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The present-day Magdalena Valley, Eastern Cordillera, and Llanos Basin were part of a regional multiphase basin that started as an extensional basin in the Jurassic. Then, it was transformed into a retroarc foreland basin in the Late Cretaceous and subsequently separated into a hinterland and a foreland basin during the late Eocene. We incorporated new data from the Llanos Basin and Eastern Cordillera and chronostratigraphically correlated it with the adjacent basins. Their correlation contributed to establishing the stratigraphic boundaries formed during the first-order changes that marked the beginning and the end of the lifespan of the retroarc foreland basin. In the initial stage, the lateral extent along the dip of the significant depocenter that extended from the Magdalena Valley to the westernmost Llanos Basin was approximately 300–470 km. At the same time, the western flank of the Eastern Cordillera and most of the Llanos Basin were uplifting. The contact between the retrograding marine facies of the Upper Lidita, Buscavidas, Umir, Guadalupe, and Palmichal units marks a late Campanian maximum regressive surface formed during the initial exhumation of the orogen, the Central Cordillera. Therefore, it represents a first-order stratigraphic surface. This surface does not extend across the whole basin. In the uplifting areas, subaerial unconformities truncate the middle Campanian rocks. Their combination represents the lower first-order boundary of the sequence, and their diachroneity is the product of the northward migration of the orogen. The Teruel, Hoyon, Bogota, Cacho, Socha, Barco, and Cuervos formations are truncated by a regional subaerial unconformity. It was formed during orogenic unloading that marks the termination of the foreland basin in the Eocene. As it marks another first-order change, it is the upper boundary of the first-order sequence.
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INTRODUCTION
Regionally, Colombia is in an active tectonic margin due to the interaction of the South American, Caribbean, and Nazca plates (Colleta et al., 1990; Dengo and Covey, 1993; Cooper et al., 1995a). This interplay caused the uplift of the three ranges (Western, Eastern, and Central) and also the separation of a Late Cretaceous–Paleogene regional basin into multiple basins (Gómez et al., 2003; Gómez et al., 2005a; Horton et al., 2010a; Parra et al., 2010; Saylor et al., 2012). Those are two of the main sedimentary basins in Colombia as they extend for hundreds of kilometers from south to north (Figure 1). The regional basin started as an extensional basin during the Jurassic; it was under a continental rift during the earliest Cretaceous, became a retroarc basin by the Late Cretaceous, and was separated by the uplift of the Eastern Cordillera during the Paleogene (Pindell and Erikson, 1994; Sarmiento, 2001; Horton et al., 2010b; Nie et al., 2010; Cediel et al., 2011; Bayona et al., 2013, 2020; Zapata et al., 2019). As a result, there are 140 My of sediment that preserves a complex structural evolution.
[image: Figure 1]FIGURE 1 | Location of the study area in the central part of Colombia.
Colleta et al. (1990), Cooper et al. (1995a), Dengo and Covey (1993), and Villamill (1999) promoted regional geological models demonstrating how the tectonic plates interacted throughout time and how they produced the exhumation of the Colombian Cordilleras. Cortés (2006), Horton et al. (2010a), Mora et al. (2006), Mora et al. (2008), Mora et al. (2010a), Parra et al. (2010), and Sarmiento (2001) calibrated the timing of uplift of the Eastern Cordillera and presented some analysis of the sedimentology and basin-fill history during the Cretaceous and part of the Cenozoic. More recently, these works have been summarized and complemented in a series of paleogeographic maps and geological models presented by Bayona (2018), Bayona et al. (2020), Cardona et al. (2018), Cediel et al. (2011), Martínez and Roncancio (2011), Montes et al. (2019), Reyes-Harker et al. (2015), and Sarmiento (2011).
Regarding the Late Cretaceous to Paleogene geological model, Gómez et al. (2005b) and Parra et al. (2010) stated that the foredeep of the regional foreland basin extended from the Magdalena Valley in the west to the Llanos Foothills in the east, with most of the Llanos Basin being part of the forebulge. However, Bayona et al. (2003), Caballero (2010), and Terraza-Melo et al. (2002) indicated a gap in the sedimentary record, at least between the late Cretaceous to early-middle Paleocene. The data demonstrate the exhumation and uplifting of the western flank of the Eastern Cordillera from the latest Cretaceous to Paleogene and raise the question of how it was produced? Is that related to the forebulge located at the western flank of the Eastern Cordillera instead of the western Llanos Basin?
This study presents chronostratigraphic correlations using previous data from 14 locations across the Middle-Upper Magdalena Valley, Eastern Cordillera, and western Llanos Basin, including four new stratigraphic sections from the Llanos Foothills and Basin (Figure 1 and Table 1). The age of the strata in the new sections was established following the U-Pb ages of detrital zircons from Carvajal-Torres et al. (2019) and paleontological reports from the area. The correlations presented in Figure 1 were built following the methodology from Qayyum et al. (2017) and Wheeler (1959), along with results and analysis exposed by Carvajal-Torres et al. (2021). The interpretation of sedimentary environments was simplified based on the principles presented by Boggs Jr (2006), Nichols (2009), and Perry and Taylor (2007). We correlated the depositional environments about their position from the shoreline, regardless of the type of sedimentary shore (Figure 2B).
TABLE 1 | Lithostratigraphic and depositional environments summary for each location shown in Figure 1.
[image: Table 1][image: Figure 2]FIGURE 2 | (A) Conceptual model of the tectonic evolution of Central Colombia modified from Horton B. K. et al. (2010). (B) and (C) Conceptual sedimentological model after Boggs Jr (2006), Catuneanu (2006), and Nichols (1999).
The delimitation of the forebulge was supported using paleogeographic palinspatically restored maps according to Bayona (2018), Cardona et al. (2018), and Mann et al. (2006). Its definition is relevant to constraining the geological model of the regional foreland basin. Likewise, understanding the forebulge unconformity is key to understanding how the tectonism controlled the accommodation and sedimentation throughout time. Those concepts can be applied to other analogous basins. Our results recognize the changes in the accommodation and sedimentation due to the first-order changes. Following Catuneanu (2019a, 2020) and Catuneanu and Zecchin (2017), we identified different stratigraphic surfaces. Two of them formed during the latest Campanian to Maastrichtian–Paleocene were classified as subaerial unconformities. They are located in the western flank of the Eastern Cordillera and the Western Llanos Basin, respectively.
These unconformities were evaluated as potential forebulge unconformities. The implications of its location should be reflected in the preserved sedimentary thickness. In the first scenario, where the forebulge is located along the western flank of the Eastern Cordillera, most of the Eastern Cordillera and westernmost Llanos Basin would comprise the backbulge. Therefore, the sedimentary thickness of the late Campanian to Paleogene succession should be lower than the sedimentary thickness preserved in the foredeep, the Upper and Middle Magdalena Valley Basin. Otherwise, the thickest sedimentary record should be conserved across the Upper and Middle Magdalena Valley and Eastern Cordillera basins.
Once the forebulge unconformity was located, its connection to the depocenter was established. Its association to a maximum regressive surface comprises the first-order compound surface formed when the retroarc foreland basin started. Likewise, a regional subaerial unconformity truncating the Paleocene–Eocene strata was determined as the upper first-order boundary of the sequence as it formed during the final stage of the regional foreland basin.
REGIONAL GEOLOGICAL FRAMEWORK
The study area is located in the central part of Colombia (Figure 1). The present-day configuration is a hinterland basin (Upper-Magdalena Valley) in the west, and a foreland basin in the east (Llanos Basin), separated by the Eastern Cordillera. Two fault systems delimit the latter, the Salina Fault system in the west and the Guaicaramo Fault system in the east (Figure 1). According to Colleta et al. (1990), Cooper et al. (1995b), and Horton et al. (2010b), the study area was part of a regional basin from the Jurassic until the Paleogene, when the exhumation of the Eastern Cordillera separated it.
Tectonic Setting
During the Late Cretaceous, a first-order change occurred when the extensional basin was transformed into a retroarc foreland basin when the Central Cordillera started is uplifting due to the subduction of the Nasca Plate under the South American plate (Cediel et al., 2011; Spikings et al., 2015; Mora et al., 2020) (Figure 2A). At that time, most of the basin was under marine deposition. By the early Maastrichtian, the orogenic advance resulted in the Central Cordillera acting as a sedimentary source for the Upper and Middle Magdalena Valley (Moreno et al., 2011; Villagómez and Spikings, 2013; Valencia-Gómez et al., 2020) (Figure 2A).
Paleogeographic maps from Bayona (2018), Bayona et al. (2013), Cardona et al. (2018), Reyes-Harker et al. (2015), and Sarmiento (2001) indicate regional progradation of the shoreline from the latest Campanian to Maastrichtian–Paleocene. Indeed, the Paleogene succession suggests fluvial deposition with no marine influence. However, a marine transgression occurred across the eastern flank of the Eastern Cordillera and the Llanos Basin during the Eocene–Oligocene times (e.g., Caballero et al., 2017). At this moment, the eastward migration of the deformation enhanced the exhumation of the Eastern Cordillera (Parra et al., 2009a; Silva et al., 2013). Thus, it separated the regional foreland basin into the Hinterland Magdalena Valley in the west and Foreland Llanos in the east, respectively (Figure 2A).
Stratigraphic Framework
The studied interval extends from the late Campanian to the early Oligocene, comprising the strata deposited during the two first-order changes, the start and end point of the regional retroarc foreland basin (e.g., Gómez et al., 2005a; Villagómez and Spikings, 2013; Mora et al., 2020). In the Upper and Middle Magdalena Valley, succession starts with the Campanian to Maastrichtian Monserrate, Upper Lidita, Nivel the Lutitas y Arenas, and Umir formations. Although they were deposited under shallow marine conditions, they preserve a prograding trend from shelf to shoreface conditions (Guerrero et al., 2000; Ferreira et al., 2002; Garzon et al., 2012). In the Eastern Cordillera and westernmost Llanos Basin, the equivalent units are the Palmichal Gp, Middle Guadalupe Gp (Paleners-Labor), Arenitas de San Antonio, and Lodolitas de Aguas Calientes (Pérez and Salazar, 1978; Guerrero and Sarmiento, 1996; Vergara et al., 1997; Bayona et al., 2003). A similar prograding trend is preserved in these units.
Progradation continued from Maastrichtian to Paleocene. In the Upper and Middle Magdalena Valley, La Tabla, Cimarrona, and Seca formations preserve a change from shallow marine conditions to coastal plain conditions (De Porta, 1965; Lamus et al., 2013; Tchegliakova, 1996). The Upper Guadalupe Gp (Tierna) and Guaduas formations indicate an equal progradation in the Eastern Cordillera and westernmost Llanos Basin (Sarmiento, 1992; Vergara et al., 1997; Caicedo et al., 2002). Nevertheless, subaerial exposure and erosion occurred from the latest Campanian to the earliest Paleocene along the western flank of the Eastern Cordillera and westernmost Llanos Basin (Bayona et al., 2003; Buchely et al., 2015).
The Paleocene–Eocene rock succession is dominated by fluvial deposition across the study area. However, its upper boundary is reported to be unconformable across most of the study area. The lacuna associated with this contact is variable and only inappreciable nearby Bogota. In the Upper and Middle Magdalena Valley, the fluvial deposition is represented by the Palermo/Bache, Seca, and Hoyon formations (Carvajal et al., 1993; Gómez et al., 2003; Lamus et al., 2013). On the contrary, the Bogota, Upper Socha, Los Cuervos, and Barco formations recorded the fluvial deposition along the Eastern Cordillera and westernmost Llanos Basin (Ulloa and Rodríguez, 1975; Guerrero and Sarmiento, 1996; Bayona et al., 2013).
During the Eocene–Oligocene, a change in the depositional conditions took place in the Eastern Cordillera and Llanos Basin. This is evidenced by the middle Eocene fluvial Mirador and Picacho units being overlaid by the Oligocene coastal to marine San Fernando, Concentracion, and Carbonera Fms (Jaramillo and Dilcher, 2000; Ochoa et al., 2012; Buchely et al., 2015; Caballero et al., 2017). Although fluvial conditions prevailed along the Upper and Middle Magdalena Valley, as depicted by Tesalia, San Juan del Rio Seco, Gualanday, and Chicoral units (De Porta, 1966; Ferreira et al., 2002; Veloza et al., 2008).
DATA AND METHODS
We reviewed previous studies from 14 locations across the Upper and Middle Magdalena Valley and Eastern Cordillera. We incorporated new data from the eastern flank of the Eastern Cordillera and the western Llanos Basin (Figure 1). The Sagu and the Wells 1–3 were selected because they were in the marginal part of the late Campanian to Paleogene retroarc foreland basin. Therefore, their correlation with the other sections across the study area will support understanding the basin architecture throughout time. Likewise, the periods of sedimentation and subaerial exposure preserved in their rock successions are crucial for understanding the role of regional tectonism over sedimentation and accommodation rates.
New Data: Lithology and Stratigraphy
Field data from the Sagu creek in the southeastern flank of the Eastern Cordillera was incorporated with well data (cores, logs, and drilling reports) from three wells in the Llanos Basin (Figure 1). They are distributed with an eastward trend from the Sagu to well 3 (Figure 1). The well data was provided by the Geological Survey of Colombia (SGC). The presence of Maastrichtian rocks in Sagu Creek was established due to the Paleocystodinium and Proteacidites dehaani biozones reported nearby by ICP-Ecopetrol (2014a), Martínez (2016), and Vergara and Rodriguez (1997). At the same time, the Campanian age was determined following the Dinogymnium-Cerodinium biozones from Caballero (2014) and ECOPETROL (2012b). Also, the Paleocene and Eocene were defined using the detrital zircon ages and multidimensional analysis from Carvajal-Torres et al. (2019), and the biozones defined by Jaramillo et al. (2011). The stratigraphic columns are presented in Figures 3, 4.
[image: Figure 3]FIGURE 3 | Stratigraphic column from the Sagu creek. See lithofacies and facies associations description in Table 2. Location in Figure 1.
[image: Figure 4]FIGURE 4 | Stratigraphic section from wells 1–3 with its corresponding correlation. See lithofacies and facies associations in Table 2. Location in Figure 1.
Based on the lithology and sedimentary structures, 15 lithofacies and six facies associations were established (Tables 2). Their naming and classification scheme follows Farrell et al. (2012), and their description is presented in Tables 2. In general, the rock succession for these four locations is dominated by siliciclastic sediments with a coarsening-upwards general trend from the late Campanian to Eocene and an abrupt change to fine-grained rocks from the Eocene to the Oligocene (Figures 3, 4). The formations and units’ names were established according to previous studies nearby (e.g., Vergara and Rodriguez, 1997; De La Parra, 2009). We identified the Middle and Upper Guadalupe Gps, Barco, Los Cuervos, Mirador, and lower member (C8) of the Carbonera Fms (Figures 3, 4).
TABLE 2 | A) Lithofacies identified in the stratigraphic sections from Sagu and wells, B) Facies associations and depositional environment interpretations.
[image: Table 2]Our lithostratigraphic analysis indicates that the Middle Guadalupe Gp consists of cross-bedded very fine to medium-grained sandstones with ophiomorpha intercalated with gray-to-black siltstones and mudstones with some thalassinoides. However, in the wells, the same unit is dominated by cross-bedded medium-grained sandstones with some ophiomorpha (Figure 4). This unit is unconformably underlying the Upper Guadalupe Gp, dominated by cross-bedded medium-grained sandstones with some ophiomorpha, phosphates, and glauconite (Figures 3A–C). However, the upper part of this unit preserves gray siltstones with iron oxides (Figure 3D). The Upper Guadalupe Gp unit is absent along the wells as the Paleocene rock units unconformably underlie the Middle Guadalupe.
Likewise, in the Sagu, the Paleocene Barco unit, dominantly composed of cross-bedded coarse-to-medium-grained sandstones, is unconformably on top of the early Maastrichtian Upper Guadalupe Gp. The Barco unit is also identified in each of the wells with a similar lithology but mostly pebbly (Figure 4). At the top of this unit, intercalation with laminated siltstones and silty mudstones is recognized in the Sagu. The following unit is Los Cuervos, composed of gray siltstones with some organic matter that changes to gray sandy siltstones with iron oxides and some roots toward the top in the Sagu (Figures 3G,H).
The portion of Los Cuervos identified in wells 1 and 2 comprises cross-bedded coarse–medium-grained sandstones intercalated with gray-white mottled sandy siltstones (Figure 4). The paleosols on top characterize this rock unit absent in well 3. The succession continues with the Mirador unit, uniformly composed of cross-bedded gravel with iron oxides along each section (Figures 3I, 4). An abrupt change marks its unconformable contact with the overlying Carbonera C8, as depicted by the fine-grained sandstones with ophiomorpha in Figures 3J, 4. Then, the succession changes into black to gray mudstones with thalassinoides (Figures 3K,L, and 4).
To estimate the location of the sediment source of the southeastern part of the Eastern Cordillera and the westernmost Llanos Basin, we measured paleocurrents in the Sagu. Following the methodology presented by DeCelles et al. (1983), we took nearly 2,000 paleocurrent measurements where the trough cross-bedding was exposed. Then, these values were corrected and processed using the Stereonet software. Our results indicate a dominant flow direction from west to east for the Upper Guadalupe, Barco, and Mirador units (Figure 3). However, the north-to-south trend is identified at the top of the Barco and Mirador units (Figure 3).
New Data: Facies Association and Depositional Environments
We identified six facies associations following the lithofacies associations throughout the rock successions; see FA1–FA6 in Table 2. Their depositional context and deposition mechanism were interpreted based on the conceptual depositional model presented in Figure 5. Our model indicates the relation of the interpreted depositional environment regarding the type of shoreline (Figure 4). For example, the upper shoreface and upper delta front in Figures 5A,B were deposited on different shorelines, but their distance from the shoreline remains similar across the same beachline. This model was simplified following the principles of Boggs Jr (2006), Catuneanu (2017), and Nichols (2009). Its purpose is to facilitate the correlation of the new data regionally, contributing to an easier but effective analysis of how the sedimentation and depositional settings changed over time across the entire study area. Although there were different sediment sources during the deposition of those rocks, the depositional environments can be correlated as they deposited along the same shoreline.
[image: Figure 5]FIGURE 5 | (A) Chronostratigraphic correlation from the Upper and Middle Magdalena Valley to the Llanos Basin. (B) Total thickness of strata. Location in Figure 1. Abbreviations: MFS: Maximum Flooding Surface, MRS: Maximum Regressive Surface, SU: Subaerial Unconformity, RSME: Regressive Surface of Marine Erosion, TSE: Transgressive Surface of Erosion. The thickness of the unconformities represents its hierarchy and magnitude.
The facies association suggests that the Middle Guadalupe strata in the Sagu deposited in a low-energy regime under shallow marine conditions. The dominant sedimentary structures and ichnofossils recognized in FA1 and FA2 suggest a deltaic shoreline. Therefore, our interpretation is that the Middle Guadalupe unit deposition is associated with prodelta and lower delta front areas, where finer sediments dominate (Figure 3 and Table 2). The same unit preserves coarser sediments in the wells, indicating a higher energy regime and shallower conditions. The facies associations FA2, FA3, and FA4 are identified within the rock units from the wells. In the lower parts of well 2 and well 3 rock successions, we determined FA2, which indicates lower delta front conditions. The following intervals in well 1 and well 2, plus most strata from well 3, preserve the facies association FA3, suggesting upper delta front conditions with a high-energy regime and more influence of the daily waves and tides (Figure 4 and Table 2). The uppermost part of the Upper Guadalupe records the FA4, indicative of delta plain depositional conditions with hyper-concentrated flows and episodes of increased water level in high-energy aerobic conditions (Figure 4 and Table 2).
In the Sagu, the Upper Guadalupe unit is characterized by FA2 and FA3 (Figure 3 and Table 2). The FA2 is present in the lowermost and uppermost parts of the unit (Figure 3). As mentioned before, this rock unit is absent in the wells. The overlaying Barco Fm is dominated by the FA5 among all sections, from Sagu to the wells. That suggests a high turbulent flow energy regime associated with river channels (Figures 3, 4 and Table 2). The predominance of FA6 distinguishes the following Los Cuervos Fm, indicating migration of channels in a medium-to-high-energy flow regime with periodic flooding and suspension deposition in stream channel banks (Figure 4 and Table 2). The FA5 is also a characteristic of the overlaying Mirador unit (Figure 3). Finally, the Carbonera C8 rock unit preserves the FA2 in the lowermost part but is dominated by FA1 (Figures 3, 4).
SEQUENCE STRATIGRAPHY AND REGIONAL CORRELATION
Following Carvajal Torres et al. (2021), Catuneanu (2017, 2019a), Catuneanu et al. (2011), and MacEachern et al. (2012), we identified some stratigraphic surfaces in the strata from the Sagu and the wells. The first surfaces identified were those related to the following unconformable contact cases: 1) FA2 (lower delta front) overlaying FA1 (prodelta), 2) FA2 (lower delta front) overlaying FA5 (continental proximal fluvial), 3) FA5 (continental proximal fluvial) overlaying FA 2 (lower delta front), 4) FA5 (continental proximal fluvial) overlaying FA4 (delta plain), 5) FA5 (continental proximal fluvial) overlaying FA 6 (marginal fluvial).
Accordingly, either fluvial or marine facies overlies the unconformable contacts. In the case of fluvial facies on top of the unconformable contact, this was defined as the subaerial unconformity (SU) by Van Wagoner (1988) regardless of the underlain facies, for instance, the Cretaceous–Paleocene (Barco-Upper/Middle Guadalupe) and Paleocene–Eocene (Mirador-Los Cuervos) contacts in Figures 3, 4. Meanwhile, in subaqueous conditions, we defined the transgressive surface of erosion (TSE) from Catuneanu (2017) when the marine facies overlies shallower facies; see Carbonera C8 and Mirador contact in Figures 3, 4. Otherwise, it is determined as the regressive surface of marine erosion (RSME) as the one preserved in the Upper-Middle Guadalupe in the Sagu (Figure 3).
We also defined stratigraphic surfaces following the contacts between prograding and retrograding successions. If the contact separates a prograding succession below and a retrograding succession above, it is defined as the maximum regressive surface (MRS) by Posamentier and Vail (1988). On the contrary, if the retrograding sequence underlies the prograding interval, we determined it as the maximum flooding surface (MFS) by Mitchum (1977). We defined a late Campanian MRS and MFS within the Middle Guadalupe unit in the Sagu. They are absent in the wells.
Approximately 27 studies and reports were analyzed in the locations presented in Figure 1. Table 1 summarizes the information compiled from all these studies, showing the age, name, thickness, general lithological description, and reported environmental setting of all the rock units per section. We adjusted the author’s environmental interpretation to the conceptual depositional model presented in Figure 2B.
Subsequently, chronostratigraphic correlations along the adjacent basins were assembled (Figures 5–10). These correlations are intended to cover the main depocenter of the late Campanian to Paleogene retroarc foreland basin. Two correlations depict the chronostratigraphic relationship from the Upper-Middle Magdalena in the west to the Llanos Basin in the west (Figures 5, 7). They expose how the missing gap in the western flank of the Eastern Cordillera correlates with the active depocenters at that time. The other three correlations provide insight into the chronostratigraphic correlations through the main depocenters and both flanks of the Eastern Cordillera (Figures 7–10). We attempted to reconstruct the missing record in the Cobardes Anticline following the vitrinite reflectance, thermochronological data, and nearby stratigraphic reports from Ayala-calvo et al. (2009), Caballero (2010), Caballero et al. (2013a), Porta (1958), and Silva et al. (2013) (Figure 8).
[image: Figure 6]FIGURE 6 | (A) Chronostratigraphic correlation from the Upper and Middle Magdalena Valley to the Llanos Basin. (B) Total thickness of strata. Location in Figure 1, conventions in Figure 5. The thickness of the unconformities represents its hierarchy and magnitude.
[image: Figure 7]FIGURE 7 | (A) Chronostratigraphic correlation from the Upper to Middle Magdalena Valley. (B) Total thickness of strata. Location in Figure 1, conventions in Figure 6. The thickness of the unconformities represents its hierarchy and magnitude.
[image: Figure 8]FIGURE 8 | (A) Chronostratigraphic correlation from Carmen de Apicala to los Cobardes Anticline (along the western flank of the Eastern Cordillera). Location in Figure 1, conventions in Figure 5. (B) Total thickness of strata. The thickness of the unconformities represents its hierarchy and magnitude.
[image: Figure 9]FIGURE 9 | (A) Chronostratigraphic correlation from Uribe to Umbita (along the axial part of the Eastern Cordillera). Location in Figure 1, conventions in Figure 5. (A) Total thickness of strata. The thickness of the unconformities represents its hierarchy and magnitude.
[image: Figure 10]FIGURE 10 | (A) Chronostratigraphic correlation along the western Llanos Basin. Location in Figure 1, conventions in Figure 5. (B) Total thickness of strata. The thickness of the unconformities represents its hierarchy and magnitude.
Regarding the stratigraphic surfaces determined in the Sagu and wells, we identified a strong correlation between the subaerial unconformities across the basins. The Cretaceous–Paleocene and Paleocene–Eocene contacts are unconformable and overlaid by fluvial facies. In the Upper and Middle Magdalena Valley, 1) top of the La Tabla and the lower part of the Seca unit; 2) top of Palermo/Bache, Hoyon, and upper Seca units; and 3) top of Tesalia, Chicoral, and Gualanday units (Figure 7A) are evidenced. The latter is restricted to this depocenter, as in Figures 5A, 7A.
A Maastrichtian—Paleocene unconformity is reported along the Eastern Cordillera. Across the axial part and the eastern flank, it is preserved on top of the Bogota and Upper Socha units from the sections in Bogota, Medina, and Umbita (Figures 9A, 10A). In Uribe, this SU truncates the late Campanian Palmichal Gp (Figure 9A). Similarly, the late Campanian Upper Lidita and Labor units from the Carmen de Apicala Syncline and Fusa locations are truncated by another SU that indicates subaerial exposure until the latest Maastrichtian–early Paleocene (Figure 9A).
In contrast, the presence of the subaqueous unconformities (RSME and TSE) is limited to the ECB and western LLB. The TSE is evident on top of the Mirador and Regadera units in the axial part and eastern flank of the Eastern Cordillera (Figures 9A, 10A). This TSE is absent from the western flank of the Eastern Cordillera to the Upper and Middle Magdalena Valley, where only fluvial facies have controlled the deposition since the Paleocene (Figures 5A, 6A). The RSME identified in the Sagu is more difficult to correlate. According to Catuneanu (2017) and MacEachern et al. (2012), the RSME separates inner shelf, prodelta, or offshore sediments below from the lower shoreface deposits above. In Bogota, Umbita, and Medina, a discordant contact is placed in the contact between Middle and Upper Guadalupe units (e.g., Pérez & Salazar, 1978; Guerrero and Sarmiento, 1996; Bayona, 2018). This contact is defined as a non-depositional + erosion period in Bogota and Umbita by Bayona et al. (2013). We correlated this surface as an RSME across the Eastern Cordillera (Figures 9A, 10A).
Likewise, we tracked contacts between prograding and retrograding intervals. In Bogota and Umbita, an interval of upper shoreface was identified within the late Campanian lower shoreface Labor formation, suggesting the presence of another late Campanian MRS. In Medina, Guerrero and Sarmiento (1996) reported a change within the prodelta facies of the Lodolitas de Aguascalientes. In this unit’s uppermost part, the succession of marine black mudstones is interrupted by an heterolithic interval with bivalves and U-shaped ichnofossils. That is accompanied by an abrupt reduction of the marine microfossils and a sudden increase in pollen. Based on this evidence, we delimited the late Campanian MRS in this rock interval (Figure 10A).
The characteristics are similar across the Upper and Middle Magdalena Valley. From Aico to Guaduero, the deposits were deposited under inner shelf conditions. Therefore, there is no similar trend to the one from the ECB and LLB. Nevertheless, late Campanian units preserve a peak of terrestrial microfossils. This peak can be found within the upper part of Monserrate, Upper Lidita, and Umir units from Tesalia, Aico, Piedras, and San Juan de Rio Seco. For instance, Garzon et al. (2012), Guerrero et al. (2000), and Yepes (2001a) reported an increase in pollen and spores for the late Campanian deposits from Aico and Piedras. We interpret this peak as correlatable with the MRS defined in Sagu (Figures 5A, 6A, 7A). This MRS is absent in the sections from Fusa, Carmen de Apicala, and the wells, as a SU truncates the middle to late Campanian strata (Figures 5A, 8A).
FIRST-ORDER RETROARC FORELAND SEQUENCE FILL
Several studies have identified stratigraphic surfaces such as unconformities (e.g., Gómez et al., 2005b; Ramon and Rosero, 2006) and maximum flooding surface (MFS) (e.g., Caballero and Naranjo, 2015, 2017; Caballero et al., 2020). However, their relationship and meaning within the regional tectonic framework are not considered. Instead, the changes in the eustatic sea level are contemplated by some authors (e.g., Garzon et al., 2012) as the primary factor driving transgressions and regressions. Detailed studies focusing on the timing of the structures (e.g., Mora et al., 2010b, 2013b; Silva et al., 2013) demonstrated that active tectonism took place from late Campanian to Paleogene. Initially, the deformation started by folding, resulting in the exhumation of some areas prone to subaerial erosion. Since the Miocene, the contractional stress caused the formation of numerous reverse faults and the inversion of previous normal faults (e.g., Parra et al., 2012; Mora et al., 2013a; Jimenez et al., 2013; Tesón et al., 2013).
The changes in the tectonic setting caused the first-order changes in the study area and defined the lifespan of the regional foreland basin. We analyzed the relationship of our interpreted stratigraphic surfaces with the major and minor tectonic events from the late Campanian to the earliest Oligocene, which is the estimated lifespan of the retroarc foreland basin (e.g., Gómez et al., 2005b; Parra et al., 2009b; Mora et al., 2010a; Horton et al., 2010b; Villagómez, 2010; Moreno et al., 2011; Villagómez and Spikings, 2013). Thus, we determined the hierarchy of each one of those surfaces. Moreover, the basin architecture was estimated based on the sedimentary thickness of the units, which is exposed in Figures 5B, 6B, 7B, 8B, 9B, 10B.
According to Catuneanu (2019b), underfilled accommodation occurs below sea level in a sedimentary basin connected to the global ocean, whereas overfilled accommodation is controlled by fluvial deposition only. The retroarc foreland basin was connected to the global sea level (e.g., Mann et al., 2006). Therefore, we delimited these stages for the basin (Figures 5–9). To analyze how the sedimentation and accommodation were impacted by the tectonic activity and the orogenic advance, we combined the chronostratigraphic correlations with an update to the palinspatically restoration from Bayona (2018) with the new data from Sagu and wells and reviewed numerous paleogeographic restorations from previous authors (e.g., Sarmiento, 2001; Cediel et al., 2011; Reyes-Harker et al., 2015; Caballero et al., 2020). Figures 11, 12 highlighted the basin architecture and the tectonic framework during the first-order changes and the facies distribution during the different stages of the basin evolution.
[image: Figure 11]FIGURE 11 | Palinspatically restored paleogeographic maps for (A) Latest Campanian, (B) Earliest Maastrichtian, (C) Middle Maastrichtian, (D) Late Maastrichtian, (E) Early Paleocene. Abbreviations: Te, Tesalia; Ai, Aico; Pi, Piedras; Gi, Girardot; Fu, Fusa; Bo, Bogota; Sj, San Juan de Rio Seco, Gu, Guadero; Sa, Sagu; Me, Medina; Um, Umbita; Ur: Uribe; W1/2/3, wells 1–3; CAS, Carmen de Apicala Syncline, NMS, Nuevo Mundo Syncline Area; CA, Cobardes Anticline Area; SM, Santander Massif Area; CB, Cocuy Area. The original positions are represented by the gray squares.
[image: Figure 12]FIGURE 12 | Palinspatically restored paleogeographic maps for (A) Middle Paleocene, (B) Late Paleocene, (C) Early Eocene, (D) Middle Eocene, and (E) Late Eocene. See abbreviations and conventions in Figure 11. The original positions are represented by the gray squares.
Late Campanian
The uplift of the paleo-Central Cordillera and the accretion of the oceanic terranes in the study area took place in the late Campanian, causing the end of the extensional basin (Villagómez, 2010; Villagómez and Spikings, 2013; Mora et al., 2020). The contact of a prodraging interval below and a retrograding succession above within the late Campanian strata indicates a shoreline regression across the whole study area (Figures 5–10). The lithological evidence is preserved within the transition from the Upper Lidita to Buscavidas and within the lowermost part of the Umir formation along the Upper and Middle Magdalena Valley (Figure 7). In Aico, Garzon et al. (2012) and Yepes (2001a) report an increase in continental palynomorphs (pollen and spores), whereas the marine palynomorphs content decreased.
Likewise, the Middle Guadalupe unit preserves a contact of upper shoreface facies below and lower shoreface facies succession above across the Easter Cordillera (Figures 9A, 10A). In the western Llanos Basin, the middle Guadalupe (Lodolitas de Aguascalientes in Medina) exposes lower shoreface facies within inner shelf facies (Figures 3, 5, 9). Indeed, the late Campanian rocks from the Medina section indicate a reduction in marine palynomorphs and increased continental and terrestrial microfossils (Guerrero and Sarmiento, 1996). In the Sagu creek, there is a 20–30 m thick lower delta front interval underlying a ±20 m prodelta succession from the late Campanian Middle Guadalupe (Figure 3).
However, there are no strata from the late Campanian in most Llanos Basin (Figures 4, 10). The stratigraphic section from the wells a SU on top of the upper delta front to delta plain middle-late Campanian rocks (Figures 4, 5A, 9A). According to the biostratigraphy from ECOPETROL (2012a) and ICP - Ecopetrol (2014b), the missing record corresponds to the late Campanian to early-middle Paleocene. Similarly, an unconformity is recognized in Tesalia, Fusa, and the Carmen de Apicala sections (Figures 5, 6). The palinspastic restoration put the location of the wells and Tesalia at the distal part of the basin (Figure 11A). On the contrary, the present-day sections of the Fusa and Carmen de Apicala were located within an uplifting block within the basin (Figure 11A). This uplifting block’s estimated lateral extension from west to east is ±80–110 km (Figure 11A).
At the end of the Campanian, the uplifting block was surrounded by two depocenters: the Upper and Middle Magdalena Valley to the west and the area from the Eastern Cordillera (at least from the axial part) to the LLB in the east. They extended ±60–100 km and ±150–250 km, respectively (Figure 11A). Figures 5B, 6B illustrate estimated basin architecture from west to east during the late Campanian to Maastrichtian (the underfilled stage). The data indicate that the emerging block corresponded to the western part of the Eastern Cordillera (Figures 5B, 6, 6B, 9A, 11A).
Early Maastrichtian
The eastward orogenic advance continued at this time. Provenance analysis (e.g., Nie et al., 2010; Lamus et al., 2013) demonstrates that the uplifting Central Cordillera started to be a sediment source by this time (Villagómez and Spikings, 2013; Valencia-Gómez et al., 2020). In addition, the basin records a change from the carbonatic to siliciclastic deposition that Bayona (2018) reported as xenoconformity. In Aico and Tesalia, the southernmost areas, this change occurred in the uppermost Campanian (e.g., Garzon et al., 2012). Although the shoreline moved northward, it still influenced the study area. The shoreline migrated northward and produced subaerial exposure and subsequent erosion in some areas (Figure 11B). Wells 1, 2, and 3 continued under subaerial exposure (Figure 11B).
Figure 12B illustrates the ongoing exhumation of the western Eastern Cordillera. The facies surrounding this uplifting block becomes shallower toward it (Figure 11B). The early Maastrichtian facies succession tends to be prograding across the study area. Figure 11B indicates how the shoreface and coastal deposition expanded along the Eastern Cordillera and western Llanos Basin during early Maastrichtian. At the same time, deposition under inner shelf conditions ceased across the Upper and Middle Magdalena Valley. However, the end of the early Maastrichtian is characterized by fining-upward successions. Guerrero et al. (2000), Tchegliakova (1995), and Yepes (2001b) reported an increase in marine palynomorphs within the Buscavidas and Umir across the Upper and Middle Magdalena Valley. Similarly, finer sediments are identified on the preserved early Maastrichtian rock units of the Sagu, Bogota, and Medina (e.g., Pérez and Salazar, 1978; Guerrero and Sarmiento, 1996).
The thickness of the sedimentary record of the Early Maastrichtian in the Upper/Middle Magdalena Valle is ±110–150 m, whereas the Eastern Cordillera and Llanos Basin records ±80–90 m. Although the thickness change from west to east is minor, data support an eastward pinch-out general trend (Figures 5, 6). From south to north, the thickness varies as well in each depocenter. However, data suggest a northward thickening trend (Figures 7B, 9B, 10B).
Middle Maastrichtian
During this time, the western flank of the Eastern Cordillera started its exhumation, as suggested by the reported AFT values from Caballero et al. (2013b) and Silva et al. (2013) along the Cobardes Anticline (Figure 11C). Also, the general sedimentary thickness increased compared to the early Maastrcithtian rock succession. In the Upper and Middle Magdalena Valley, the thickness rose to ±200 m, whereas it increased up to ±110 m along the Eastern Cordillera Basin. These facts evidence an advanced stage of the compressional retroarc foreland basin, where the tectonism triggered accommodation space across the depocenters.
Nevertheless, the shoreline was migrating northward, triggering a change from shoreface to coastal deposition across most of the Eastern Cordillera and subaerial exposure of the Sagu area (Figure 11C). Although a general regression occurred, another increase in marine microfossils (foraminifera and dinoflagellates) was reported across the Upper and Middle Magdalena Valley (e.g., Tchegliakova, 1996; Garzon et al., 2012), along with numerous exploitable coal beds from the Guaduas Fm in the Eastern Cordillera (Sarmiento, 1992; Bayona et al., 2013). We interpret this as an episode where the accommodation outpaced the sedimentation rate, enhancing the coastal plains’ flooding and reducing continental palynomorphs in the study area.
Late Maastrichtian
This period represents the starting point of the overfilled stage of the foreland basin. Although the sediment thickness (±220 m in the Upper and Middle Magdalena Valley and ±120 m in the Eastern Cordillera) suggests an increase in accommodation, most of the sedimentation occurred under fluvial conditions. The sediment derived from the Central Cordillera (e.g., San Juan del Rio Seco and Guadero in Bayona et al., 2013) enhanced the sediment supply along the basin and favored the northward migration of the shoreline. Coastal plain and marginal facies expanded along the study area (Figure 11D).
The reported presence of gypsum layers in the Aico area demonstrates that the regression of the shoreline produced brackish water bodies (lacustrine environments) in the southern part of the Upper Magdalena Valley. In the Eastern Cordillera, sedimentation only occurred near Bogota and Umbita as the other areas were under subaerial exposure (Figure 11D). The exhuming western ECB block grew and extended northward. Thermochronometers from Silva et al. (2013) revealed exhumation in the Santander Massif. However, neither sediment source controlled the fluvial channels, as indicated by the paleocurrents from Gómez et al. (2005a) and the kinematic restorations from Sanchez et al. (2012).
Early Paleocene
The tectonic activity characterized this period (Bayona et al., 2013; Mora et al., 2020). The eastward orogenic advance continued leading to 1) a more prominent topographic relief in the Cobardes Anticline (western Easter Cordillera) and 2) the establishment of a fluvial network across the study area (Figure 11E). According to paleocurrents measured by previous authors, the Cobardes Anticlne started to exert control in the fluvial net (e.g., Caballero, 2010). This net transported sediments from local sources, as indicated by an increased portion of unstable minerals in the early Paleocene rock units from San Juan del Rio Seco (Bayona et al., 2013).
The unconformable contact between the early Paleocene fluvial facies and the underlying coastal/deltaic plain to marginal facies of the late Maastrichtian is unconformable and diachronic. As mentioned before, this is defined as an SU. In the Sagu and the wells, the Barco Fm is interpreted as early-middle Paleocene following Carvajal-Torres et al. (2019), indicating that subaerial exposure occurred at least during the earliest Paleocene (Figures 3, 4, 9A, 11E). There is no lacunae related to this SU in the Middle/Upper Magdalena Valley and Eastern Cordillera, except for Tesalia, Uribe, and Carmen de Apicala.
Following the east to west chronostratigraphic correlations from Figures 5A, 6A, we identified this SU truncating older units eastward. In the eastern flank of the Llanos Basin, the SU is truncating the lower Maastrichtian Upper Guadalupe unit. In contrast, it truncates late Maastrichtian or earliest Paleocene units across the Middle/Upper Magdalena Valley and Eastern Cordillera (Figures 5A, 6A). Additionally, the south-to-north individual correlation along the Upper and Middle Magdalena Valley and Eastern Cordillera revealed that this SU truncates older units southward (Figures 7A, 10A). Therefore, this SU becomes younger toward the north and west.
Middle Paleocene
Intracontinental blocks exhumed in the MMVB (Figure 12A). For instance, the exhuming blocks across the Middle Magdalena Valley were documented by Caballero et al. (2013a) and Parra et al. (2012). These acted as a local sediment source (Moreno et al., 2011), as shown by the paleocurrent directions in Figure 12A. The tectonism also created new accommodation, evident due to the renewed sedimentation, excluding the Uribe section. High amalgamated channels dominated facies deposited across the study area despite the new accommodation. In the Upper and Middle Magdalena Valley, the San Francisco and lower Hoyon units preserve lithologies associated with high-energy regime stream channel deposition (e.g., Veloza et al., 2008; Lamus et al., 2013), as shown in Table 1.
In the Eastern Cordillera, these fluvial conditions are recorded within the Cacho, Lower Socha, and Barco units. Their lithologies and sedimentary structures indicate the sedimentation was related to higher energy fluvial channels (e.g., Ulloa and Rodríguez, 1975; Bayona et al., 2013). Although the sedimentation was uniformly distributed across the Eastern Cordillera, there is a gap of ±2 My in Umbita (Bayona et al., 2013) (Figure 9A). Compared to the previous period, the sedimentary record is approximately twice thicker in the study area (Figures 5–10). Most of the sedimentation took place in San Juan del Rio Seco and Bogota (Bayona et al., 2013; Lamus et al., 2013).
Paleocurrents across the study area demonstrate that the Central Cordillera, the western flank of the Eastern Cordillera, the Guiana Craton, and the intracontinental highs supplied sediments to the basin. Their continuous surface uplift enhanced the energy and transport capacity of the fluvial channels and triggered an increase in the sediment supply. As a result, aggradation of the facies took place in the study area. The facies distribution exposed in Figures 5, 6, 12A is analogous to the overfilled stage of a foreland basin presented by DeCelles and Giles (1997), DeCelles, (2012), and Nemčok et al. (2009), so it indicates the regional foreland basin was on its final stage.
Late Paleocene
Multiple authors (e.g., Cortés et al., 2006; Tesón et al., 2013; Cardona et al., 2018) affirm that the late Paleocene was a period with significant tectonic activity. Their data show an increase in the magmatic activity in the Central Cordillera, maximum shortening and exhumation of the western ECB, and an eastward expansion of the ongoing deformation. Although the sedimentation was not evenly distributed across the basin, the late Paleocene rock succession is the thickest, reflecting the new accommodation created across the depocenters (Table 1 and Figures 5B–10B). Bayona (2018) and Bayona et al. (2013) determined that rock units from this period register the highest sedimentation rate since the latest Campanian. The Upper and Middle Magdalena Valley and Eastern Cordillera areas preserve a significant change in the facies.
In the Upper and Middle Magdalena Valley, the facies exhibit a shift from high-amalgamated fluvial deposits to low-amalgamated fluvial deposits; the contact between those facies is transitional and conformable 7. Moreover, despite that fluvial conditions controlled the deposition, Ayala-calvo et al. (2009) and Caballero (2010) identified coastal plain facies in the north part of Colombia and marginal lacustrine facies in the Nuevo Mundo Syncline, respectively, documenting the influence of the shoreline located to the north of the study area (Figure 12B). On the contrary, brackish palynomorphs in the Medina section (Guerrero and Sarmiento, 1996) and carbonaceous material in the Sagu Creek unveil the existence of a coastal to marginal facies in the western LLB (Figures 5, 12B).
The high sedimentary thickness suggests an increase in accommodation space. Likewise, the change from high-amalgamated to low-amalgamated channels indicates another period where the accommodation outpaced the sediment supply. However, it was insufficient to allow a regional marine incursion. The marginal lacustrine facies in the Nuevo Mundo Syncline and the brackish palynomorphs in Medina evidence partial flooding with brackish marine waters. Due to the reported tectonic activity and the lack of influence of global eustasy, it is understood that these relatively synchronous changes were triggered by tectonism.
Early Eocene
Sedimentation ceased, and subsequent subaerial exposure occurred in various areas across the basin (Figure 12C). In the Sagu and the wells, Los Cuervos Fm is truncated by an unconformable surface on top (Figures 3, 4). Also, roots associated with the formation of paleosols were identified in each location (Figures 3, 4). Due to this unconformable contact overlaid by fluvial facies, it was classified as a SU. Following the detrital zircon ages from Carvajal-Torres et al. (2019) and ages reported from nearby (e.g., Caballero et al., 2020), the lacuna of this SU is estimated to be from the latest Paleocene to early-middle Eocene in the Sagu. This time gap increases eastward in the area of the wells, where it depicts a time gap from the middle Paleocene to the middle Eocene.
Similarly, paleosols are reported in the Upper and Middle Magdalena Valley and parts of the Eastern Cordillera. Hoyon unit preserves roots and paleosols on top (e.g., De Porta, 1966) (Figure 7A). The same characteristics are recorded in the Upper Socha rock unit in Umbita and Medina (e.g., Jaramillo, 1999) (Figures 8A, 10A). No deposition took place in most of the basin. In the Upper and Middle Magdalena Valley, the Girardot, Tesalia, Aico, and Guaduero areas remained under subaerial exposure, such as Uribe, the Cobardes Anticline, and Carmen de Apicala Syncline in the Eastern Cordillera.
However, deposition continued in the Bogota area. Although the sedimentation rate was the lowest registered since the Maastrichtian, around 500–1,000 m of sediment was deposited in Bogota Fm (Bayona et al., 2010). As the Bogota Fm is also truncated by another SU (Bayona et al., 2013), the SU surface recognized in the Sagu and the wells is correlatable across the study area.
Middle Eocene
Tectonic quiescence dominated during the middle Eocene (Gómez et al., 2005b; Parra et al., 2009b; Mora et al., 2013b; Reyes-Harker et al., 2015). However, areas such as the Nuevo Mundo Syncline were tectonically active (Caballero et al., 2010). Thermochronological data from Caballero et al. (2013a) and Silva et al. (2013) unveil that the western part of the ECB was uplifting. The sediments of the adjacent areas contain unstable minerals such as epidote, pyroxene, amphiboles, and others (titanite) (Bayona et al., 2013). In addition, young peaks in detrital zircon ages and immature continental fluvial deposits suggest a renewed fluvial net with closer sedimentary sources.
The sedimentation renewed at a very low rate. Figure 12D illustrates how the high amalgamated channel fluvial dominated deposition across the study area. However, the Medina area’s shoreface deposits identified by Guerrero and Sarmiento (1996) and Jaramillo and Dilcher (2000) indicate a new incursion of the sea level at the end of this period (Figure 12D). Likewise, the fluvial facies from the Mirador formation in the Sagu cand the wells are overlain by a 1 m thick bed of lower shoreface deposits (Figures 3J, 4). This proximity to the shoreline is not recorded within the sedimentary record from the Upper and Middle Magdalena Valley, as indicated by the fluvial deposits from Tesalia, Gualanday, Chicoral, and San Juan del Rio Seco units (Figures 7A, 12D). Due to the continued uplifting of the western flank of the Eastern Cordillera, this worked as an orographic barrier that impeded the marine incursion westward and further correlation of the facies.
Late Eocene to Earliest Oligocene
The Bucaramanga-Santa Marta strike-slip fault was active due to the compressional regime (Cardona et al., 2018). This compressional regime also caused the eastward migration of the deformation in the ECB and subsequent erosion of the Concentracion Fm (Ochoa et al., 2012). Therefore independent depocenters were created (Villamil, 1999), the Magdalena Valley in the west and the Llanos Basin in the east. Each one of those depocenters continued receiving sediments from the Eastern Cordillera. Thermochronological data and provenance analysis from Bayona et al. (2013), Caballero et al. (2013b), Horton et al. (2010a), Mora et al. (2010a), Moreno et al. (2011), Nie et al. (2010), Sánchez et al. (2012), and Silva et al. (2013) indicate that the Paleogene and Cretaceous rocks were exhumed and prone to erosion during the early Oligocene.
The Central Cordillera and Eastern Cordillera bounded from the west to the east of the hinterland basin in the Magdalena Valley. Low-amalgamated channels fluvial facies dominated in the south (Figure 8B). In the Nuevo Mundo Syncline, the deposition took place in a coastal to proximal fluvial facies (Caballero, 2010). However, the Llanos Basin, bounded in the west by the Eastern Cordillera, was under marine deposition as indicated by the facies from Sagu, wells, and Medina (Figures 3K, 3L, 4, 12E). The coastal facies in the Uribe section suggest the shoreline was located nearby (Figure 12E). Likewise, evidence of a marine incursion is preserved 600 across the western part of the Eastern Cordillera (e.g., Santos et al., 2008).
DISCUSSION
According to Allen and Allen (2005), Catuneanu (2019b), and Nemčok et al. (2013), once the retroarc foreland initiates, the foredeep area subsides and hosts most of the sedimentation. In some scenarios, deep marine retrograding facies deposit across the foredeep, whereas shallow marine deposition occurs in the backbulge. However, the forebulge area uplifts and is subject to either subaerial or subaqueous conditions forming the forebulge unconformity. There are cases in which a condensed section is preserved on top of the forebulge, yet it requires dynamic subsidence, such as in the Western Interior Basin (Catuneanu, 2004, 2019a; Miall et al., 2008). This unconformity underlies the first-order foreland sequence, and its north-south diachroneity results from the diachronic exhumation of the forebulge (Catuneanu 2004).
In the central area of Colombia, once the uplifting of the Central Cordillera started, two areas were exposed. First, the western flank of the Eastern Cordillera was diachronically exposed from south to north. In the south, multiple authors (e.g., Caicedo et al., 2000, 2002; Ramon and Rosero, 2006) recognized an unconformity in the Carmen de Apicala synclines (Figures 8A, 11, 12), indicating exhumation and erosion from the Campanian to the Paleogene (Figure 12). Bayona et al. (2003) identified a similar unconformity in the Fusa section. The time gap associated implies that the exhumation and erosion occurred from the latest Campanian until the latest Maastrichtian–the earliest Paleocene. Then, the sedimentation was resumed with marginal fluvial conditions (Figures 11, 12). The Cobardes Anticline started to uplift north to the study area during the Middle Maastrichtian (Figure 11C). The sedimentation has not resumed since, and the Jurassic rocks are exposed in the structure’s core (Julivert, 1970). The facies overlaying this unconformable contact along the western flank of the Eastern Cordillera indicates it represents a SU with a younger northward pattern from south to north.
Also, most of the Llanos Basin area was uplifting, and it was under subaerial exposure from the late Campanian to the middle Paleocene (Figures 4, 11, 12). Once the compressional regime triggered the formation and uplift of the Central Cordillera in the late Campanian, the previous extensional basin experienced a reduction of accommodation. Subsequently, a northward regression of the shoreline took place. The compression also resulted in a lithospheric flexure that exhumed most of the Llanos Basin. Similar to the unconformity across the western flank of the Eastern Cordillera, it is underlined by the Barco formation’s fluvial facies and is classified as a SU (Figures 3, 8). However, the thickness of the preserved Paleocene sedimentary record is almost half of the one preserved in Fusa.
We evaluated scenarios to define which of the subaerial unconformities is the forebulge unconformity. In the first scenario, the presented estimated lateral extension supports the interpretation of a foredeep across the Upper and Middle Magdalena Valley, a forebulge through the Eastern Cordillera’s western flank, and a backbulge along the Eastern Cordillera and westernmost Llanos Basin. Figure 11A indicates that the presumed foredeep extended for ±60–100 km, whereas the backbulge and forebulge extended for ±80–100 km and ±150–250 km, respectively. Those distances may fit the regular extension for a foreland basin defined by DeCelles and Giles (1997). Nevertheless, the thickness of the late Campanian to Paleogene sedimentary record does not support this idea. Suppose the western flank of the Eastern Cordillera acted as the backbulge during the late Campanian to Paleogene. In that case, its sedimentary record should be just a tiny portion of the preserved thickness across the foredeep (DeCelles and Giles, 1997). Instead, the thickness measured in San Juan del Rio Seco in the Upper and Middle Magdalena Valley and Bogota in the Eastern Cordillera is similar (Figure 6B). The data suggest that the Eastern Cordillera and Upper/Magdalena Valley hosted equivalent sediment from the late Campanian to Paleogene. Therefore, the forebulge was not located along the western flank of the ECB.
In contrast, Gómez et al. (2005b), Gómez et al. (2003), and Parra et al. (2010) suggested that the forebulge of this late Campanian to Paleogene retroarc foreland basin was located across the Llanos Basin. The Middle/Upper Magdalena Valley, Eastern Cordillera, and Llanos Basin comprised the foredeep in this scenario. It extended for ±290–450 km by the latest Campanian, approximately. The thickness of the sedimentary record indicates a pattern of becoming thinner eastward (Figures 5B, 6B). Accordingly, the exhumation and subsequent erosion in Uribe, Sagu, and the wells’ area is associated with the forebulge deformation. The SU that truncates the late Campanian to Middle Maastrichtian strata is defined as the forebulge unconformity.
The diachroneity of the forebulge unconformity is related to the migration of the orogen. Villagómez (2010) stated that the uplifting of the orogen started in the south during the late Campanian and expanded northward. That is reflected in the sedimentary record. Figure 10A demonstrates how the interpreted forebulge unconformity truncates relatively younger strata northward. The unconformity truncates relatively older rock westward from west to east (Figures 5A,B). We interpret this as associated with the orogen’s eastward advance, suggesting the forebulge was not static.
During the late Campanian, the uplifting and exhumation of the forebulge resulted in the erosion of the Middle Guadalupe along the western Llanos Basin. Then, the forebulge expanded westward by the middle-late Maastrichtian, exhuming the rocks from the Sagu area (Figures 11, 12). This westward expansion reached the area of Medina during the early Paleocene (Figure 11E). Nonetheless, the data suggest that the forebulge migrated eastward by the middle-late Paleocene, promoting the deposition of Barco and Cuervos across the western part of the Llanos Basin (Figure 12). That interpretation aligns with the foredeep migration proposed by Bayona et al. (2007).
Catuneanu (2019b) stated that the forebulge unconformity is a first-order stratigraphic surface. It bounds the retroarc foreland sequence at the bottom. However, it is restricted to the forebulge area. Therefore, we analyzed the stratigraphic record across the late Campanian depocenters to determine the stratigraphic response of the depocenters during the start point of the retroarc foreland basin.
In the Sagu, the late Campanian deposits in the study area expose a progradation pattern and a subsequent retrogradation pattern. The upper part of the Middle Guadalupe unit preserves a contact between prograding facies below and retrograding facies above (Figure 3). That contact is absent in the wells because that area was prone to subaerial exposure and erosion. We classified that contact as an MRS. Across the Upper and Middle Magdalena Valley, the Upper Lidita, Buscavidas, and lowermost Umir units preserve a change in sedimentary structures and the distribution of microfossils. Garzon et al. (2012), Guerrero et al. (2000), and Yepes (2001a, 2001b) reported a decrease in marine palynomorphs while the continental microfossils (pores and spores) increased. This marks a coetaneous contact between the underlain prograding pattern and the above retrograding succession, which correlates with the MRS in the Sagu section (Figures 5, 6).
A similar change is recorded within the late Campanian strata across the Easter Cordillera. In the Medina area, the Lodolitas de Aguascalientes registers an increase in pollen content that coincides with an increase in sandy portion and shallow marine fossils and ichnofossils (Guerrero and Sarmiento, 1996). In Bogota and Umbita, at the top of the Middle Guadalupe unit, there is a contact of prograding below and retrograding facies above (e.g., Pérez and Salazar, 1978). We defined another MRS within those intervals. This MRS is absent in the western flank of the Eastern Cordillera due to that area was exhumed and prone to erosion during the late Campanian–Maastrichtian times. However, we define that as another SU.
The south-to-north extension of the late Campanian MRS throughout the depocenters is illustrated in Figures 6–8. The low-resolution isochrones impede the constraining of the exact age of this MRS. Nonetheless, the data indicate this surface is relatively younger in Guaduero than in Tesalia (Figure 6) and relatively younger in Medina than in Sagu (Figure 7). The surface is connected with the first SU formed in the western Eastern Cordillera and the Llanos Basin from west to east (Figures 5, 6). Hence, this suggests they were formed simultaneously, which is hierarchically similar. They are the first-order lower boundary of the retroarc foreland basin and along the overlying deposits belong to the first-order foreland basin sequence.
The upper boundary was formed during tectonic quiescence in the early-middle Eocene. According to Parra et al. (2009b), this tectonic quiescence is associated with orogenic unloading and the subsequent end of the retroarc foreland basin. At this time, the western flank of the Easter Cordillera separated the two depocenters, the Middle/Upper Magdalena Valle in the west, and the Eastern Cordiller–Llanos Basin in the east (Figures 2, 13). For that reason, we defined the SU truncating the Paleocene–Eocene strata across the study area as the upper first-order boundary of the retroarc foreland basin. The overlain units were deposited in a new tectonic setting where the Upper and Middle Magdalena Valley and Llanos Basin acted as independent depocenters.
[image: Figure 13]FIGURE 13 | Sequence stratigraphic framework of the UMVB, MMVB, ECB, and LLB for the Middle Campanian to Middle Eocene. See the diachroneity of the unconformity along the western part of the ECB. Additionally, see how the forebulge unconformity connects toward the depocenter throughout a first-order MRS, forming the composite first-order lower boundary of the foreland sequence. The upper boundary formed during the Early Eocene due to a period of tectonic quiescence.
Our analysis suggests that the diachroneity of the first-order upper boundary is related to the tectonic stages of orogenic loading and unloading proposed by Parra et al. (2009a). In the Upper and Middle Magdalena Valley, this SU tends to truncate older units northward (Figure 7A). In the Eastern Cordillera, the time gap and age of the rocks truncated by this SU decreases toward Bogota (Figure 9A). At the same time, this SU truncates older units from west to east (Figures 5A, 6A). We associate the west-east diachroneity with the ongoing eastward advance of the tectonic deformation. In contrast, the north-south diachroneity may involve interacting with the Caribbean tectonic plate to the north, which flipped its subduction since the Paleocene times (Montes et al., 2019).
Regarding the continuous sedimentation identified near the Bogota area, the resolution of the data limits the entire understanding of this fact. We associate it with the eastward migration of the depocenters. Bayona (2018) proposed that dynamic subsidence may have occurred in that area. Notwithstanding, Catuneanu (2019a) clarified that dynamic subsidence results in positive accommodation along the forebulge, differing from the new data incorporated from Sagu and wells 1–3. Analyzing the outcrops across the western flank of the Eastern Cordillera and their correlation with the presented data is suggested to constrain the basin architecture and evolution.
Additionally, thicknesses should be decompacted to estimate and establish their temporal variation. Biostratigraphy, thermochronology, and detrital zircon are essential information to improve the understanding of the evolution of the forebulge. The stratigraphic surfaces presented are a powerful element to control the facies correlation. We recommend carrying out a detailed calibration of the palinspastic restorations to obtain a more precise measure of the retroarc foreland basin extent and architecture.
CONCLUSION
Understanding the lifespan of the retroarc foreland basin is fundamental not only to comprehending its evolution but also to a better understanding of the timing of significant events and their implication on the sedimentary record. Our results indicate that the western flank of the Eastern Cordillera and the western Llanos Basin uplifted and were under subaerial erosion once the retroarc foreland basin started during the late Campanian. Following the sedimentary thickness across the Upper and Middle Magdalena Valley and the Eastern Cordillera, the estimated basin architecture suggest that the uplifting of the western Llanos Basin was related to the forebulge deformation that resulted in the erosion of the Middle Guadalupe units in the area of the wells (Figure 13). The uplifting of the western part of the Eastern Cordillera is understood to be associated with the ongoing compressional deformation. An SU is an unconformity truncating the late Campanian deposits from the Carmen de Apicala and Fusa area, following Catuneanu (2017) and Van Wagoner (1988).
At the same time, the late Campanian Middle Guadalupe from the Sagu preserve a contact separating prograding facies below from retrograding facies above (Figures 3, 13). A similar contact was recognized within the Upper Lidita, Lutitas y Arenas, Buscavidas, and Upper Guadalupe units from the Middle/Upper Magdalena Valley and Eastern Cordillera. That contact is defined as a maximum regressive surface (MRS) according to Catuneanu (2017) and William et al., 1996. The combination of this MRS, the SU from the western flank of the Eastern Cordillera, and the forebulge unconformity represents the lower first-order boundary of the retroarc foreland stratigraphic sequence (Figure 13).
The correlation of the forebulge unconformity to the Sagu, Uribe, and Medina sections indicates that this surface truncates relatively younger units northward and eastward (Figures 5A, 10A). Likewise, the missing record from the Upper Guadalupe to Barco in Sagu and Guaduas to Lower Socha in Medina evidence that the forebulge expanded westward from the latest Campanian to the earliest Paleocene. By the Middle Paleocene, sedimentation resumed in those areas because the forebulge migrated eastward, resulting in the deposition of the Barco and Los Cuervos rock units. The north-to-south diachroneity of the forebulge unconformity is associated with the orogen’s northward migration. Therefore, the Uribe section did not host sediments since the late Campanian. The orogen moved northward, and no accommodation was created in that area.
In the Paleocene, most of the deposition across the depocenter was fluvial. Although the sedimentary thickness reveals that the accommodation space created was higher than in late Campanian to Maastrichtian times, sediment supply and sedimentation outpaced the accommodation rate. That enhanced the northward migration of the shoreline. Nonetheless, the Sagu and Medina strata unveil that brackish ocean water flooded the area by the late Paleocene (Figure 12B). Our interpretation is that the last tectonic pulse that triggered the accommodation rates to outpace the sedimentation took place. That also promoted the area’s flooding to the north of the Nuevo Mundo Syncline (Figure 12B).
During the latest Paleocene and early Eocene, tectonic quiescence ceased accommodation across the central part of Colombia. The SU on top of Los Cuervos Fm in the Sagu and the wells is correlatable across the Eastern Cordillera and the Upper and Middle Magdalena Valley. At this time, the western flank of the Eastern Cordillera started to separate the depocenter (Figures 2, 13). Therefore, this SU represents the end of the retroarc foreland basin, and we determine it as the upper first-order boundary (Figure 13). The Eocene Mirador unit from the Sagu and the wells along with the Regadera, Picacho, Tesalia, Gualanday, Chicoral, and San Juan del Rio Seco was deposited during a transition period.
Our analysis also identified patterns related to the shoreline trajectories during the retroarc foreland basin. We recognized reported changes in the population of marine palynomorphs (e.g., Piedras and Aico), variations in organic matter content and sediment structures (e.g., San Juan del Rio Seco and Girardot), and the presence of coetaneous thick exploitable coal seems (e.g., Bogota). Some of those patterns are contemporaneous and can be related to events where the accommodation outpaced the sedimentation rate, resulting in marine transgressions. The first-order sequence boundaries we present in this study intend to constrain that framework and facilitate the correlation of similar events in the central part of Colombia.
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minor boturbation. Lirited infebeds of tough
cross-laminated sandstono. Local
microforarinfera Inings and dnofgelatos.
Massive and cross-bedded conglomaratc and
‘carse sandstonos with the oocurence of
gravel conglomeraic beds.

Lt grey, pupie and green Gaystones and
sistones wih plant debis and occasional e
o medum cross-bodded sandstoncs. Lower
part rogisters bioturbation and some brackish
pelynomorphs.
Cross-beddod mecium 1o coarse and
‘occassinaly congomeratic sandstones it
‘some ntervel ofrecish o gray sitstones and
mugsionss wih plant cetrs.

(Gray ststones with pent dbrs nterbeddod
Wit thin o very thin auartzc very e grained
sandstones; and 7ay 1o back carbonsceous
mudsionss wih pant debrs.
Dorinant mecum o coarse graned
‘sandstonss with cross beddng, bivaies,
hortzontl butows and wavy lainaton. Lower
part contans a 15 m hatorothc succason.
Dorinant black mudstones with some nterals
of very i sandistonos wih phosphorous,
gastoropods,hizocoralum, bivahes and
bortzontl burows.

Fine to medum graned sandstones wih
hortzontal bumows, phosphorous and
geuonte, and sorme norvas of back
Mudsionss and heterokcs.

Gray o reddish and groenish sisones and
laystones ntoayered wih sanctones and
‘some congomerates.
‘Congomeratic meciu o coarse grained
foldspatic sandstones wih congomeratic
lenses and ofen ntebedded wih claystones.
Dominant caystones and sitstonss
rterbedded wih 0o to medum graned
sandstones.

"Medum to coarse and ofen conglomaralic
quartztic sandstones with an ienval of
Interboddod sandstones and sitstoncs i the
midde partof he ut.

Dark 10 gray caystones and sitstones
ntercalatoc with 0 o modium grainod
‘sandstones tha are often conglomeratc i the
uppes part Vry thick coalseams arereporied i
the midde partof the uni.

Fine o coarse graned quartzic sandstones.
nterbeddod wih derk 10 black tes.

Fine to grained quartzc sandstones
nterbeddod wih derk 10 biack kttes.

Stoaous sitstoncs, kittes and very fino to fno
rained sandsiones.

Massive to cross bedded coarse to medum
rained sandstones wih gray 1o recish and
often moted massive mudstones.
Hortzonta., cross-badded and massive
medum to Goarso grained sandstones oflen
motted wih massive mottd 0 reddeh
mudstonss. Some itervals have roots,
ndicatng paloosols.

Horizontal 10 rough cross bedded mediu to
‘oarse grained sandstoncs, ofen vavy
Iaminated, nterbedded with ray toredcish and
motted massive mudstones and sistones.
Presence of .

Hortontal, cross-bedded and massive
medum to coarso grained sendstones often
mote, inerbedded with gray massive
mudstonss. n some pars heteroitnG
‘socimentaton.

Lower part: Massive coarss to meium grined
‘sandstones nterbeddod wih aminsted and
massive mudstones. Thisintervel contais Coal
‘soams. Hothoralhi tovals. Upper part:
Massive coarse o medkum grained sendstones
nterbodded with odish to motted mudstonos
and hoteroliic deposts.

“Trick beds ofcross-bedded sandstones wiha
fow 3 to modium bods of ststones and
mudsiones that issappear towards th top.
Prosphasnodues, sh bones, glauconits, and
hortzontal hnofacies (sk0ithos and cnzand.
Tickto very trick becs of clay na o medum
rained sandstonas with sporadc phosphatc
Podues, feh bones and ichnofacie (offon
hortzontal, These intervas aro soparated by
very trn beds of caystones and mudstoncs.
Siosous sitstonss and claystones, kuttes and
very fne grined sandstones interbedded wih
mudstonos and sitstones. Thisnteval s ighy
fossliferous (2.9, fsh bones) but wth bow
ontent of ichnotacies. Horzontal and wavy
laminaton s dominant,

Decametic sequences of massive, sancy lght
oray 10 red motted mudsionss interbedded
with metric sequences of medum o thick beds
of tne to meclum graned subitherentes,
herenites and suoarkoses 0 e t0p.
Fining-upward sucosssions of green to 7y,
inetomedium graned sandstones nterbedded
With gt gray, massive and sandy mudstones.
‘Sandstones are cominanty massive and rppie-
wauy laminetod at the bottom; trough ross
beddng i lsoted cosets.

(Green, wavy-aminated mudstons wkh
‘excalont ecord of pant remans. Thn to
medum bods of pple-aminated, 100 graned
Fonich ouarizarentes orinates a the
boltom. The midce o top i domiated by
‘coersening upwerds sequences or nerbocided
mudsiones.

Fine to medium raned sandstones In thck to
very thick beds.

“Tin bods of silcoous sitsionos wih
foramminfora ntrbockded wih gray
mudstones.

Gray sttones and mudstonos wih pnt debrs
nterbeddod with thin bedsof medum to coarse:
grained quarzi cross-bedded sandsionss.
Conglomeratose, modum-coarso graned
quartztic congomeratic sandstones, and
sistons n sublabuar to tabular bads.
Dominant e to medium grained sandstones
wih horzontal bedging and some wavy
beddng. The sucossslon contains very hick
beds of congomerales wih cross-beddng, &5
well 88 80me beds of e SRlones.

Environmenta Interpretation
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Correlation o study area

N/A Study area indcates period of rosion and 30
10 deposiion durig tis time.

‘Coastal Pain doposts rom Guaduas i Sagu. 80
No record in Wels ares.

‘Shorefeco faces from Upper Guadaiupe and
lower shoreface to nner she doposts rom
Midde Guadalupe n Sagu. I the Wels, It s
‘corsatabi o the upper shorelece and coastal
fcies Kontifed I tho lower part o aach wel
Inner she acis ofhe lower partof the Mdde 60
‘Guadaiupe n Sagu. Upper end Shoreface
‘Geposis n the Wels restrited i),

Marbo faces wih thasssinoides rom the
‘Carbonera G i the Sagu, and lower shorefece
ficies wih ophiomarphas from the Wes.
Lato Maastrichtan: N/A Stucy aroa incicates.
period of erosion and no deposion during this
tme. Paeocens: Barco fonaton i the Sagu
crook and he Paleoceno faces assoction 5
tho Wels.

‘Coastal Pain doposis from Guaduas i Sagu.
No rocord in Wols aroa.

150

w0

180

‘Shorefeco faces from Upper Guadaiupe and
ower shorefaco to nner shef doposis rom
Midde Guadkipe n Sagu. I the Wels, it s
‘coraatabie o the upper shoreiace and coastal
facies entfed i tho lower part of cach wel.

100

Lower shoreéace and inner shelf deposis fom 50
Midde Guadalupe n Sagu. I the Wels, it s
‘coneatebl o the upper shorelece end coastal
ficies entfled i the lower part of sech el.
Mrador formation and Carbonera CB 1 the
‘Sagu. In the wes It corsiates with the Eoceno
facies association' and wih th Oigocene lower
shorataco facks.

N/A Study area inccates perkod o erosion and
o caposiion during tris time.

530

‘Shoreface faes from Upper Guadaiupe and
ower shorfaco to nner sho ceposis from
Midde Guadelupe in Sagu. I the Wels, it s
‘corsatabl o the uppar shorefaco and coastal
faces entfed i tho lower part of cach wel.
e ower partof Unie f coslates with the
Lower Guadalupo descioed by Martnaz (2016)
i Sagu.

Mrador fornation and Carboners CB i the
‘Sagu. I the wels t comaates with tho Eooana
facies associaton 5 and wh th Oigocene lower
shoroface acks.

Lower pert: Barco formaion i the Sagu creek.
and tho Paicooono faces assodaton 5 n e
Weds, Upper part:Los Cuenvos formaton nthe
‘Sagu. Facies associaton 6 n Wels 1 and 2,

whilo Wel 3 indiales erosionvhon deposiion.

N/A Study area nccates perkod o eroson and
10 depostion during ths time.

‘Coastal Pain doposis rom Guacuas I Sagu. 220

No record in Wels area.

‘Shorefaco faies from Upper Guadaiupe and
lower horeaco {0 ner she deposis from
Middie Guadakipe n Sagu. I tho Wols, 1t s
‘comaatabi o the uppar shorclaco and coastal
fcies dentfed i the lower part of cach wel.
Mario foces with thalessincies from the
‘Carbonera G8 i the Sagu, and ower shorefaco
faces wih ophiomarphas from the Wels.
‘Congomeraticfaces ofthe Mirador formaton n
‘Sagu and the ntervals with the Eocens faces
assodaton 5 i tho Wels.

180

210

Los Cuervos formaton i tho Sagu. Faces.
associaton §1n Wels 1 and 2, whie Wel 3
Indicates erosionvhon depositon

Barco formation i the Sagu cresk and the
Paisocens faces assocaton 5 n the Wels

Lower shoreface o iner shelldeposts from 145
Mdde Guadakuoe n Sagu. In the Wals, i
‘comaatable t the upper shoreface and coastal
fcies entfed i the lower part of each wel.

Mario faces with thalassinodes rom the
‘Carbonera C8 i the Sagu, and ower shorefac
fcies with ophiomorphas from the Wes.
‘Congomeratic faces ofthe Mirador formaton n
‘Sagu and the ntorvals with tho Eocano faces
assodiaton 5 i the Wels.

360

0

Late Masstrictan: N/A Study area ncicates
period of roson and o depositon curing this
e

Paloocens: Baroo formaton i the Sagu crock.
and the Paicocens facies assocaton 5 n the
Woks

‘Shorofaco faces from Upper Guadapes. No
Maastichtien record rom Wels area.

115

‘Shorefece facies from Upper Guadaiupe and
ower horetace to ner she dposis rom
Mdde Guadakipe h Sagu. I the Wels, it s
‘coneatabl o the upper shorefece and coastal
fcies dentfed i tho lower part o oech wel.

22

Mario faces with thalessinoides from the
‘Carbonera 8 i he Sagu, and ower sharsfecs
facies with ophiomarphas from the Wes.

‘Congomerati faces of the irador formation n
‘Sagu and the ntorvals with the Eocens faces
assodaton 5 i tho Wals.

Los Cuervos formaton i the Sagu. Feces
‘associaton 61n Wes 1 and 2, whie Wel 3
Indicates arosionvnon deposton.

£

Barco formation i the Sagu cresk and the
Palooceno faces assodaton 5 n the Wols

225

‘Coasta Pain deposts rom Guaduas i Sagu. 60
No record in Wols arca.

‘Shoreface faies from Upper Guadaiupes. No
Meastichtin record rom Wels area.

160

Lower shoreéace and i shelf deposis fom
Mad Guadakipe n Sagu. I the Wols, s
‘comsatabl t the upper shoreface and coastal
faces entfled i the lower part of cach vel.
No checked in the rea. But acoording fo
Martnez (2008) s corotablo whh Lower
Guadaiipe n th Sagu aree.

180

Mario faces with thalassinodes rom the
‘Carbonera G i the Sagu, and ower shoreface
facies with ophiomorphas from the Wes.
‘Congomerati faces ofthe Mirador formation n
‘Sagu and the ntorvals with tho Eoceno faces
assodaton 5 i the Wels.

Los Cuarvos formaton i the Sagu. Feces.
assodiaton 61n Wels 1 and 2, whie Wel 3
Indicates arosionvnon dapositon.

Barco formation i the Sagu cresk and the
Paiooceno faces assacton § n the Wols

0

180

N/A as Sagu and Wl area under ercsion.

‘Shorefaco faies from Upper Guadaupe and
‘coasta psn deposis rom Guacuas i Saqu.
No Maastichian rocord fom Wols arca.
Lower shoreface and inner shelf deposts fom
Mdde Guadakipe n Sagu. In the Wels, i
‘consatabi o 1he uppar shorelece and coastal
facies ontfed i tho ower part o each wel.
No checked n the arca. But according to
Martoaz (2008) s coraatablo wih Lower
Guadaiupe n tho Sagu area.

Marbo faces with thasssinoides from the
‘Carbonera CB i the Sagu, and ower shorefece
ficies wih ophiomarphas from the Wes.
‘Congomeratifaces oftho Miador formation n
‘Sagu and the ntorvels with tho Eoceno faces
assoditon 5 i tho Wels.

100

120

100

60

150

Los Cuervos fomaton i the Sagu. Faces.

‘associaton §1n Wes 1 and 2, whie Wel 3
Indicates erosionon dapositon.

Barco formation i the Sagu cresk and the
Palooceno faces assodaton 5 n the Wols

108

N/A as Sagu and Wl area under er0sin.

‘Shorefaca faces from Upper Guadapaand 50
‘coasta pan deposts rom Guacuas i Sagu.
No Maastichian rocord fom Wols ar.

Lower shorofacs and inne shelf doposts fom
Midde Guadlupe n Sagu. I the Wels, it s
‘cormsatabi o the upper shorciece and coastal
facies entfed i tho ower part o each wel.

180

No chacked n the area, Butsccording o 80
Martnez (2006) t s corsatable whh Lower
‘Guadatpe n the Sagu area.

Marie faces with thelassinoides from the
‘Carbonera 3 i he Segu, nd lower sharefece
facles with ophiomorphas from the Wes.

‘Gongomerati faces of tho Mirador formaton
‘Sagu and the ntervals with the Eocens faces
associaton 5 i the Wels.

Barco formation i the Sagu cresk and the
Paieoceno faces assocaton 5 n tho Wols

Lower shoreface and inner shelf eposits Fom
Midde Guadalpe n Sagu. I the Wels, it s
‘comaatabi o the uppar shorelace and coastal
ficies entfed i the ower part of sach wel.
No chacked n the area, But sccording o 70
Martnez (2008) t s corsatablo wih Lower
‘Guadaiupe n the Segu ares.

Mario faces wih thalessinoides fom the 30
‘Carbonera G nthe Sagu, and ower shoreface
faces with ophiomorphas from the Wes.
‘Gongomeratifaces of tho Mrador formationin 20
‘Sagu and the ntervals with the Eocens faces
assodaton 5 i tho Wels.

Lower shoreface o iner shell deposts rom.
Mdd Guadalupo in Sagu. I the Wels, it s
‘comaatabl o the upper shorelece and coastal
fecies entfed i the lower part of each vel.

100
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