, lower Campanian
sedimentation in this region was dominated by high energy processes
related to wave activity in shoreface environments, influenced by spo-
radic storm events (FA3w) and by suspended fall-out in shelf settings.
These environments were unfavorable for the establishment of a mac-
robenthic tracemaker community, as indicated by the record of scarce or
no bioturbation. However, a high abundance of benthic foraminifers has
been reported (Guerrero et al., 2000), suggesting favorable habitats for
microorganisms.

Above the shoreface deposits, during the late Campanian, shelf en-
vironments (FAlw) expanded and were also developed and distributed
along the southwestern zone of the basin (Figs. 11 and 14), associated
with a retrogradational trend due to relative sea-level rise (Guerrero
et al., 2000; Guerrero, 2002). These shelf deposits, marking the deepest
part of the basin for this epoch, were characterized by suspended fall-out
deposition of calcareous and siliciclastic material, with a local influence
of weak bottom currents, and an absence of significant seafloor coloni-
zation by macrobenthic tracemaker organisms, reflected in the rare or
absent record of bioturbation. This might suggest depositional settings
characterized by low oxygenation or nutrients availability. However,
amounts of total organic carbon between 3 % and 7 % have been
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reported in these rocks, associated with upwelling processes (Follmi
et al., 1992; Villamil et al., 1999; Martinez, 2003; Patarroyo et al., 2017,
2021), ruling out this possibility. Thus, a low oxygenated environment
can be interpreted, as supported by geochemical and micropaleonto-
logical analysis (Martinez, 2003; Patarroyo et al., 2023), as the main
parameter controlling the colonization by macrobenthic tracemakers.
A marked change from calcareous-dominated to mixed- or silici-
clastic dominated shelf and offshore deposits is evidenced in this basin
area between the late Campanian and early Maastrichtian (Fig. 11). This
change in mud composition (termed xenoconformity; Carroll, 2017) has
been associated with freshwater input and an increase in the terrigenous
sediment supply, linked to a regressive phase and tectonic activity
generated by the accretion of western allochthonous terranes (Villamil
et al,, 1999; Guerrero et al., 2000; Guerrero, 2002; Bayona, 2018;
Montes et al., 2019; Patarroyo et al., 2017, 2023). Different authors hold
that the end of calcareous sedimentation occurred at the end of the
Santonian and/or Campanian (Cooper et al., 1995; Ayala-Calvo et al.,
2009; Bayona, 2018; Sarmiento-Rojas, 2019; Terraza, 2019;
Pastor-Chacon et al., 2023). Section 6 shows the change in the approx-
imate Campanian-Maastrichtian boundary, but Sections 2, 4, 5, and 10
show calcareous and mixed deposits even in the Maastrichtian (Fig. 11).
The present stratigraphic correlation suggests that this change is
diachronic throughout the basin, and its distribution is not only asso-
ciated with an unconformity in certain areas but could be geographically
controlled (location within the basin) in places where the sedimentation
is continuous (Figs. 11, 13 and 14). Therefore, it is possible to infer that
the areas where the change occurred first were those close to emerged
areas or directly connected to the systems that transported the silici-
clastic material through continental runoff, while areas where carbonate
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sedimentation continued were most likely protected areas or distant
from continental systems. Intra-basin uplift blocks further to the
southeast that occurred in the late Campanian may also have influenced
these changes in sediment composition and distribution, and/or be
associated with the development of the unconformity (Carvajal-Torres
et al., 2022).

The siliciclastic/mixed/carbonate shelf evolved towards the SW part
to deposits interpreted as offshore settings in the early Maastrichtian
(FA2W; Fig. 11). The accumulation of these deposits was dominated by
suspension settling and the influence of storms. Benthic conditions
improved in these deposits, allowing in some cases the establishment of
diverse and abundant macrobenthic tracemaker communities belonging
to the Cruziana ichnofacies. The favorable conditions are further evi-
denced by geochemistry and micropaleontology, which indicate eutro-
phication and better oxygenation of the bottom waters in Section 10
(Patarroyo et al., 2023).

The most important change in deposits, and therefore in the depo-
sitional processes, took place in the southwestern zone of the central
(this work) and south (Upper Magdalena Valley Basin) parts of the basin
during the late Maastrichtian, associated with the transition from ma-
rine to marginal-continental phase, indicating rapid and significant
changes in sedimentary dynamics (emerged vs catchment areas)
(Figs. 11 and 14). The offshore deposits (FA2w) are overlain by coarse-
grained fan delta complex deposits (FA4w) to the south and central parts
(Section 1 and 3), and by fluvial deposits (FA7w) to the north (Section
5), representing the progradation of the marginal and continental
sedimentary systems (Figs. 11 and 14). Although micropaleontological
studies provide no evidence of missing time, this marked change rep-
resents an erosional unconformity in the sedimentary record (e.g.,
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Veloza et al., 2008; Mora et al., 2010).

The conglomerate-dominated deposits —comprising the Cimarrona
Formation— indicate very energetic processes during their accumula-
tion, associated with channel deposits whose characteristics suggest a
braided fluvial system (Gomez and Pedraza, 1994; Miall, 1996; Einsele,
20005 Giraldo-Villegas et al., 2024). These channels drained alluvial fans
coming from the proto-Central Cordillera, according to detrital signals
and paleocurrents (Gomez and Pedraza, 1994; Guerrero et al., 2020;
Valencia-Gomez et al., 2020), and reached the coastal plain, forming
mouth bar deposits and fan delta complexes where a scarce macro-
benthic tracemaker community was established, due to the high erosive
power and constant supply of fresh water (Giraldo-Villegas et al., 2024).
Towards the eastern side, coeval coarse-grained deposits are not re-
ported thus far (see below). The thickness of these deposits increases to
the north, reaching up to ~100 m in Section 3 (Fig. 11), suggesting the
location of a depocenter or arrival of the major channel systems. The fact
that lateral expressions are not evidenced in our WSW-ESE correlations
(Figs. 13 and 14), would indicate local extension or strong reworking by
waves towards the central part of the basin. Accordingly, this sedi-
mentary record provides direct evidence of the growth of the
proto-Central Cordillera, and the development of an important sediment
source relief.

Tidal (FA5w) to the south, and fluvial environments in the central
part, overlie the coarse-grained sedimentation; again they represent a
reaccommodation of sedimentary systems and a decrease in hydrody-
namic energy as compared to the underlying deposits. The tidal deposits
contain the record of flooding and ebbing. Because these marginal
depositional settings are influenced by freshwater input and the arrival
of sediments, the resulting environment is unfavorable for colonization
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Fig. 14. 3D diagram (not to scale) showing the correlation between SSW-NNE and WSW-ESE transects and the distribution of sedimentary environments.

by a marine macrobenthic tracemaker community, as reflected by the
scattered and sparse bioturbation recorded. The tidal environments
change laterally to the north, to fluvial deposits of a fine-grained nature,
with associated floodplains and crevasse splays, common features of
anastomosed and/or meandering fluvial systems (Miall, 1996). The
change in grain size (from the coarse-grained fan delta complex to the
fine-grained tidal and fluvial deposits) reflects a marked change in hy-
drodynamic parameters possibly linked to the geomorphological/topo-
graphical configuration or differential erosion of emerged areas. The
coarse-grained facies formed relatively close to the coast, implying
less transport and considerable relief, associated with the development
of alluvial fans in the most proximal parts and fluvial and fan delta
deposits in the most distal positions, while still preserving their gravelly
nature. In contrast, the fine-grained fluvial successions are associated
with extensive, relatively flat areas that transported sediment over long
distances. This change in depositional processes occurred over a rela-
tively short period of time and space, suggesting important and rapid
topographic or geomorphological changes in the western border. In
Section 5, fluvial deposits overlie offshore successions, suggesting an
unconformity.

In the northwesternmost part of the basin, the late Campanian is
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represented by two different depositional systems. One is associated
with the calcareous shelf systems (Section 10), similar to those of the SW
part, and the other related to marsh (Section 9) (Figs. 11 and 14). The
late Campanian swamp settings (FA6w) are observed only in this area,
implying that singular depositional parameters (compared to the gen-
eral shelf context of most of the basin) prevailed locally during this
period. The shallower near-continent areas point to an irregular basin
border, providing high amounts of organic matter of terrestrial origin,
hence favoring the accumulation of these successions. Moreover, these
settings had a direct connection with the sea, evidenced by the presence
of ?Gyrolithes, and several levels with marine palynomorphs (Montano
et al., 2016).

Swamp sedimentation continued in this area during the Maas-
trichtian (Sections 7 and 9), with some lateral variation to tidal deposits
(Section 8) (Figs. 11 and 14). Tidal settings are correlated with the SW
part (Sections 1 and 2), showing similar features, plus an absence of
trace fossils suggesting unfavorable environments for the macrobenthic
tracemaker community.

4.2.1.2. Axial zone. The central part of the basin was dominated by
shallower depositional settings than the western zone (Figs. 12-14), and
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environments that were slightly more distal or similar to those at the
eastern area suggesting an off-axis basin. The Campanian sedimentation
in this sector also overlies fine-grained deposits accumulated in estua-
rine to shelf environments, dominated by wave and storm processes
(Vergara and Rodriguez, 1997). The lower Campanian deposits begin
with shoreface successions (FA2c), indicating a regressive event as in the
western side of the basin. These environments were dominated by waves
and storms, and locally by tidal processes, providing favorable benthic
conditions according to bioturbation. An abundant and diverse ich-
noassemblage composed of Arenicolites, Arthrophycus, Crossopodia,
Cylindrichnus, Gordia, Laevicyclus, Planolites, Protovirgularia, Rhizocor-
allium, Scolicia and Thalassinoides is reported by Pérez and Salazar
(1978) for these deposits, and of Arenicolites, Asterosoma, Diplocraterion,
Helminthopsis, Ophiomorpha, Phycodes, Planolites, Rhizocorallium, Rosse-
lia, Skolithos, Teichichnus, Thalassinoides, and Zoophycos in southern de-
posits of the Guando oil field (Leckie et al., 2003), reflecting the
development of a permanent macrobenthic community, in contrast to
the westward coeval deposits. Offshore deposits (FAlc) that overlie
these successions evidence a relative deepening of the sedimentary
systems during the late Campanian-early Maastrichtian, as seen for the
western and eastern sides (Figs. 12 and 13). In these environments
suspension sedimentation prevailed, with a local influence of storm
deposits. Scarce bioturbation suggests unfavorable benthic conditions
for the tracemaker community. Overlying these deposits, shoreface en-
vironments were reestablished during the early to late Maastrichtian,
when wave processes constituted the predominant sedimentation
mechanism (Figs. 12 and 13). The ichnoassemblage composed of Are-
nicolites, Cylindrichnus, Fraena, Gordia, Planolites, Protovirgularia, Rhizo-
corallium, Scolicia, and Thalassinoides (Pérez and Salazar, 1978) indicates
a weak influence of stress conditions (i.e., low oxygenation, brackish
conditions, high sedimentation rate) during the accumulation of these
deposits. This bioturbation is mainly associated with the contacts be-
tween shoreface sandy bodies and disappears again when paleoenvir-
onmental conditions change in the overlying units (Pérez and Salazar,
1978; Sarmiento, 1992).

4.2.1.3. Eastern zone. The eastern segment of the basin is represented
by deltaic deposits. As in the western and central parts, they overlie fine-
grained deposits accumulated under estuarine to shelf environments,
meaning a regressive event occurred at the end of the Santonian
(Guerrero and Sarmiento, 1996). The early Campanian sedimentation
begins with fluvial-dominated delta front successions (FA2e) having
high continental organic content. Still, features such as storm beds and
the trace fossil assemblage suggest that these sandy seafloors were
locally reworked by wave activity. Similar to the shoreface deposits of
the central part, these deltaic successions are bioturbated by an abun-
dant and diverse ichnoassemblage belonging to Cruziana ichnofacies, so
that habitats were suitable for the tracemaker community during
wave-dominated periods of the system. These systems stratigraphically
evolve into upper Campanian-lower Maastrichtian prodelta deposits
(FAle) that were dominated by fall-out and tractional transport pro-
cesses from hyperpycnal flows and hypopycnal plumes, sporadically
influenced by storm events. Altogether, the high amount of carbona-
ceous debris along with sparse bioturbation indicates a significant
terrestrial supply through the influence of dominant river-fed hyper-
pycnal flows (Mulder and Alexander, 2001; Mulder et al., 2003; Zavala
and Pan, 2018). The freshwater input —causing salinity fluctuations—
carrying the continental sediments, plus the associated turbidity,
created an unfavorable environment for the marine macrobenthic
community.

Above these fluvial-dominated prodelta deposits, fluvial-dominated
delta front environments were reestablished during the early Maas-
trichtian. Their deposits resemble those accumulated during the early
Campanian, but the upper part offers evidence of mouth bars and levels
whose high organic debris content signal fluvial flows generated during
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sudden floods (flood deposits), which are overlain by highly bioturbated
deposits (interflood deposits). Overall, there was a strong interaction
between fluvial- and marine-dominated processes in the delta front
environments. To the south, Section 16 provides evidence of shoreface
environments (FA3e) during the Campanian and early Maastrichtian,
suggesting limited delta influence. During the late Maastrichtian there
was no deposition in the region surrounding this section as it was a zone
of positive relief (<500 m; Carvajal-Torres et al., 2022).

5. Discussion
5.1. Sedimentary system dynamics: western vs central-eastern zones

5.1.1. Sedimentology and stratigraphy

From its beginnings, the studied NNE-SSW oriented basin bounds
different geologic domains on either side. To the west, a volcanic arc was
active since Jurassic times, whereas stable areas to the east were linked
to the Amazonian Craton (Cooper et al., 1995; Sarmiento-Rojas, 2001;
Guerrero et al., 2020). Campanian-Maastrichtian deposits beyond the
eastern side of the Eastern Cordillera Basin (within the Eastern Llanos
Basin, Fig. 1), and beyond the western side, toward the north of the
Middle Magdalena Valley Basin (i.e., east and west of the studied eastern
and western section), are identified only from borehole studies. Thus, in
order to establish the differences in the depositional processes and set-
tings on both zones of the basin, the present research considers these
easternmost and westernmost sections representative of the accumula-
tion parameters for the eastern and western sides of the basin at that
time.

According to our data, the geologic reliefs surrounding the epeiric
basin bore a great influence on the basin filling processes and types of
deposits of the La Luna Sea, at least in the final stages during the
Campanian-Maastrichtian. Comparison among the western and central-
eastern sections during the Latest Cretaceous reveals significant differ-
ences (Figs. 14 and 15). The stratigraphic and spatial variation of de-
posits and sedimentary environments is more diverse towards the
western zone (shoreface, shelf, offshore, fan delta complex, fluvial, tidal,
marsh), while the eastern and central areas show a more homogeneous
distribution (shoreface-delta front, offshore-prodelta) (Fig. 13). This
suggests that the western area harbored higher activity between the
feeder (source) and receiver (sink) areas, perhaps in response to the
dynamics of the volcanic arc, the growth of the proto-Central Cordillera
and the unroofing of the sedimentary cover tied to the Caribbean Plate
collision. Further influence was induced by the major fluvial inputs to
the basin (see below). Another key element that may have influenced the
variability of environments, deposits, and sedimentary parameters on
both sides of the basin is the size and topography of the emerged areas,
which are smaller in size and higher in elevation on the western side and
larger and lower in elevation on the eastern side.

Within this western side, Sections 1 to 5 show the greatest paleo-
environmental variability compared to Sections 6 to 10. It is important
to consider that, according to the palinspastic reconstructions
(Sarmiento-Rojas, 2001; Teson et al., 2013; Bayona, 2018; Montes et al.,
2019; Gonzalez et al., 2023), these southern sections were closer to the
proto-Central Cordillera (today ~20 km) than the northern sections
(today ~70-100 km) during the accumulation of the deposits. There-
fore, it is possible to interpret that these southern sections, being closer
to the western border or coastline and thus to the proto-Central
Cordillera, register a greater variability in the type of deposits
compared to the northern sections, which were in more distal positions.

During the Campanian-early Maastrichtian, deeper environments
dominated the western area, marking the most distal parts of the basin
during this period. In contrast, the central and eastern zones correspond
to shallower settings associated with shoreface and deltaic deposits
(Figs. 14 and 15). Accordingly, the basin was asymmetric, possibly
developed as flexural response to the uplift of the proto-Central
Cordillera, or perhaps related to fault front of the Central Cordillera to
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Fig. 15. Paleogeographic reconstruction of the last stages of the central part of the La Luna Sea. A. Paleo-tectonic configuration of the northwestern margin of South
America at 81 Ma showing the La Luna epeiric sea and the approximate location of the study area (from Salles et al., 2022). B. Summary of depositional proc-
esses/bioturbation and their occurrence in different parts of the basin during the Campanian-Maastrichtian. C, F. Schematic representation of the evolution of
sedimentary systems of central part of the La Luna Sea during the early Campanian-late Maastrichtian.

the west and passive tilting of the eastern zone (e.g., Mora et al., 2020;
Pastor-Chacon et al., 2023), where the shallower environments of the
western area were very narrow or not preserved (Fig. 15). Even though
the main source of terrigenous sediments was located to the east during
this period, they did not affect the calcareous sedimentation at the
western zone (Fig. 13), most likely due to the distance of these sections
at the time of accumulation (>40 km to the west of its current position;
Teson et al., 2013; Bayona, 2018) and a mainly north-south redistribu-
tion of sediments. The western zone was therefore relatively isolated,
receiving sedimentation purely from marine processes.

Moreover, these uppermost Cretaceous successions highlight the role
of fluvial systems along the eastern area of the epeiric La Luna Sea since
the Campanian. In contrast, fluvial systems on the western zone devel-
oped sporadically during the late Campanian-early Maastrichtian,
becoming dominant in the late Maastrichtian. Still, sandy deposits were
regionally distributed towards the southwestern zone during the early
Campanian (FA3w) (e.g., Upper Magdalena Valley Basin, Cooper et al.,
1995; Guerrero et al., 2000; Veloza et al., 2008; Roncancio and Marti-
nez, 2011; Sarmiento-Rojas, 2011, 2019; Garzon et al., 2012), and their
provenance remains unclear. Although some of these deposits have been
interpreted as originating from the proto-Central Cordillera (e.g., Cobre
Formation, Caicedo et al., 2000), the associated land-ocean systems
responsible for delivering this material to the basin are not yet docu-
mented for the western side in proximity to these sandy deposits.
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Understanding the sedimentary environments in an integrated
framework raises questions about the fluvial systems and associated
deposits that transported these sediments to the basin during the early
Campanian. Northward, Section 9 contains Campanian swamp envi-
ronments most likely associated with fluvial systems carrying vast
amounts of organic material to the coastal environments. It is therefore
logical to infer that the early Campanian sandy deposits were trans-
ported by littoral drift from deltaic environments associated with well-
established fluvial systems at more northerly or southerly areas. This
premise would be supported by the north and south paleocurrents
recorded in coeval deposits of the central part (e.g., Pérez and Salazar,
1978).

Similar processes occur during the early Maastrichtian —prior to the
establishment of the river systems in the western side— when important
changes in paleosalinity between the shelf limestones and overlying
shelf and offshore mudrocks beds took place (Patarroyo et al., 2023),
indicating an increase in the siliciclastic and freshwater input, but
nearby sediment sources have not been reported. Coeval lower shoreface
sandstones have been reported eastward in the Cocuy region (~130
km), towards the axial zone of the Eastern Cordillera, suggesting
possible sediment sources to this area (Fabre, 1985; Bayona et al., 2021).
As occurred with the Campanian deposits, these siliciclastic muddy
deposits may have been transported in suspension or by longshore
currents from other basin areas.
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Comparable processes took place in the southern sector of the basin
(Upper Magdalena Valley Basin) during the Albian. Thick sandstone
deposits associated with shoreface and foreshore environments, with
detrital signatures from geologic units outcropping to the west (proto-
Central Cordillera; Duarte et al., 2016; Guerrero et al., 2020), show no
evidence of coeval fluvial systems in proximity to these deposits sourced
from westerly areas, suggesting sediment transport from other basin
areas. Comparable conditions linked to deposition by littoral drift have
been reported for ancient epeiric seas and present-day marine sedi-
mentary environments (Zviely et al., 2007; Garzanti et al., 2014, 2015;
Schwarz et al., 2017, 2022; Rovere et al., 2019).

Another particular case entails emerged regions that were present
(proven by the detrital signal) in southerly areas during the Maas-
trichtian, yet apparently did not contribute sediment to the basin (e.g.,
Calderon-Diaz et al., 2024). This could be explained by relatively flat
emerged areas, of low-elevation and not very extensive, having drainage
networks close to the sea, and under particular climatic conditions un-
favorable to the development of large drainage systems able to supply
large sediment loads eventually preserved in the fossil record; such
characteristics are more common in passive or stable tectonic settings
—e.g. the eastern boundary studied here (Boggs, 2014). Another
explanation could be associated with the development of small closed
basins where rivers end in intracontinental lacustrine-marine systems.
Nevertheless, the existence of intra-basin uplift blocks (e.g., Carva-
jal-Torres et al., 2022) acting as sediment traps, or the existence of very
specific sedimentary pathways associated with basin floor morphology,
are not excluded.

5.1.2. Ichnology

Trace fossil assemblages also show marked differences depending on
location. In the Campanian, the seafloor on the western side of the
central part of the La Luna Sea shows unfavorable conditions for the
macrobenthic tracemaker community (Fig. 15B), e.g. low-oxygen
muddy bottoms generated in response to high productivity phenom-
ena (Follmi et al., 1992; Villamil et al., 1999; Erlich et al., 2000, 2003).
In contrast, the central and eastern parts record the activity of an
abundant and diverse tracemaker community, that is favorable condi-
tions for macrofauna in shallower settings, controlled or influenced by
sediment removal processes (e.g., tides, waves) providing for bottom
reoxygenation and food availability from the fluvial supply (Fig. 15B). In
the Maastrichtian, although both sides of the basin harbored macro-
benthic tracemaker communities, the conditions were generally less
favorable than in Campanian times, probably due to increased conti-
nental input (freshwater and continental detritus) (e.g., Aumond et al.,
2021). However, in the southwestern and northeastern parts of the
basin, local bioturbation has been reported in the Campanian sandy
deposits, even in currently producing reservoirs (e.g., Guando and
Cusiana oil fields), indicating a heterogeneous distribution of environ-
mental parameters within the basin (Warren and Pulham, 2001; Leckie
et al., 2003; Rincon et al., 2003; Veloza et al., 2008; Hernandez-Duran,
2021). Thus, as indicated by the depositional parameters and therefore
the sedimentary environments, the behavior of the central and eastern
parts is different from that of the western area (Fig. 15B).

5.2. Allogenic vs autogenic depositional controls

Allogenic and autogenic depositional parameters stratigraphically
control the resulting sedimentary successions. Tectonics, subsidence and
climate are the main external factors, while channel avulsion, delta lobe
switching, relocation of alluvial channel belts and submarine fans are
the main internal depositional controls (Catuneanu, 2022). These pro-
cesses interact over time and define the filling of a sedimentary basin.
The distinction between tectonics and eustasy is not straightforward;
they are generally related, i.e., tectonism can lead to eustatic changes. In
this case, however, scale plays an important role, both in terms of area
and time. The Cretaceous epeiric basin of Colombia was tectonically
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controlled, as evidenced by the changes in deposit thickness (Cortés
et al., 2005; Gomez et al., 2003, 2005; Sarmiento-Rojas et al., 2006;
Bayona, 2018; Carvajal-Torres et al., 2022). In addition, during the Late
Cretaceous-Paleocene the tectonic subsidence increased due to hori-
zontal compressional stress from the collision of the oceanic terranes
along the northwestern margin of South America (Gomez et al., 2005;
Sarmiento-Rojas et al., 2006). This collision resulted in the uplift of the
proto-Central Cordillera, which triggered the erosion of a sedimentary
cover on its eastern flank (Gomez et al., 2003, 2005; Villagomez and
Spikings, 2013; Zapata et al., 2021, 2024), leading to increased sediment
input into the basin. Consequently, the filling of the La Luna Sea was
driven by these tectonic processes rather than by global sea-level fall
(Gomez et al., 2005).

In sedimentary terms, despite significant sediment loading through
fluvio-deltaic interactions on the eastern side from the early Campanian
to the late Maastrichtian, related to large drainage systems developed
over extensive tectonic stables settings, the collision of the Caribbean
Plate with the South American margin meant even higher sediment flux
on the western margin, probably resulted from unroofing of the sedi-
mentary cover (Gomez et al., 2003; Moreno-Sanchez and Pardo-Trujillo,
2003; Zapata et al., 2021, 2024). This may have contributed to the rapid
and pronounced shift between offshore and fan delta complex deposits
at the western side of the basin during the Maastrichtian, as well as the
earlier development of fully fluvial environments as compared to the
eastern side (Fig. 15). Such a marked change is also registered in other
western parts of the basin. To the south, in the Upper Magdalena Valley
Basin, coeval deposits known as La Tabla and Moserrate formations
likewise overlie fine-grained shelf deposits, and their depositional set-
tings vary between shoreface and offshore (Guerrero et al., 2000; Veloza
et al., 2008; Roncancio and Martinez, 2011). La Tabla Fm. shares
characteristics with the Cimarrona Fm. —previously described fan delta
facies—, yet there is a notable difference in grain-size and lithological
composition between the two and the Monserrate Fm., suggesting dif-
ferences in depositional processes and therefore in sedimentary envi-
ronments (Veloza et al., 2008), probably related to variations in
accommodation space. In Ecuador, a similar stratigraphic relationship
between coarse-grained fluvial deposits of the Tena Fm. sourced from
western areas in the Real Cordillera, overlying fine-grained shelf suc-
cessions of the Napo Fm., has been documented (Gutiérrez et al., 2019;
Vallejo et al., 2021; Jaillard, 2022). There, the deposits show a wider
areal distribution than the Cimarrona Fm. in Colombia —an extension
14 km to the east this unit reaches a minimum thickness of about 5-15 m
(Guerrero et al., 2000; Gomez et al., 2003), confirming the local char-
acter of these deposits—. This supports the interpretation of a
south-north collision of the western Caribbean terrains, generating in
turn the uplift of mountain ranges (Proto-Real Cordillera in Ecuador and
Proto-Central Cordillera in Colombia) along the same direction. While in
Ecuador important relief was already well established during the early
Maastrichtian —evidenced by the wide distribution of fluvial western
derived deposits—, to the north, in Colombia, the first moments of
mountain growth related to collision were recorded in the late Maas-
trichtian with the accumulation of these coarse-grained fan delta com-
plex deposits. In addition, it can be inferred that the Maastrichtian
coarse-grained deposits of eastern detrital signatures reported by Cal-
deron-Diaz et al. (2024), close to the studied area, are also a response of
the eastern margin basin (Amazonian Craton) to the collision of the
western Caribbean terranes. This means that the response of the
emerging areas did not only affect the western border or proto-Central
Cordillera, with growth of the volcanic arc; but also highly stable
areas of the eastern margin such as the Amazonian Craton. However,
reworking of the sedimentary cover accumulated in the proto-Central
Cordillera is not ruled out (Moreno-Sanchez and Pardo-Trujillo, 2003;
Zapata et al., 2021, 2024).

Nonetheless, the Campanian-Maastrichtian period is represented by
two sand-dominated successions separated by a mud-dominated one,
interpreted as a transgressive cycle followed by a regressive one
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(Guerrero, 2002). These two cycles exhibit good correspondence with
the long-term curve for the Late Cretaceous (Haq, 2014), showing a
maximum sea-level towards the late Campanian consistent with the
accumulation of offshore deposits in the central part, and prodelta de-
posits in the eastern part, also consistent with the accumulation of shelf
deposits on the western side.

While the previous discussion highlighted the significant sediment
loading from fluvio-deltaic interactions on the eastern side and the high
sediment flux on the western side due to tectonic activity, internal or
autogenic depositional controls also played a less relevant role during
the final stages of the La Luna Sea. The sedimentary structures associ-
ated with traction processes evident in the western side shelf deposits
during the Campanian indicate the influence of bottom currents during
their accumulation. This, along with the tidal signals recognized in the
Maastrichtian western deposits are the clear record of internal controls.

The high productivity reported in the organic- and phosphate-rich
Campanian-lower Maastrichtian deposits are further evidence of auto-
genic controls during sedimentation. The thick unbioturbated fine-
grained successions observed in Sections 2, 4, 5, and 11, with dark
colorations, evidence these processes, which also cause oxygen-deficient
environments. Phosphorite beds associated with upwelling processes
have also been described in other sectors of the basin, even for the
Maastrichtian (Follmi et al., 1992; Martinez, 2003; Martin Rincon et al.,
2022). In some cases, the abundant phosphate fragments in the sandy
deposits controlled the petrophysical properties of the producing res-
ervoirs in the basin (Warren and Pulham, 2001).

Channel avulsion processes are reported by Giraldo-Villegas et al.
(2024) in the fan delta complex deposits linked to interaction between
fluvial- and marine-dominated successions during the late Maas-
trichtian. These avulsion processes are not excluded in the fluvio-deltaic
systems of the eastern border.

The integration of sedimentologic, ichnologic and stratigraphic evi-
dence directly related to the sedimentary environments leads us to
recognize the simultaneous participation of allogenic and, to lesser
extent, autogenic controls in the origin, transport and final accumula-
tion of the sedimentary deposits described. Notwithstanding, the degree
of influence and subsequent preservation of these depositional controls
in the fossil record would depend on the characteristics of the sedi-
mentary systems in different areas of the basin. In summary, the type of
sedimentary environments developed in each region, and their temporal
and spatial evolution, hold the key to a better understanding of the
accumulation parameters and the stratigraphic evolution of the epeiric
basins.

5.3. Reservoir implications

In mature sedimentary basins, the generation of new exploration
ideas is essential to the search for hydrocarbons. Given that the basins in
this study fall into this category, detailed analyses that provide evidence
for potential exploration opportunities are particularly relevant. Sedi-
mentary parameters associated with continent-ocean systems that sup-
ply sediments, as well as internal basin processes responsible for
sediment redistribution, have a direct influence on the quality, type, and
distribution of reservoirs.

Among these processes, sediment redistribution by bottom currents
plays a key role in reservoir development (Viana et al., 1998; Viana and
Rebesco, 2007; Rebesco et al., 2014). Unlike fluvial-marine systems (e.
g., delta, submarine canyons, turbiditic fans), which typically deposit
coarse-grained sediments perpendicular to the shoreline, bottom cur-
rents can redistribute these sediments parallel or oblique to the coast. In
some cases, they can transport and deposit large quantities of sand far
from direct the land-ocean inputs (e.g., Rovere et al., 2019), as may be
the case for the Campanian sandy deposits of the El Cobre Formation in
Section 1. In addition, the sustained high energy of bottom currents
tends to result in well-sorted sandy deposits with minimal clay or matrix
(Viana et al., 1998; Yu et al., 2020).
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Bottom currents also appear to influence the Campanian shelfal
facies of the La Renta Formation, a major source rock in the basin
(Pastor-Chacon et al., 2023; De la Parra et al., 2024). These processes
could lead to thick accumulations of coarse-grained sediments on the
shelf, potentially forming source-reservoir assemblages related to un-
conventional hydrocarbons (Li et al., 2016). These assemblages, also
know source-reservoir neighboring type, are oil and gas producers in
Ordos, Junggar and Songliao basins in China (Li et al., 2016).

5.4. Comparison with other ancient and recent epeiric seas: sediment
arrival and distribution in the basin

Epeiric seas have been recorded in the geologic past, and modern
analogues are widespread throughout the world. The best-known
Cretaceous fossil records are the Western Interior Seaway in USA and
the Neuquén Sea in Argentina (Hampson, 2010; Schwarz et al., 2022).
Outstanding modern records include the Baltic Sea, North Sea, Hudson
Bay, the Persian Gulf, and the Adriatic Sea (Judd et al., 2020; Schwarz
et al., 2022). Overall, they provide insight into the processes, condi-
tioning factors, and the resulting sedimentary deposits generated.

The input of sediments and their dispersion pathways into the sea
play a key role in the context of sedimentary deposits from epeiric seas,
controlling to a significant extent the distribution of the macrobenthic
communities (e.g., Walsh and Nittrouer, 2009). Sediment distribution
owes to a land-ocean dispersal system —i.e., related to topographical,
geomorphological and compositional (e.g., basement, sedimentary
cover) features of the emerged areas, plus the efficiency and charac-
teristics of the transport systems involved (e.g., erosive capacity)— and
may entail homogeneous distribution along the bordering coastlines, or
else localized (heterogeneous) distribution towards some areas of the
basin (Schwarz et al., 2022). Even though land transport systems are
relatively easy to characterize, the role of internal currents on the
cross-shelf vs alongshore sediment distribution within the marine basin
are still poorly understood (Poyatos-Moré et al., 2016; Xu et al., 2023).

The final stages of the central part of the La Luna Sea in Colombia,
show continental sediment input from the east during the Campanian-
early Maastrichtian, and a relatively homogeneous distribution during
the late Maastrichtian, with significant fluvial entries on both sides of
the basin (Fig. 15). The fluvial-dominated deltas were the main basin
feeders in the eastern sectors, whereas the fan delta complex and
anastomosed/meandering fine-grained fluvial systems guided the con-
tinental entry by the western side. The eastern localized distribution of
the fluvial entries during the Campanian-early Maastrichtian is reflected
in a heterogeneous distribution in the cross-strike deposits trends, the
eastern and central parts being dominated by sandy deposits, while
along the western side muddy deposits prevail (Fig. 13). During the late
Maastrichtian, as the sediment input is distributed on both sides of the
basin, the deposits appear more homogeneous than in the Campanian
(Fig. 13). Along-strike deposit trends show similar characteristics
(Figs. 11 and 12); homogeneous sandy-dominated deposits in the central
and eastern parts, compared to muddy-dominated deposits in the
western part —in this case for both the Campanian and early
Maastrichtian— indicate a generally non-uniform along-strike deposit
distribution.

The larger N-S elongated Western Interior Sea had a western-located
sediment input. The continental-derived sediments were transported to
the basin coast and subsequently carried to distal parts of the basin by
storms and bottom currents, resulting in a relatively uniform along-
strike depositional trend (Elder and Kirkland, 1994; Hampson, 2010;
Hampson et al., 2014). A southeast fluvial entry point was the main
supply of sediments for the SE-NW extended Neuquén Sea. In this case,
however, the sediments accumulated mainly in western areas and to a
lesser extent than in northern regions, resulting in non-uniform
along-strike depositional trends (Schwarz et al., 2022).

Comparing the three scenarios that occurred during the Cretaceous,
it can be inferred that basin size plays a very important role in the
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internal along-strike redistribution of sediments. In the large Western
Interior Sea, the western location of the fluvial inputs had no influence
on the resulting homogeneous along-strike distribution of deposits,
whereas in smaller basins, such as the Neuquén Sea (~250 km) and the
central part of the La Luna Sea (~500 km), the location of the fluvial
systems controlled the heterogeneous along-strike distribution of de-
posits (Figs. 11, 12 and 14). In the studied record, bioturbation further
supports this heterogeneous sediment distribution, given the record of
an abundant and diverse macrobenthic tracemaker community similarly
distributed over the central and eastern parts of the basin as opposed to
the western zone (Fig. 15). Perhaps longshore and bottom currents have
a greater capacity to redistribute sediments in larger basins, where
changes in salinity and temperature that favor current development are
more pronounced (Rebesco et al., 2014). In the Central part of the La
Luna Sea, though the distribution of fluvial inputs took place on both
sides of the basin in the Maastrichtian, being completely different
land-ocean sedimentary systems (fan delta complex vs fluvial systems),
they resulted in a non-uniform distribution of deposits in this zone of the
basin. In addition, although bottom and longshore currents were
evident, they may not have been strong or prolonged enough to promote
a homogeneous along-strike distribution of sediments. A non-uniform
distribution of sediments has been reported in recent small epeiric
seas with localized distribution of sediment inputs, such as the Adriatic
Sea, and its associated Po Delta (Falcieri et al., 2014; Amorosi et al.,
2022).

In contrast, the La Luna Sea shares characteristics with the Devonian
North American Seaway, which had a supply of sediments from the east,
accumulating deposits in this area, while on the opposite side marine
sedimentation continued, resulting in non-uniform cross-strike deposit
distribution (Schwarz et al., 2022 and references therein). In the central
part of the La Luna Sea, during the Campanian-early Maastrichtian, the
main fluvial entry was located along the eastern border (Figs. 13 and
14). Although the size of the basin may not be decisive in the cross-strike
distribution of sediments, this is unlikely because processes such as
gravity flows (important in cross-shelf transport, e.g., Wright and Frie-
drichs, 2006) are known to transport sediment seaward only about 100
km from the coast. Thus, in this case, we envisage other processes such
as tidal currents, seasonal winds, and storm reworking as determinants
for the cross-strike sediment distribution (Schieber, 2016). Although
river-derived sediments have been found more than 1000 km from the
coast (e.g., Talling et al., 2022; Baker et al., 2024), they are associated
with submarine channels, which require sufficient gradients to sustain
movement. Although synsedimentary deformation has been found on
the eastern side that could be associated with high gradients, this evi-
dence is too local to interpret steep slopes that could be conducive to the
development of submarine channels.

It could be inferred from our study setting that maybe the N-S
trending currents were more dominant than the E-W ones, leading to an
isolation of the western side, impeding the arrival of continental sedi-
ments derived from the east. Finally, the influence of climate —not only
on the origin and along- and cross-strike distribution of sediments, but
also on the establishment and variability of ocean currents— cannot be
ruled out. Similarly, another key factor that cannot be ignored and that
may influence the arrival and subsequent distribution of sediment
within the basin is the size and elevation of the emerged zones, which
were different on both sides of the epeiric sea studied here (small with
high elevations in the west and large with low elevations in the east).

6. Conclusions

Recent knowledge of the stratigraphic evolution of sedimentary de-
posits in epeiric seas contributes to better identification of the deposi-
tional controls and processes involved. The final stages of the Cretaceous
epeiric sea in Colombia had two phases: one dominated by marine
processes, followed by another associated with transitional and conti-
nental environments. The evolution of this basin, bounded on either side
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by different geologic domains, depended on the evolution of the
emerged areas, the land-ocean sediment-delivery systems, and the pro-
cesses of deposition and distribution of sediments within the basin. On
the analyzed sections located on the western side and in the central part
of the basin, a shoreface-basin profile comprising shelf, offshore, and
shoreface-foreshore environments prevailed, whereas on the eastern
side, prodelta and delta front environments dominated during the
Campanian-Maastrichtian period. To the west, fall-out sedimentation
processes were dominant during the Campanian-early Maastrichtian,
reflected in the accumulation of fine-grained lithologies. In constrast,
sandy and muddy deposits accumulated in the central and eastern parts
of the basin: wave and fall-out sedimentation were the main parameters
in the central part, while fluvial processes were mainly responsible at the
eastern zone. Less important depositional processes were fluvial, bottom
and longshore currents on the western side; storms, tides, and longshore
currents in the central part; and suspension, wave, and storm processes
on the eastern area. During the late Maastrichtian, alluvial/fluvial pro-
cesses dominated the western side associated with the growth of the
proto-Central Cordillera, whereas the central and eastern parts show
little change. Ichnologic features suggest habitable marine bottoms
during the early Campanian and the early Maastrichtian in the central
and eastern parts of the basin, but paleoecological conditions on the
western side (particularly oxygenation) created a challenging environ-
ment for the tracemaker community, mainly during the Campanian.
During the early Maastrichtian all seafloors were colonized, suggesting
favorable conditions for marine macrobenthic communities.

The sedimentologic, ichnologic and stratigraphic characteristics
documented here, together with their variation in time and space, sug-
gest that both allogenic (tectonic, subsidence, sea-level) and, to a lesser
extent, autogenic processes (channel avulsion, bottom and longshore
currents, tides, high productivity) simultaneously controlled the
resulting sedimentary deposits. Depositional parameters provide clues
as to new exploration ideas, associated with possible reservoir deposits
related to longshore and bottom currents. This opens up the possibility
of searching for reservoirs that are directly connected to the source rock,
and in positions perpendicular to the main direction of the major fluvial
systems that delivered coarse-grained sediments to the basin.

Comparison of different epeiric basins, both fossil and recent, reveals
that the basin size and the emerged areas plays an important role in the
internal along- and cross-strike distribution of sediments, where pro-
cesses such as bottom or longshore currents, or gravity flows would play
a key role.
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