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Integration of several geologic lines of evidence reveals the prevalence of a lowland trans-Andean portal communicating western Amazonia and the westernmost Andes from at least middle Miocene until Pliocene times. Volcanism and crustal shortening built up relief in the southernmost Central and Eastern Cordilleras of Colombia, closing this lowland gap. Independent lines of evidence consist first, of field mapping in the Tatacoa Desert with a coverage area of ∼381 km2, 1,165 km of geological contact traces, 164 structural data points, and 3D aerial digital mapping models. This map documents the beginning of southward propagation of the southernmost tip of the Eastern Cordillera’s west-verging, fold-and-thrust belt between ∼12.2 and 13.7 Ma. Second, a compilation of new and published detrital zircon geochronology in middle Miocene strata of the Tatacoa Desert shows three distinctive age populations: middle Miocene, middle Eocene, and Jurassic; the first two sourced west of the Central Cordillera, the latter in the Magdalena Valley. Similar populations with the three distinctive peaks have now been recovered in western Amazonian middle Miocene strata. These observations, along with published molecular and fossil fish data, suggest that by Serravallian times (∼13 Ma), the Northern Andes were separated from the Central Andes at ∼3°N by a fluvial system that flowed into the Amazon Basin through the Tatacoa Desert. This paleogeographic configuration would be similar to a Western Andean, or Marañon Portal. Late Miocene flattening of the subducting Nazca slab caused the eastward migration of the Miocene volcanic arc, so that starting at ∼4 Ma, large composite volcanoes were built up along the axis of today's Central Cordillera, closing this lowland Andean portal and altering the drainage patterns to resemble a modern configuration.
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INTRODUCTION
Located between two major cordilleras in the Northern Andes (Figure 1), the Miocene deposits of the Tatacoa Desert, collectively known as “La Venta”, have provided key insights into the paleogeography and the biodiversity of the Neogene in South America. La Ventan deposits contain the record of the Eastern Cordilleran uplift (Guerrero, 1993, Guerrero, 1997; Lundberg et al., 1998; Anderson et al., 2016), span a section of the Mid-Miocene Climatic Optimum—one of the most notable Cenozoic global warming events (Flower and Kennett, 1994; Zachos et al., 2001), and are the source of one of the best-studied Neotropical terrestrial vertebrate assemblages in South America (Kay et al., 1997; Carrillo et al., 2015). The rich paleontological record of La Venta deposits has shed light on the evolution and biogeography of vertebrate lineages and the development of major drainage basins in South America. Arguably, one of the most relevant geological insights has been gained from fossil fish faunas preserved in La Ventan strata of the Tatacoa Desert. These fossils are evidence of a direct lowland connection between the Amazonian and the Magdalena drainage systems (i.e. an Andean portal) during middle Miocene times (Lundberg and Chernoff, 1992). This insight places tight constraints on the mode and timing of mountain growth, specially the presence and timing of lowland portals that segmented the Andean cordillera of the past.
[image: Figure 1]FIGURE 1 | General location map of the Northern Andes (the Andean block of Pennington, 1981), contour lines every 1,000 m. Green dots represent U-Pb detrital zircon samples: middle Miocene strata of the Amaga Formation (Montes et al., 2015), the Cauca-Patia Basin (Echeverri et al., 2015), and the Amazon Basin (Kern et al., 2020). The Miocene magmatic arc consists of hypabyssal porphyritic granitoids, while the Panama-Choco Eocene arc consists mostly of granitoids (Leal-Mejia, 2011; Montes et al., 2012; Bineli-Betsi et al., 2017; Leal-Mejia et al., 2019). Pliocene (∼4 Ma) and younger ignimbrites and volcanoclastic rocks (Barberi et al., 1988; Torres-Hernandez, 2010; Egüez et al., 2017) represent the initial magmatic pulses in the construction of large composite active today in the Northern Andes (H: Huila Volcano, PS: Purace-Sotara volcanoes, VF: Villalobos-La Fragua volcanic center).
Equatorial lowland portals through the Andes have long been proposed to exist, variably called the Marañon, or Western Andean Portal (Hoorn et al., 1995; Lundberg et al., 1998; Antonelli et al., 2009; Hoorn et al., 2010). Such a lowland passage would have allowed equatorial (Figure 1) westward flow of major South American rivers (Hurtado et al., 2018), separating mountain-specific taxa between Central and Northern Andes (Antonelli et al., 2009), and joining lowland taxa of the Pacific and the Amazon (Haffer, 1967; Slade and Moritz, 1998; Miller et al., 2008; Weir and Price, 2011). Vanishing of such Late Cretaceous to middle Miocene times portal took place as a result of Andean topographic growth, as the raising orogen joined formerly isolated high Andean elevations, simultaneously segmenting formerly connected lowland drainage basins. There is however, little geologic data that more precisely pinpoint the location, and corroborate the presence of a lowland portal in the Northern Andes, and the time it remained opened.
In an attempt to better constrain Andean paleotopography, we focused our study on the gaps, or lowland portals that allowed the flow of major rivers across the Northern Andes. In this contribution we document the prevalence of low topography in a segment of the Northern Andes (∼3°N) during Miocene times. By updating the geologic map of the Tatacoa Desert (Guerrero, 1993, Guerrero, 1997), and adding geochronological constraints to the existing stratigraphic framework (Flynn et al., 1997; Anderson et al., 2016), we established cartographic and geochronological criteria that helped trace the evolution of a major cross-Andean drainage. These new data, along with a compilation of existing data in the Northern Andes and Amazonia, bring into better focus the Miocene drainage networks and therefore, the timing and location of topographic growth in this part of the Northern Andes.
PALEOGEOGRAPHY OF THE TATACOA DESERT
Today, the Magdalena Valley is a large, longitudinal inter-Andean depression with variable widths between 20 and 40 km, whose evolution has been controlled by tectonic processes (Schamel, 1991; Van der Wiel and Van den Bergh, 1992) while maintaining a low topography of around 400 m a.s.l. (Figure 1). The Tatacoa Desert is located at the southern termination of the Magdalena Valley (Figure 1), loosely called a desert despite having precipitations of ∼1,100 mm/yr and a dry forest cover (Hermelin, 2016). Its location in a leeward position with respect to the Eastern Cordillera, and bedrock geology characterize the Tatacoa Desert as badlands (Dill et al., 2020) with bedrock freshly exposed with no intervening regolith, extensive soil development or thick vegetation. It is in these badlands with nearly continuously exposed bedrock, long dip slopes, and frequent gullies, that the paleontological richness of La Venta strata has been abundantly documented within the stratigraphic framework defined by Guerrero (1993), Guerrero (1997).
In the following paragraphs, we review the landscape history of the southern Magdalena Valley in light of the Cretaceous and younger regional development of northwestern South America. The inception of a Cretaceous passive margin can be taken as a convenient starting point to review the history of landscape development in the Northern Andes. Regionally continuous Cretaceous strata document the persistence of a west-facing oceanic margin (Etayo-Serna, 1994; Moreno-Sanchez and Pardo-Trujillo, 2003), with source areas located to the east, in the Guiana shield (Villamil, 1998; Horton, 2018; Sarmiento-Rojas, 2018).
Latest Cretaceous-Early Eocene
Collision of oceanic terranes against the Cretaceous passive margin of northwestern South America marked the start of a regional marine regression, and gradual installation of swampy environments where locally thick coal beds were deposited (Bayona et al., 2011). These swamps were bound to the west by a primordial, probably discontinuous, eastwardly-tilted Central/Real Cordillera (Figure 2A), and to the east by isolated intra-plate uplifts (Villamil, 1999; Gomez et al., 2003; Gomez et al., 2005b; Bayona et al., 2011; Bayona et al., 2020). This tectonically-forced marine regression may have started as early as latest Cretaceous to the south in the Oriente Basin, reaching the northern end of the orogen in the Guajira region in middle Paleocene times, taking ∼10 million years to propagate from south to north (Jaimes and de Freitas, 2006; Martin-Gombojav and Winkler, 2008; Weber et al., 2009a; Weber et al., 2009b; Bayona et al., 2011; Cardona et al., 2011; Hurtado et al., 2018). Upper Cretaceous coarse-grained clastic deposits track the location of this orogen to segments of today's Central Cordillera (Schamel, 1991; Montes et al., 2019), a mountain range that would have constricted most westward-directed drainages in northern South America, spawning the first north- or northeastward-directed Orinoco style drainages (Hoorn et al., 1995; Lundberg et al., 1998; Hoorn et al., 2010; Bande et al., 2012; Horton, 2018; Hurtado et al., 2018).
[image: Figure 2]FIGURE 2 | Palinspastic reconstruction of the Northern Andes and southern Caribbean modified after Montes et al. (2019) showing significant relief in black, magmatic centers in red, and coarse-grained deposits (stippled pattern), tracking the presence and approximate location of relief, but not its magnitude. Numbers represent the location of known clastic units of that age. (A) Schematic paleogeography of late Paleocene-early Eocene times (1: Woodring, 1957; 2: Guerrero et al., 2000; 3: Montes et al., 2003; 4: Ruiz et al., 2004; Martin-Gombojav and Winkler, 2008; 5: Bayona et al., 2011; 6: Ayala-Calvo et al., 2012; 7: Bayona et al., 2013; 8: Bayona, 2018). (B) Schematic paleogeography (Ayala-Calvo et al., 2012; Cardona et al., 2014) of latest Eocene-early Oligocene times (1: Grosse, 1926; 2: Woodring, 1957; 3: Caicedo and Roncancio, 1994; 4: Kolarsky et al., 1995; 5: Parnaud et al., 1995; 6: Christophoul et al., 2002; 7: Gomez et al., 2005a; 8: Bayona et al., 2008; 9: Rodriguez and Sierra, 2010; 10: Xie et al., 2010; 11: Borrero et al., 2012; 12: Cardona et al., 2012; 13: Herrera et al., 2012; 14: Ochoa et al., 2012; 15: Zapata et al., 2014; Moreno et al., 2015; 16: Manco-Garces et al., 2020).
Middle Eocene-Oligocene
In middle Eocene to Oligocene times, contractional deformation concentrated along the eastern foothills of the Central Cordillera, or internal uplifts in the Magdalena Valley, where conglomerate units (Tesalia/Chicoral, in the south, and La Paz formations in the north) unconformably accumulated upon Cretaceous and Jurassic sequences (Ramon and Rosero, 2006). By late Eocene times contractional deformation propagates eastward, to the domains of the Eastern Cordillera where westward-verging, north-trending thrust faults started defining a north-south, en-echelon fold belt that defines a young—yet incomplete—Magdalena Valley north of ∼4°N (Reyes-Harker et al., 2015). The Magdalena Valley would have been defined by a topographic depression between two flanking, linear, probably discontinuous mountain ranges (Figure 2B): a primordial Central Cordillera to the west (Gomez et al., 2003; Gomez et al., 2005a; Nie et al., 2010; Nie et al., 2012; Horton et al., 2015) and the young Eastern Cordillera to the east (Mora et al., 2006; Bande et al., 2012; Bayona et al., 2013; Lamus et al., 2013). South of ∼4°N, near the latitude of the Tatacoa Desert, the mountainous highland terrain of the Eastern Cordillera would have gently eased into the lowlands of the Amazon/Orinoco (Mora et al., 2013), only interrupted by isolated intra-basin uplifts.
In the area centered around the Tatacoa Desert, the entire 2.3 km thick, Cretaceous-Paleocene regional succession of the southern Magdalena Valley (Amezquita and Montes, 1994), is missing (see Figure 5B in Caballero et al., 2013). The Lower to Middle Jurassic volcanic, volcanoclastic mechanical basement of the Saldaña Formation (Cediel et al., 1980; Mojica and Franco, 1990) is covered by the middle Miocene strata of the Honda Group in a marked angular unconformity. This unconformity has been variably mapped as the arch of Natagaima, or Pata (Figure 1), resulting from a period of deformation, exhumation and erosion that removed the passive margin succession sometime between Eocene and early Miocene times (Schamel, 1991; Amezquita and Montes, 1994; Villarroel et al., 1996; Ramon and Rosero, 2006), correlative to the middle Eocene unconformity to the north in the middle Magdalena Valley (Gomez et al., 2005b). The Jurassic basement of the Natagaima Arch indeed records cooling peaks at 30 and 50 Ma (apatite fission-track in Saltaren-1 well, Reyes-Harker et al., 2015), consistent with exhumation and erosion removing most of the Cretaceous strata in the area now occupied by the Tatacoa Desert.
Miocene
By middle Miocene times the area formerly undergoing exhumation and erosion in the arches of Natagaima and Pata began subsiding, opening accommodation space to accumulate fluvial strata of the ∼1,000 m thick Honda Group (Guerrero, 1993, 1997).
Stratigraphy of the Honda Group
In general terms, the Honda Group is a monotonous stratigraphic unit dominated by fining-upward, gray lithic sandstone beds (Figure 3), that can be easily recognized all along the southern Magdalena Valley between the ∼2° and ∼5°N latitude, but never in the surrounding Eastern and Central Cordilleras. Large faults of the bounding cordilleras thrust crystalline basement on to strata of the Honda Group, deforming it, and making it the youngest significantly deformed strata in the southern Magdalena Valley (Van der Hammen, 1958). West-verging, low-angle crystalline thrust sheets of the Eastern Cordillera place the Jurassic volcanoclastic Saldaña Formation (∼3°N, Prado Fault, Cossio et al., 1995), and metamorphic rocks of the Garzon Massif (∼2°N, Iskana-1 well, Saeid et al., 2017), on top of strata of the Honda Group. East-verging, low-angle thrust faults place Jurassic intrusives on top of strata of the Honda Group along the eastern flank of the Central Cordillera (∼3°N, Amezquita and Montes, 1994).
[image: Figure 3]FIGURE 3 | Updated stratigraphic scheme for the Honda Group in the Tatacoa Desert. The original columns of Guerrero (1993, 1997), were consolidated into a single composite column where lenticular beds represent discontinuous sandstone units (i.e. found in only one stratigraphic column), and mudstones according to their color (Anderson et al., 2016). Magnetostratigraphy covers the C5An.1n-C5ABn interval, showing updated ages after Hilgen et al. (2012). Black arrows represent geochronological samples from Flynn et al. (1997), blue arrows represent maximum depositional ages of Anderson et al., (2016). All samples were re-located (stars) in the stratigraphic column following the lithostratigraphic marker beds (horizontal dashed lines) of the geologic map (Figure 4).
The base of the Honda Group is marked by either an angular unconformity atop Jurassic-Cretaceous strata, or a paraconformity on strata of the Oligocene Gualanday Group, or La Cira Formation (Van der Hammen, 1958; Guerrero, 1997). The upper Miocene/Pliocene Neiva/Gigante formations rest in angular unconformity atop strata of the Honda Group (Van der Hammen, 1958; Guerrero, 1997) in the south of the Magdalena Valley (∼2°N), or the Pliocene Mesa Formation to the north (∼5°N).
From bottom to top the Honda Group was divided by Guerrero (1993, 1997) into two units: the La Victoria Formation, and the Villavieja Formation. The same author discriminated nineteen different horizons within the ∼1,000 m thick sequence (Figure 3), mapping seven of them throughout parts of the Tatacoa Desert (Figure 4), and giving informal names of important paleontological localities to three of them: the Monkey, Fish, and Ferruginous beds (Figure 3). Within the La Victoria Formation, Guerrero (1993, 1997) recognized four conspicuous horizons, from bottom to top: the Cerro Gordo, Chunchullo, Tatacoa, and Cerbatana, the first three made up by sandstone beds and bedsets, and the last one a conglomerate bed, also marking the top of the La Victoria Formation. The intervening stratigraphic horizons were left unnamed.
[image: Figure 4]FIGURE 4 | Geologic map of the Tatacoa Desert expanded from original mapping by Guerrero (1993, 1997). The Tataoca Desert is bound to the west by the Magdalena River, to the east by the first ranges of the Eastern Cordillera, to the north by the volcaniclastic outcrops of the Jurassic Saldaña Formation in the Natagaima Arch, and to the south by strata of the overlying Neiva Formation. A larger-scale, printable at 1:25.000 version available of the map also available (Supplementary Figure S1), as well as an electronic .kml version with contacts and data stations in the Supplementary Materials.
Age of the Honda Group
The age of the Honda Group in the Tatacoa Desert was tightly constrained using magneto-stratigraphy (intervals C5An.1n - C5ABn of Cande and Kent, 1992) tied to six Ar/Ar ages in plagioclase and hornblende crystals from pumice fragments within eight "volcanic units" (Flynn et al., 1997). Although no truly volcanic ash beds were identified in strata of the Honda Group, the upsection decrease in youngest detrital zircon ages was taken as evidence of syndepositional volcanism within the drainage basin (Anderson et al., 2016). Pumice fragments within volcanoclastic sandstones of the Honda Group show evidence of reworking since the time of eruption, but the lag time between eruption and sediment deposition was considered to be short, so Ar/Ar ages were used as near-depositional ages, and as tie points for magneto-stratigraphic reversal matching assuming no major hiatuses within the sequence (210 samples, yielding an interval between 11.6 and 13.5 Ma, Flynn et al., 1997). Despite updates to the chronology of intervals C5An.1n - C5ABn (Hilgen et al., 2012), the correlation of the magnetic polarity stratigraphy of the Honda Group of Flynn et al. (1997) remains unchanged (Figure 3). More recent U-Pb detrital zircon geochronology suggests an earlier start for the accumulation of the Honda Group (14.4 ±1.9 Ma) using the cluster of youngest detrital zircon grains from five samples of Honda Group sandstone in the Tatacoa Desert (samples Z1 to Z5 of Anderson et al., 2016).
Fluvial strata within the lower Villavieja Formation contain fossil fish with Amazonian affinities like the giant Pirarucu, Arapaima gigas, and many others riverine fish. These findings imply that at the time of deposition of these strata, large meandering river systems (Guerrero, 1997) were connected to the Amazonian drainage system (i.e., no continuous southernmost Eastern Cordillera, Lundberg and Chernoff, 1992; Albert et al., 2006; Ballen and Moreno-Bernal, 2019). This connection would have been severed by topographic growth of the Eastern Cordillera as west-verging structures (Schamel, 1991; Saeid et al., 2017) built topography after accumulation of strata of the Honda Group, and seem to have definitely established the Eastern Cordillera south of 4°N.
In summary, the area now occupied by the Tatacoa Desert preserves a record of most episodes in the growth and evolution of the Northern Andes. First, it contains the record of a stable Late Cretaceous passive margin in an embayment open to the north. Then, deformation, exhumation and erosion formed an isolated intrabasin uplift in Eocene-Oligocene times. Later in Miocene times, subsidence formed a sub-Andean sedimentary basin open to the lowlands of the Amazon to the east. This Miocene basin contains the record of the last lowland hydrologic connection between the Caribbean and the Amazon before forming the fully inter-Andean valley of today.
METHODOLOGY
Field Mapping
Traditional geologic mapping was performed at 1:25.000 scale using Brunton compass, colored pencils, and paper maps (IGAC topo sheets: 303-III-A and C, 303-I-C, 302-IV-B and D, and 302-II-D). Because the low dips, monotonous sequence, and nearly complete absence of conspicuous marker beds, it is often difficult to establish the stratigraphic position of individual beds within the Miocene sequence of the Tatacoa Desert. Additionally, local relief in the Tatacoa Desert is subtle, with changes in elevation along field transects rarely exceeding 50 m. Field mapping was focused on deciphering superposition relations amongst beds and bed sets by following prominent cliff-forming strata along-strike for several kilometers. These cliffs, often less than 20 m high, are defined by sandstone or conglomerate beds more resistant to erosion, while gentler topography represents massive mudstone. By repeating this exercise in multiple transects, it was possible to construct a framework of superposed cliff-forming beds, and bed sets that allows lateral lithostratigraphic correlation to the stratigraphic succession of units defined by Guerrero (1993, 1997). In the northern third of the mapping area, topography is more subdued, dips are lower, with less prominent sandstone beds, so the approach described above was combined with a systematic collection of control points using hand-held GPS units.
Once the field map was completed, the contacts were digitized in QGIS and their location accuracy was checked using Google Earth satellite imagery (2013 and newer imagery). All contacts, control points and dip data are contained in .kml files (see Supplementary Material). Each geologic contact contains an attribute that indicates its origin, and the nature of post-processing, if any. Contacts mapped in the field, with no changes made during post-processing have the attribute "Obs.field"; contacts adjusted during post-processing are coded as "Obs.field+i". New contacts added during post-processing are identified as "imagery" and usually needed to map alluvial deposits, or extend beds mapped in the field. Contacts needed to topologically close polygons were labeled as "border".
We measured dip data on sandy beds, avoiding cross beds, channelized beds and clinoforms. Although it would have been preferable to measure dip data on fine-grained sediments, the massive nature, and poorer exposure of most mudstone sections prevented a systematic collection of dip data in these lithologic types. Whenever possible, we averaged out local irregularities on sandstone tops by selecting a view of a planar bedding surface, moving laterally until the two-dimensional surface appeared as a line, taking a level sight to the trace of the planar surface, and then the strike of the same sight line, later converted to dip direction (Compton, 1985).
We used oblique ortho-photos to document changing dip domains in selected, low relief, key areas of the Tatacoa Desert. We collected 338 vertical photographs at 60 m-altitude to generate a detailed 3D model of 7.83 Ha using Agisoft Metashape software. We then converted a 131-million-point cloud into a 2.8-million faces mesh with photographic texture. In order to detect beds in the 2.74 cm/pix 3D image, we employed the original 1.37 cm/pix image resolution using a textured tiled model. We used OpenPlot (Tavani et al., 2011) in 101 triangles joining single bed points to measure attitudes.
Detrital Zircon U-Pb Geochronology
Detrital zircon separation was performed at EAFIT University facilities following standard procedures such as those proposed by Mange and Maurer (1991). Rock samples were crushed in a conventional jaw-breaker and sieved various fractions. Heavy minerals were concentrated by panning the 400–63 μm fraction. Zircon grains were randomly picked-out by hand using a binocular lens from the heavy mineral concentrates, mounted in epoxy resin and polished down to be coated by carbon at ETH Zurich. Cathodoluminescence (CL) images of zircon grains were acquired to evaluate magmatic zoning, metamorphic origin or inherited cores in a Vega 3 scanning electron microscope (SEM) at the scientific center for optical and electron microscopy (ScopeM) at ETH Zurich. In situ U-Pb geochronology were conducted by laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) at the Institute of Geochemistry and Petrology at ETH Zurich using a 193 nm Resolution (S155) ArF excimer laser coupled to a Element SF ICPMS (Guillong et al., 2014; Von Quadt et al., 2014). Laser ablation spots (19 microns) were selected in both cores and rims when it was possible. The full analytical dataset is reported in Table SM-1. Age uncertainties (at 2σ) for individual grains in the data table include only measurement errors. Interpreted ages are based on 206Pb/238U for grains younger than 800 Ma and 206Pb/207Pb for grains older than 800 Ma. Analyses that were >30% discordant (by comparison of 206Pb/238U and 206Pb/207Pb ages), or >5% reverse discordant, or >4% error age were not considered further. Uranium-Pb Concordia diagrams are constructed using Isoplot4.15 (Ludwig, 2012). We show the Tera and Wassergburg (1972) concordia diagram (238U/206Pb - 207Pb/206Pb) to focus on Mesozoic and Cenozoic zircon ages.
We calculated detrital zircon MDA (maximum depositional age) using the method of the weighted average of the youngest concordant three zircons (Y3Z), in our case, the date overlaps within 2σ uncertainty. An assessment of detrital zircon MDA estimation methods (Coutts et al., 2019) suggests that the Y3Z method is more successful and accurate than other methods such as the young grain cluster at 2σ uncertainty (YGC 2σ; Dickinson and Gehrels, 2009). The weighted average MDA was calculated by using the algorithm in Isoplot 4.15 (Ludwig, 2012).
RESULTS
Geologic Map
The updated geologic map of the Tatacoa Desert covers an area of 381 km2, contains 1,165 km of contact traces, and 164 structural control points. This map (Figure 4) broadens the distribution of strata within the La Victoria and Villavieja formations of Guerrero (1993, 1997) to the entire extent of the Tatacoa Desert. We keep existing stratigraphic and structural nomenclature, using the name of the seven most prominent (Figure 3) sets of beds identified in Guerrero’s map (1993, 1997). Our map documents the presence of two growth unconformities within the Honda Group discussed in the following paragraphs.
Being a characteristically fining-upwards unit, we decided to use each one of the horizons defined and mapped by Guerrero (1993, 1997), to name the strata above each one (Figure 3). This way, we separated the Honda Group in the Tatacoa Desert from bottom to top on the Cerro Gordo Beds, Chunchullo Beds (Figure 5F), Tatacoa Beds, Cerbatana Beds, La Venta Red Beds (Figure 5A), and El Cardon Red Beds. The Cerbatana Beds corresponds to the base of the Villavieja Formation and includes the Monkey Beds, Fish Beds and Ferruginous Beds. We kept the conglomerate as a separate unit (Cerbatana Conglomerate Beds, Figures 5A,E) as it is the most conspicuous unit in the region, which also extends laterally ∼10 km, and marks the top of the La Victoria Formation (Guerrero, 1993, Guerrero, 1997). In naming the map units by the horizons at their bases, the unit at the base of the Honda Group would have been left unnamed. We therefore modified the original stratigraphic scheme by informally adding the San Alfonso Beds (Figures 5B–D) at the base of the La Victoria Formation to refer to those beds below the Cerro Gordo Beds (horizon 1 of Guerrero (1993, 1997)), and directly above the mechanical basement (Figure 3). Additionally, we report the presence of strata seemingly older than the San Alfonso Beds. We additionally refined the mapped extent of younger alluvial deposits (Figure 5G).
[image: Figure 5]FIGURE 5 | Field photographs of strata of the Honda Group. (A) Trough cross-stratified (arrows) medium-grained sandstone with imbricated pebbles of the Cerbatana Conglomerate Beds (quadrangle G11 in Figure 4). (B) Mudstone at the base of the San Alfonso Beds, near Cerro Gordo (quadrangle F5 in Figure 4). (C), (D) Mud-cracks and erosive contact respectively, in red muddy/sandy strata of the San Alfonso Beds (quadrangle H10 in Figure 4). (E) Sharp basal contact (arrow) of the Cerbatana Conglomerate Beds (quadrangle D8 in Figure 4). (F) Gently dipping strata in the Chunchullo Beds in quadrangle H9 in Figure 4, notice the mappable sandstone beds and bed sets within the sequence (arrows). (G) Dissected alluvial deposits (black arrow) capping strata of the Cerro Gordo Beds marked by white arrow (quadrangle G5 in Figure 4). Inset shows close up of alluvial deposits showing the typical size distribution.
The geologic map (Figure 4) defines a very gently folded, south- and southeast-dipping stratigraphic succession, resting in angular unconformity on Jurassic volcanoclastic basement of the Saldaña Formation (Cediel et al., 1981). This unconformity, defining the Natagaima Arch (Mojica and Franco, 1990; Schamel, 1991; Ramon and Rosero, 2006), beheads the hanging wall anticline of the east-verging Andalucia thrust fault (Villarroel et al., 1996). Erosion did not entirely remove the Cretaceous sequence near the easternmost edge of this hanging wall anticline. Here (quadrangle I7 in Figures 4, 6A, 7 section A-A'), the Albian Caballos Formation (Figure 3, sensu Florez and Carrillo, 1994) rests unconformably on the Saldaña Formation near the fault zone, which is marked by a sliver of black fossiliferous limestone less than 50 m across, probably part of the Cenomanian–Turonian Villeta Group (Figure 3, Villamil and Arango, 1998). The footwall of this fault contains a sequence of northwest-dipping, massive mudstone and medium-grained sandstone, lithologically indistinguishable from strata typical of the La Victoria, and parts of the Villavieja formations (indeed mapped as such by Villarroel et al., 1996; Ingeominas, 2002). Crucially, the trace of the Andalucia Fault is fossilized by strata of the San Alfonso Beds, as these beds can be followed covering undisturbed the fault trace (Figure 6A). Lithic sandstone/mudstone strata in the footwall of the Andalucia Fault are therefore older than the oldest strata fossilizing the fault trace (San Alfonso Beds of La Victoria Formation) and left as an undifferentiated Miocene unit below the Honda Group (Figure 6A), perhaps correlative to the La Cira Formation (De Porta and De Porta, 1962).
[image: Figure 6]FIGURE 6 | Close ups of the geologic map (Figure 4) to highlight key crosscutting field relationships. (A) Satellite image (top) and geologic contacts (bottom) showing the trace of the Andalucia Fault fossilized by strata of the San Alfonso Beds. (B) Satellite image (top) and geologic contacts (bottom) showing the truncation of strata (growth unconformity) near the axis of the Cerro Gordo growth anticline. Images are Pleiades natural color composite images. All symbols as in Figure 4.
[image: Figure 7]FIGURE 7 | Cross-sections of the Tatacoa Desert. (A–A') Cross-section highlighting growth strata associated to the relatively small La Peralta and Cerro Gordo anticlines (quadrangle F3-G4 in Figure 4). Inset: field drawing of growth strata along the Arenosa creek ∼ 2km to the southeast of the cross-section along the axis of the Cerro Gordo Anticline. (B–B') Cross-section showing the growth unconformity below the La Venta Red Beds inferred from the map (Figure 4) where strata in the northwestern flank of La Becerrera Anticline may also represent growth strata.
The geologic map (Figure 4) also reveals two growth unconformities within strata of La Victoria Formation. In the northern third of the mapping area, strata of the Chunchullo and Tatacoa Beds are folded in two en-echelon, left-stepping, west- and northwest-verging anticlines (Cerro Gordo and La Peralta anticlines, Guerrero (1993, 1997). Dips and thickness of strata define a fan-like pattern on the northwestern flanks of these folds (Figure 7, inset), with thickening strata dipping much more steeply near the axis of the anticline, suddenly thinning and flattening to regain low dips less than 250 m westwards (Figure 8). Satellite imagery and the geologic map (Figure 6B) show the truncations of strata near the southern tip of the Cerro Gordo anticline, diagnostic of growth unconformities. Another, larger growth unconformity is suggested by the contrasting structural attitude of strata towards the southeastern edge of the mapping area (Figure 7, section B–B'). Here, strata of the San Alfonso Beds are folded in an upright, tight NNE-trending, asymmetrical anticline (La Becerrera Anticline, Guerrero (1993, 1997). The Cerbatana, Tatacoa and Chunchullo Beds are thick, and well developed in the western flank of the anticline, but they are missing or severely thinned on the eastern flank (Figure 4, quadrangles H12 to I10).
[image: Figure 8]FIGURE 8 | Spatial attitude of bedding in the western flank of La Peralta Anticline showing three northwestern-dipping domains display progressively higher dips (quadrangle F3 in Figure 4). Field data (red dots) corroborates 3D model measurements (black dots). Inset shows render of steeply dipping strata.
The geologic map (Figure 4) also shows a deeply dissected, unconsolidated deposit with well-rounded, quartzite cobble and boulder clasts, within a characteristically red, muddy/sandy matrix (Figure 5G). This is typically preserved at hilltops, making them conspicuously flat, with steep, reddish edges (Figure 5G). The quartzite cobbles and pebbles, more resistant to erosion, act as a carapace protecting the sequence below from erosion, so these alluvial remains usually occupy the highest areas throughout the Tatacoa Desert. Differential removal of the finer-grained matrix of the coarse-grained deposit leaves behind reddish, cobble and pebble float that still protects the underlying strata from erosion, usually along the slopes of flat-topped hills. Remains of this unconsolidated deposit, and leftover float cobbles are ubiquitous. A thin, fine-grained unconsolidated deposit was also discriminated in the geologic map, and although much less prominent, it can be seen as flat terrain on top of dipping strata. It is unclear what is its relationship to the coarse-grained unconsolidated deposit, but being finer-grained, and located in lower topographic positions, it should be younger than the coarse-grained deposit. Near the eastern edge of the map, the coarse-grained deposit is found tilted to the east (Figure 4, quadrangle I10).
Geochronology
We actively sought volcanic ash beds interbedded within the sequence to place tighter constraints on depositional ages. Having found none, we settled for clastic beds nearly 30 m below the base of the Cerbatana Conglomerate Beds that contained the most volcanic components to extract detrital zircon grains and perform U-Pb LA-ICP-MS geochronology. We chose sample SEL-02 from a sandstone bed in banks of internally massive to plane-parallel bedded, laterally continuous beds, composed of fine-to medium-grained lithic arkose (quartz = 25%; feldspar = 47%; lithics = 28%) with flat lamination, and horizontal stratification structures at top and bottom, massive in between (Figure 9A). Sand-size fragments include non-altered angular clasts of plagioclase, K-feldspar, and hornblende with trace amounts of silt-size matrix (Figure 9B). Below this bed, the sequence shows a more typical La Victoria Formation sedimentary pattern characterized by fine-grained grey lithic sandstones interlayered with pinkish mudstones. Anderson et al. (2016) identified a similar lithic arkose in a sandstone unit also below the Cerbanata Conglomerate Beds (their sample S5), and we recognized similar lithofacies in other localities in roughly the same stratigraphic position.
[image: Figure 9]FIGURE 9 | Sample SEL-02 (coordinates: 3.27419 N, 75.1965 W). (A) Sampled strata in a plane parallel-bedded volcanoclastic unit near the top of the Tatacoa Beds (Figure 3). (B) Photomicrograph showing fresh detrital components, plagioclase (PL), hornblende (Hbl), surrounded by volcanic glass (Vg). C) Cathodo-luminescence of the five youngest zircons, note youngest ages in overgrowths (number in yellow: best age, number in red: discordant age). See SM2 for all images. (D) Tera–Wasserburg concordia diagram showing concordant (green, n = 47) and discordant (red, n = 15) U-Pb ages. (E) Detrital zircon maximum depositional age (MDA) calculated using weighted average of the youngest three U-Pb ages (Y3Z method of Coutts et al., 2019).
In our sample SEL-2 we performed 62 U-Pb, LA-ICPMS measurements on 61 zircon grains (Figure 9C). Fifteen of those measurements were rejected because they yielded high discordance or a large error age percentage (Figure 9D). Miocene ages are recorded in 24 grains (51%), where 23 grains (49%) yield ages younger than 20 Ma. The youngest age obtained in this analysis is 12.7 ± 0.38 Ma (see SM-2). All zircon grains younger than 14 Ma show elongated morphologies, while the youngest grain is fully prismatic (grain 62 in Figure 9C). Because we are seeking to constrain depositional ages, we use the three youngest zircons, including the external rim of grain 62, or 12.93 ± 0.23 Ma (Figure 9E, MSWD: 1.5).
DISCUSSION
The updated geologic map of the Tatacoa Desert (Figure 4) and additional geochronological work (Figure 9) help refine the Miocene drainages and paleogeography of this crucial paleontological locality. In the following paragraphs we document that active deformation was taking place during accumulation of strata of the La Victoria Formation, with the resulting growth unconformities. We then review new and existing detrital zircon geochronology in light of the updated geologic map, and suggest that the river system that transported the sediments of the Honda Group was sourced in active volcanic centers in today's Cauca Valley and the eastern flank of the Western Cordillera, draining eastward to the Amazon lowlands. We then use published data to document the time at which this Andean portal was closed.
Growth Strata
The northeast-trending, northwest-verging, fault-related Cerro Gordo and La Peralta anticlines were growing at the time of accumulation of the San Alfonso and Cerro Gordo Beds. These folds display a classic fan-like, cross-sectional geometry in their northwestern flanks (Figures 6B,7 inset, 8), typical of growth strata (e.g., Suppe et al., 1997). These relatively minor structures (only ∼5 km long), caused strata of the Chunchullo and Cerro Gordo Beds to be thicker in their northwestern flanks, and thin, or pinch out entirely in their southeastern flanks (Figure 7). A growth unconformity is well developed near the southwestern tip of the Cerro Gordo Anticline, where steeply-dipping strata within the Chunchullo beds are truncated by gently-dipping strata to the northwest (Figure 6B, quadrangle E6 in Figure 4). Geochronological data indicates that these strata were accumulated between ∼13.3 and 13.7 Ma (Flynn et al., 1997), and therefore date deformation and propagation of structures to this time interval (Figure 4).
A larger, and more significant unconformity developed as the NNE-trending La Becerrera Anticline grew. The Chunchullo, Tatacoa and Cerbatana Beds are well developed in its northwestern flank, but thin, or absent in its southeastern flank (Figure 7, section B–B'). By analogy to the smaller structures described above, this anticline grew at the time of deposition of the Chunchullo, Tatacoa and Cerbatana Beds, served as the eastern limit for their extent, and only tighten after the accumulation of the La Venta Red Beds, which overlaps it. This growth unconformity therefore documents the propagation of deformation to between ∼12.2 and 13.3 Ma (Flynn et al., 1997).
Geochronological Constraints
The updated geologic map (Figure 4) helps re-evaluate published geochronological data points (Figure 3). Consistent with its stratigraphic position, the lowest sample is also the oldest maximum depositional age in the sequence, in the San Alfonso Beds (sample Z1 14.4 ± 1.9 Ma, U-Pb, Anderson et al., 2016), albeit with a low fraction of zircons younger than 20 Ma (only 8%), and an analytical error large enough to overlap all other age determinations. Sample JG-R90-3 was also re-located to the lowest unit of La Victoria Formation (San Alfonso Beds) yielding the second oldest age within the sequence (13.778 ± 0.081 Ma, Ar/Ar in biotite, Flynn et al., 1997). In ascending stratigraphic order, Ar/Ar samples JG-R89-1 (13.651 ± 0.107 Ma) and JG R89-3 (13.767 ± 0.052 Ma) with overlapping analytical errors (Flynn et al., 1997), were both re-located near the top of the Cerro Gordo Beds, and suggest rapid accumulation rates. Sample JG-R90-1 (13.342 ± 0.408 Ma, Ar/Ar in hornblende, Flynn et al., 1997) in the upper part of the Chunchullo Beds shows maximum depositional ages (Figure 3) younger than detrital zircon samples Z2 and Z3 at the base of the overlying Tatacoa Beds with U-Pb age of 13.75 Ma (±0.9 and 0.4 Ma, respectively, Anderson et al., 2016). However, samples Z2 and Z3, besides having large analytical errors, plot stratigraphically above in the geologic map (Figure 4), and must therefore rework older volcanic units, and should not be taken as near-depositional ages. Further up stratigraphically, near the top of Cardon Red Beds, sample JG-R88-2 yielded a 12.21 ± 0.107 Ma (Ar/Ar in hornblende, Flynn et al., 1997), being the youngest age of the Villavieja Formation. While this sample plots in recent alluvial deposits (Figure 4), it was more likely collected in strata exposed along spotty outcrops along a creek bed. Other U-Pb detrital zircon samples with older detrital ages, and low fractions of young (less than 20 Ma) detrital populations (Z4 = 27%; Z5 to Z9 = 0–9%, Anderson et al., 2016), are most likely reworking older volcanic deposits and provide maximum accumulation ages far removed from a true depositional age.
Our U-Pb detrital zircon sample SEL-02 (12.93 ± 0.23 Ma, MSWD: 1.5, Figure 9E), collected in strata just 30 m below the base of the Cerbatana Conglomerate Beds is consistent with sample JG-R89-2 (12.512 ± 0.102 Ma in plagioclase and hornblende, Flynn et al., 1997), collected just above it (Figure 3). Both of these ages bracket the age of the conglomerate, and suggest fast accumulation rates (between 0.75 and 0.086 Ma), as suggested by Flynn et al. (1997), to explain the slightly discordant age of sample JG-R89-2 (Figure 3) with respect to the magnetostratigraphic data.
We interpreted the volcanic-rich bed where sample SEL-02 was collected, as the record of a diluted lahar deposit which may be the response of a major change in the hydraulic regime in the basin. The presence of almost fresh volcanic fragments, plagioclase, and hornblende (Figure 9B) suggests a short lag time between crystallization, exhumation erosion and deposition (e.g. Cawood et al., 2012), and requires volcanic sources located near the Tatacoa Desert (less than ∼200 km, Johnsson et al., 1991; Amorocho et al., 2011).
Volcanic activity in the age range of the Honda Group strata (∼12–14 Ma) is restricted in the Northern Andes to a northward-propagating, post-collisional magmatic arc that lit up as Nazca lithosphere subducted behind the accreted Panama arc. This magmatic arc extended from about 3°S (Bineli-Betsi et al., 2017), up to ∼7°N along an axis located west of today's Central Cordillera (Wagner et al., 2017). The Upper Cauca–Patia magmatic center is part of this arc, with crystallization ages between 17 and 9 Ma (Leal-Mejia, 2011; Echeverri et al., 2015; Leal-Mejia et al., 2019). This magmatic center is located ∼130 km to the west of the Tatacoa Desert (Figure 1), making it the only candidate for unstable volcanic fragments (e.g. hornblende, Figure 9B) to arrive unweathered (Johnsson et al., 1991; Amorocho et al., 2011) to the depositional basin of the Tatacoa Desert. This possible source however, is today located west of the axis of the Central Cordillera (Figure 10).
[image: Figure 10]FIGURE 10 | Huila Volcano, a massive ∼5,600 m a.s.l. active composite volcano as seen from the Tatacoa Desert, looking west (see Figure 1 for location). Eastward migration of a Miocene magmatic arc built these volcanic edifices (Figure 1) starting at ∼4 Ma (Barberi et al., 1988; Ujueta, 1999; Torres-Hernandez, 2010), that along with contractional deformation along the flanks of the Central and Eastern cordilleras (Alfonso et al., 1994; Saeid et al., 2017), severed any fluvial communication between the Cauca and Magdalena valleys. Ridges in the foreground correspond to Oligocene molasse deposits involved in the east-vergent, fold-and-thrust belt at the toe of the Central Cordillera.
Paleogeography
Fossil fish fragments found in Honda Group strata firmly establish a middle Miocene connection between the fluvial systems of the Magdalena and Amazon basins before the rise of the southernmost Eastern Cordillera (Lundberg, 1997; Lundberg et al., 1998; Ballen and Moreno-Bernal, 2019). Paleocurrents measured in the Honda Group strata indicate an east-southeastward directed paleoflow (Guerrero, 1993; Guerrero, 1997; Anderson et al., 2016), resembling drainages in today’s eastern Andean foothills (Figure 1). Detrital zircon geochronology in middle and late Miocene strata of both the southern Magdalena Valley and the Amazon Basin (Figure 11) is consistent with this paleogeographic configuration. Very similar middle Miocene, middle Eocene, and Jurassic detrital zircon age populations are found in Miocene strata of both basins (∼11–12 Ma, Solimoes Formation, Kern et al., 2020).
[image: Figure 11]FIGURE 11 | Histograms and probability density plots of detrital zircon populations in four different middle Miocene localities in the Northern Andes showing only the last 400 Ma. From top to bottom: Amaga Formation, Cauca-Patia Basin, Tatacoa Desert, and Amazon Basin (Echeverri et al., 2015; Montes et al., 2015; Anderson et al., 2016; Kern et al., 2020), see Figure 1 for locations. All contain a distinctive middle Eocene and middle Miocene populations, with a Jurassic peak only present downstream from the Tatacoa Desert. Inset shows box and whisker plots comparing Cenozoic detrital zircon populations in the same localities.
Other sites with similar Miocene and Eocene detrital zircon populations include the middle to upper Miocene strata of the Amaga Formation (Montes et al., 2015), and the Cauca-Patia Basin (Echeverri et al., 2015). Both sites are located west of today's Central Cordillera (Figure 1), and both are derived from sources west of the Central Cordillera: 1) the Panama block (docked by ∼15 Ma, Montes et al., 2015; Leon et al., 2018), as no other area of the Northern Andes contains such U-Pb zircon sources (Leal-Mejia, 2011; see discussion in; Jaramillo et al., 2017b; Leal-Mejia et al., 2019); and 2) the Miocene magmatic centers in the Cauca-Patia Basin (Echeverri et al., 2015; Wagner et al., 2017). Detrital zircon populations in the Tatacoa Desert and the Amazon Basin (Figure 11, and Fig. SM2) could have been sourced in the Cauca–Patia, and northwestern Andes, suggesting that these sites were once connected by the same fluvial system through today's Central and Eastern cordilleras.
We therefore propose a paleogeographic interpretation where a river drained the docked Panama-Choco block, and the active volcanic centers in the Cauca Valley into the Tatacoa Desert, to reach the western Amazon Basin (Figure 12). This drainage would have not been impeded by either the Central or Eastern cordilleras at this time. Drainage connectivity across the Central Cordillera like the one we suggest here, is consistent with phylogeographic concordance factors of co-occurring groups of fresh water fish (Hemibrycon) between the Atrato-Darien (Figure 1) and southern Magdalena Valley drainages (Rincon-Sandoval et al., 2019). This lowland corridor would have therefore segmented the Andes at about 3°N, and further south (Cadena and Casado-Ferrer, 2019), in a fashion similar to a Marañon, or Western Andean Portal (Lundberg et al., 1998; Antonelli et al., 2009), during middle Miocene times.
[image: Figure 12]FIGURE 12 | Block-diagram illustrating a possible paleogeographic scenario for middle Miocene times (∼13 Ma) in the Tatacoa Desert. Light yellow represent areas where subsidence and sediment accumulation took place. Dashed red line represents the future location of the Pliocene and younger magmatic arc of the Central Cordillera (Figure 10). Detrital geochronology (Figure 11), paleocurrent data (Guerrero, 1997; Anderson et al., 2016), and molecular fish data (Rincon-Sandoval et al., 2019) suggest connection of the volcanically active Cauca-Patia Basin (Leal-Mejia, 2011; Echeverri et al., 2015; Leal-Mejia et al., 2019), the recently accreted Panama-Choco block (Montes et al., 2015; Leon et al., 2018), with the Tatacoa Desert, itself connected to westernmost Amazonia's Pebas system. Dominant wind directions according to Sepulchre et al. (2009). Inset shows palinspastic reconstruction of the margin at the same time (Montes et al., 2019), showing significant relief in black (Montes et al., 2015; Witt et al., 2017), Pebas system extent and drainages in diagonal pattern (Lundberg and Chernoff, 1992; Wesselingh et al., 2001; Jaramillo et al., 2017a; Kern et al., 2020), and active magmatic centers in red (Echeverri et al., 2015; Bineli-Betsi et al., 2017; Wagner et al., 2017).
The northernmost Central Andes, positive since at least latest Cretaceous times (Witt et al., 2017; Hurtado et al., 2018) would have defined the southern tip of this lowland portal (Figure 2A). Intense volcanic activity after ∼4 Ma (Barberi et al., 1988; Van der Wiel, 1991; Ujueta, 1999; Torres-Hernandez, 2010) along the axis of the Real/Central Cordillera (Figures 1,10) resulted from flattening of the subducting Nazca slab (Wagner et al., 2017), and eastward migration of the Miocene magmatic arc. This Pliocene activity, and continued fault propagation (Alfonso et al., 1994; Saeid et al., 2017) built the final highland connection between the Central and Northern Andes, as well as between the Eastern and Central cordilleras (Ujueta, 1999), severing any connections to Amazonian drainages, and between the Cauca and Magdalena valleys (Figure 1).
CONCLUSIONS

(1) Miocene strata preserved in the Tatacoa Desert contain the record of tectonic activity during the time that La Victoria and the base of Villavieja formations were accumulated ∼12.2–13.7 Ma. NNE-trending anticlines (Cerro Gordo and La Peralta) grew at the time that the San Alfonso Beds and Cerro Gordo Beds (base of La Victoria Formation) accumulated. Similarly, the larger La Becerrera Anticline developed contemporaneously with the deposition of the Cerro Gordo Beds to Cerbatana Beds, generating significant growth unconformities.
(2) Possible sources for the detrital zircon grains (Figure 11) recovered in middle Miocene (Serravallian) strata of the Honda Group are located west today's Central Cordillera. This includes the Eocene magmatic rocks of the Panama-Choco block, and the middle Miocene magmatic rocks of the Cauca Valley (Figure 12). A matching detrital zircon signature (Figure 11) has been recovered from upper Miocene strata in the Amazon Basin to the east (Kern et al., 2020) suggesting that Amazon-like drainages may have operated since ∼12 Ma.
(3) A Serravallian trans-Andean passage at ∼3°N across the Central Cordillera (Figure 11) may have existed to allow both the Eocene and the Miocene detrital zircon populations to mix and accumulate in strata of the Tatacoa Desert. This lowland passage would have therefore communicated the late Pebas system (Wesselingh et al., 2001) in the western Amazonian Basin, to at least the Cauca Valley to the west (Figure 12).
(4) This Andean portal would have been open since at least 13–14 Ma, until a combination of fault propagation and intense volcanic activity during Pliocene times built the final connection joining the highlands of the Eastern and Central cordilleras.
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