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Abstract 

High-elevation plateaus that are positioned in between topographic barriers are common orogenic 

features in the South American continent, formed under a range of evolving environmental 

conditions. For example, in the central Andes (Bolivia-Argentina), the Puna-Altiplano is arid and 

endorheic with a poorly developed fluvial system, whilst in the northern Andes (Colombia) the 

Chiquinquirà and Tunja highlands are characterized by a humid equatorial exorheic fluvial system. 

In addition to a plateau-like low-relief surface at 2500 m, the landscape of the northern Eastern 

Cordillera and Santander Massif (northern Colombia) displays a lower elevation (~1500 m) low-

relief landscape (Mesas) comprising river captures, windgaps, and a disconnected alluvial fan that 

collectively record a transient state. This configuration has been achieved through a combination of 

compressive deformation and sub-crustal processes. The compressive shortening started to occur in 

the Paleogene and is still active, whereas regional surface uplift related to slab flattening and mantle 

wedge hydration started in the Late Miocene/Pliocene. To disentangle the crustal vs sub-crustal 

forcing and to investigate the relative timing of drainage network evolution we combine the 

analysis of topography, hydrography (river longitudinal profiles, morphometric parameters, 

drainage divide stability), knickpoint migration (celerity model), paleo-longitudinal profile 

modelling, satellite images, and field observations.  

In particular, we show that during the development of the low-relief Mesas landscape the older 

Chiquinquirà highland was a closed drainage and that the lower portion of the Suárez River flowed 

northward into the Bucaramanga depression forced by the Los Cobardes Anticline topographic 

barrier. The Suárez River collected waters from the southern Santander Massif and the upper reach 

of the Chicamocha River, which was draining the Tunja highland. An abandoned windgap deposit 

on the eastern edge of the Mesa de Barichara suggests that the lower portion of the Chicamocha 

River was not yet formed. Subsequent to the Chiquinquirà highland drainage opening, two main 

tributaries of the Magdalena River, the Lebrija and Sogamoso, captured the Suárez River in a short 

temporal sequence. A knickpoint celerity model allows us to date the Lebrija capture of the 

Bucaramanga depression at ~260-270 ka and the subsequent Sogamoso capture at 190-220 ka. Only 

during this final stage, the lowermost Chicamocha River section formed and the drainage network 

developed to its present configuration. 

Finally, we suggest that the early Cenozoic rift inversion has controlled the drainage network 

pattern and the late Miocene sub-crustal-induced surface uplift has driven the main fluvial network 

reorganization. 
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1. Introduction 

Orogens that form from either continent-continent or ocean-continent collision may develop high-

elevation plateaus (e.g. the Tibetan, the Eastern Anatolian, the Puna-Altiplano). These plateaus can 

either be 1) internally drained or 2) externally drained, with the plateau margins dissected by deeply 

incised valleys. This regional-scale morphology often preserves deposits or landforms that record 

the integration of the fluvial network as the mountain chain builds and deforms. Indeed, uplift 

induces changes in base level, enhancing the potential energy (that increases stream power; 

Whipple and Tucker, 1999), sometimes resulting in the occurrence of river capture events that drive 

hydrographic reorganization. In the Central Andes, the Puna-Altiplano plateau is internally drained 

and stands at a mean elevation of more than 3000 m (Isacks, 1988, 1992; Kennan et al., 1997; 

Vandervoort et al., 1995; Barke and Lamb, 2006). Its drainage network evolved into an internally 

drained system due to uplift as a double-vergent orogen. This created an arid environment on its 

lee-side limiting erosion (see Strecker et al., 2007 for a review). Persistent arid conditions kept the 

intermontane plateau internally drained by preventing incision into the plateau margins by the 

regional drainage network (Sobel et al., 2003; Hilley and Strecker, 2005). A further example is the 

northern Andes and its Eastern Cordillera of Colombia where a plateau standing at ~2500 m is 

surrounded by 3000-5000 m high mountain ridges. Similar to the Puna-Altiplano, the ridges as 

topographic barriers made the plateau originally endorheic (Torres et al., 2005; Vriend et al., 2012), 

later changing to exhoreic as the regional drainage network integrated the plateau (Struth et al., 

2017; 2020). If aridity facilitated the preservation of the Puna-Altiplano plateau inhibiting fluvial 

processes (Sobel et al., 2003; Hilley and Strecker, 2005), then the humidity of the equatorial climate 

of Colombia may have helped the opening of the endorheic plateau? However, is this the only 

factor that drove the hydrographic re-organization? Could the regional tectonics have contributed to 

the drainage integration of the plateau?  

In the case of the Colombian Eastern Cordillera (EC), the landscape preserves a wide low-relief 

surface at an elevation of ~2500 m, composed of the Chiquinquirà and Tunja highlands to the north 

and the Bogotá highland to the south. Interpreted as an uplifted paleolandscape (Hooghiemstra et 

al., 2006), geologic evidence for the Bogotá and Chiquinquirà highlands suggests a formerly closed 

drainage basin (Torres et al., 2005; Vriend et al., 2012) that could have been similar to the modern 

Puna-Altiplano plateau in the central Andes (Caballero et al., 2013). Additionally, a complex 

drainage network comprising the Sogamoso and Lebrija drainage basins displays abandoned fluvial 

deposits, windgaps, deeply incised valleys, and river elbows (Julivert, 1958; Ingeominas 2008; 

Struth et al., 2020), collectively indicating a transient state and ongoing hydrographic 

reorganization. This could result from a post-Early-Pliocene base-level fall (Struth et al., 2020), 
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although this re-organization model only considers the highlands at ~2500 m as relict landscape 

surfaces. It disregards the low-relief surface (Mesas) positioned at ~1500 m which occupies a large 

portion of the EC, a surface previously interpreted as a Pliocene erosional landscape (Julivert, 

1958). Moreover, the EC and its northward extension, the Santander Massif, is an active mountain 

belt with a complex tectonic evolution characterized by variable-scale geodynamic processes. The 

EC formed primarily by slow inversion of extensional faults initiated during early deformation 

stages in the Paleocene (Parra et al., 2012; Caballero et al., 2013) and with increasing exhumation 

rates since the middle/late Miocene (Mora et al., 2008; 2015; Siravo et al., 2018). The main faults 

active in the Quaternary (París et al., 2000; Ingeominas 2008; Siravo et al., 2020) have a strong 

morphologic expression suggesting they played an important role in the landscape evolution. 

Besides active tectonics, the concurrence of slab flattening and hydration of the mantle wedge 

below the EC (Siravo et al., 2019) has also contributed to surface uplift since the late Miocene 

(Hooghiemstra et al., 2006; Anderson et al., 2015). Thus, different forcing factors may control the 

landscape evolution, whose record in the drainage network and landscape of the EC has not been 

fully explored yet. 

Crustal and sub-crustal processes have a direct influence on the Earth’s topography, generating a 

disequilibrium that surface processes tend to balance by erosion, transport, and sedimentation. In 

convergent margins, when rock uplift outpaces erosion rates, a high elevated topography is likely to 

be formed (Pazzaglia and Brandon, 2001). The dominance of tectonics in the growth of a mountain 

belt stops when erosion compensates uplift. In general, an increase in erosion rate through time is 

expected to occur as soon as the hillslopes steepen in response to tectonics and orographic 

precipitation (Whipple, 2001). Thus, the hydrographic network records the signal of these external 

changes and conveys them throughout the system, controlling the hillslope processes that denude 

the surface (Whipple and Tucker, 1999; Whipple, 2004). In this respect, the shape of the 

longitudinal profiles of bedrock channels records potential (e.g., climatic and/or tectonic) variations 

as deviations away from a characteristic equilibrium shape. These can be evaluated by several 

morphometric parameters (Whipple, 2004; Wobus et al., 2006; Perron and Royden, 2013; Whipple 

et al., 2017). Similarly, the topography itself reflects the interactions between variable-scale 

tectonics and geomorphic processes (Beaumont et al., 2000; Hovius, 2000; Molin et al., 2004). 

Therefore, combined hydrographic and topographic metrics coupled with the study of landforms in 

the field are powerful tools to explore the driving processes of landscape evolution.  

In this contribution, we take advantage of a remarkable preservation of a variety of landforms in 

the northern EC to provide new insights into the timing of events that shaped the landscape. We 

achieve this via topographic and hydrographic analysis coupled with a knickpoint celerity model 
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and paleo-longitudinal profile modeling. These results are then combined with fieldwork and 

satellite image data, allowing reconstruction of the northern EC and Santander Massif landscape 

evolution from the late Miocene to the present. We show that early-exhumed fault structures 

controlled the drainage geometry and that late Miocene-Pliocene surface uplift induced increasing 

incision, and thereafter the integration of part of the 2500 m plateau (Chiquinquirà highland) into 

the regional drainage system. The subsequent erosion shaped the Mesas paleolandscape and 

induced fluvial network reorganization with two subsequent River captures.  The reconstruction of 

the complex history of the high-elevation plateau of the EC suggests that, despite the fundamental 

role of climate in controlling the efficiency of surface processes, the tectonic forcing is dominant in 

driving the integration of the regional hydrographic network into the plateau.  

 

2. Geologic and geomorphologic background 

The interaction of the South American, Caribbean, and Nazca plates controlled the evolution of 

the northern Andes and the formation of three different topographic ranges in Colombia (Fig. 1a). 

The easternmost range is the EC; occurring some 400 km from the Nazca trench and bounded by 

the Middle Magdalena Valley to the west and the Llanos Basin to the east (Fig. 1b). North of 6 °N, 

the EC strikes NNW-SSE for 300 km, from 6 °N southwards it trends NNE-SSW for 500 km (Fig. 

1). The northern portion, the Santander Massif, is bound to the west by the regional scale 

transpressive Bucaramanga fault (Toro, 1990; Velandia and Bermudez, 2018; Siravo et al., 2020).  

The EC is a double-vergent mountain belt formed by Cenozoic inversion of a Mesozoic rift 

(Cooper et al., 1995; Sarmiento-Rojas et al., 2006; Mora et al., 2008; Jiménez et al., 2014). The first 

tectonic compression occurred in the Maastrichtian-Paleocene (Bayona et al., 2020 and references 

therein). Inversion of the extensional faults started along the western side of the EC and migrated 

eastward through time (Parra et al., 2009; Bayona et al., 2013; Mora et al., 2015; Siravo et al., 

2018). Regional structures such as the Los Cobardes and the Arcabuco anticlines started to exhume 

in the Paleocene (Parra et al., 2012; Caballero et al., 2013; Reyes-Harker et al., 2015). A change 

from marine to continental conditions was completed by the Early Cenozoic (Bayona et al., 2008; 

Reyes-Harker et al., 2015). Endorheic conditions were established in the EC from the Eocene and in 

the Middle Magdalena Valley in the Oligocene (Silva et al., 2013). Ongoing deformation and 

exhumation in the Oligocene resulted in an increase in deformation rates in the middle-late Miocene 

(Mora et al., 2015; Siravo et al., 2018). Such propagation of exhumation with faster rates occurred 

at the same time as the main surface uplift event in the EC (Mora et al., 2008; 2015). Palynology, 

paleo-flora assemblages, and geochemical analysis in the Bogotá highland and further north suggest 

a gradual increase in elevation from moderate elevations (~700 m) starting from ∼7.6 Ma onward 
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(Hooghiemstra et al., 2006; Anderson et al., 2015). The concurrence of slab-flattening and 

hydration of a mantle wedge has been proposed as a mechanism for increasing uplift (Siravo et al., 

2019). 

The youngest sedimentary record belongs to Plio-Pleistocene fluvio-lacustrine deposits, which 

unconformably overlie the older succession and infill intermountain depressions such as the Bogotá 

and Chiquinquirà highlands (van der Hammen, 1974; van der Hammen and Hooghiemstra, 2003; 

Torres et al., 2005; Vriend et al., 2012). Finally, the reopening of the Middle Magdalena basin in 

the Early Pliocene induced a drainage reorganization (Struth et al., 2020). 

 

2.1 Main structures 

In the EC, the main faults define blocks that display different landscape aspects (see section 2.2). 

For instance, the Santander Massif (max. elevation of ~4000 m a.s.l.) is bound to the west by the 

left-lateral transpressional Bucaramanga fault. The fault strikes NNW-SSE (Fig. 1; Toro, 1990; 

Velandia and Bermudez, 2018) and dips ~70° to the east (Siravo et al., 2020). The total horizontal 

displacement of the Bucaramanga fault is still debated (Campbell, 1965; Irving, 1971; Tschanz 

1974; Boinet et al., 1989; Toro, 1990; Velandia and Bermudez, 2018) however, a displacement of 

2.5 km has been proposed for the Plio-Pleistocene according to offset geomorphic features 

(Ingeominas, 2008; Jiménez et al., 2015; see section 2.2.2). Thermochronologic analysis on the 

central portion of the Santander Massif suggests exhumation from the late Eocene and during the 

entire Miocene, decreasing through time (Mora et al., 2015; van der Lelij et al., 2016; Amaya et al., 

2017; Siravo et al., 2020). New thermochronologic data show that the southern portion of the 

Santander Massif underwent fast exhumation during the middle Miocene which continued at a 

steady rate during the Early Pliocene (Siravo et al., 2020). Additionally, paleo-seismologic studies 

infer the occurrences of 7-7.4 Ms earthquakes with a recurrence of 1000 yr during the Holocene 

(Diederix et al., 2009), although, no seismicity is recorded during historic time. 

To the south of the Santander Massif, the fault splits into two inverted high-angle thrust faults: the 

Boyacá and Soapaga faults (Toro, 1990; Fig. 1c). The hangingwall area of the Boyacá and Soapaga 

faults is called the Floresta Massif (Fig. 1), which continues further west downslope to the Mesas 

landscape. The Floresta Massif comprises basement rocks, an early Mesozoic granitic intrusion, and 

Jurassic sedimentary rocks (Dörr et al., 1995; Cediel et al., 2003; Saylor et al., 2012; Fig. 1c). The 

Boyacá and Soapaga faults together with the Bucaramanga fault constitute a system that was 

possibly transtensional during the Mesozoic (Cooper et al., 1995; Kammer and Sánchez, 2006) 

changing to transpressional in the Cenozoic (Toro, 1990; Mora and García 2006). Their activity has 
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been linked to the Late Eocene-Early Oligocene and to the Early-Late Oligocene respectively 

(Saylor et al., 2012). 

The Mesas are delimited to the west by the Suárez thrust fault. This is an Early Mesozoic 

extensional fault trending NNE-SSW dipping to the NNW (Fig. 1c). It extends from ~6° N 

northward, terminating against the Bucaramanga fault. In the hangingwall of the Suárez fault, the 

related Los Cobardes Anticline exposes the Jurassic syn-rift succession (Fig. 1c). These rocks are 

thrusted over the Upper Cretaceous succession and Quaternary deposits (Ingeominas, 2008). 

Thermochronologic analysis dates the exhumation of this anticline to between the Late Paleocene 

and middle Eocene (Caballero et al., 2013). The Suárez thrust displays left-lateral oblique 

displacement and is considered still active in the Quaternary (París et al., 2000; Ingeominas, 2008). 

 

2.2. Hydrography and morphologic features from satellites and field observations 

Here, we summarize the main hydrographic and morphologic features from previous works and 

integrate them with our satellite images and field observations, focusing on the two main drainage 

basins of the northern EC and Santander Massif.  

The study area is characterized by an equatorial climate with azonal variations in temperature and 

precipitation (Hermelin, 2016). The highest mean annual rainfall is recorded in the eastern foothills 

(~6000 mm/yr). In contrast, the axial EC is characterized by lower precipitation rates with the 

lowest values in the area of Bogotá highland (~1000 mm/yr) and in the Chicamocha River (~1500 

mm/yr), but higher values occur in the Suárez River basin (3000 mm/yr; Hijmans et al., 2005; see 

Fig. S1 in supporting information). 

The drainage network of the northern EC is characterized by short (~100 km) rivers, draining the 

eastern flank and joining the Orinoco River, and longer (~500 km) rivers, draining the chain interior 

and the western flank and joining the Magdalena River Among the latter, the Lebrija River and 

Sogamoso River drain most of the northern EC and Santander Massif. In both basins, the main 

trunk rivers (Sogamoso and Lebrija Rivers) flow ~N-S, parallel to regional faults, and display 

abrupt elbows to the NW when they cross the Suárez thrust and Los Cobardes anticline (Figs. 1b, 

2). 

 

2.2.1 Lower and Upper Paleolandscapes 

In both the Sogamoso and Lebrija basins remnants of a wide sub-horizontal Pliocene surface 

(Julivert, 1958) occur at elevations of ~1400-1600 m, generally referred to as Mesas (Figs. 1b, 2). 

These remnants appear as isolated mesas bounded by gorges that resulted from the incision of an 

originally continuous surface by the modern drainage network (Figs. 2a, 3b). The layering of the 

Cretaceous sedimentary succession controls their gentle dips to the NW (Fig. 2b) and their top 
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surface configuration. Anticline-syncline axes produce local surface undulations configuring the 

drainage system to a trellis pattern (Fig. 2). From north to south, they are called the Mesa de 

Ruitoque, Mesa de Los Santos, and Mesa de Barichara, collectively forming the “lower 

paleolandscape” (Fig. 2b). 

The Chiquinquirà and Tunja highlands are low-relief surfaces positioned between 2800- 2500 m. 

Wide and flat alluvial valley bottoms constitute much of their area and gentle surface undulation is 

present along syncline-anticline axes (Figs. 1c, 2). The valleys are presently connected to the 

drainage system through major knickpoints at 2500 m. In the Chiquinquirà highland, the uppermost 

Suárez River reach feeds and drains Lake Fúquene (Fig. 3f). The highland is filled by Plio-

Pleistocene lake deposits (van der Hammen, 1974; Sarmiento et al., 2008; Vriend et al., 2012), 

positioned between 60 m below and up to 20 m above the present water level (van der Hammen, 

1974; Vriend et al., 2012), suggesting the presence of a former larger lake within an endorheic 

drainage basin. Colluvium within the narrowest section of the river valley (upstream of the Suárez 

River exit from the highplain) could have dammed the river (Sarmiento et al., 2008). However, at 

the colluvium site, we observed a group of landslides that have rounded crowns and bodies with the 

typical shape of rotational slides evolving into flows or pure flows (Fig. 3g).  Given that a sudden 

mass-wasting event is more likely to cause a natural dam than the slow sedimentation of colluvium, 

we infer that the occurrence of these landslides could have dammed the Suárez River rather than the 

colluvium.  

The Tunja Highland has a similar appearance, although characterized by scattered and smaller flat 

valley bottoms, it lacks evidence of former enodorheic conditions (Servicio Geológico Colombiano, 

2015). Together, both highlands constitute a wide low surface that extends southward into the 

Bogotá highplain. Finally, the Bogotá highplain, formerly endorheic region (Torres et al., 2005), 

has been recently connected to the present-day drainage (e.g. Struth et al., 2020). Collectively they 

constitute the “upper paleolandscape” (Fig. 2b). 

 

2.2.2 Lebrija River catchment and the Bucaramanga alluvial fan 

The Lebrija River catchment comprises the western portion of the Santander Massif (bounded by 

the Bucaramanga fault) and the Suárez fault escarpment (known as Palonegro) (Fig. 2). The 

Bucaramanga and Suárez faults bound a roughly triangular-shaped low relief area (Bucaramanga 

depression) that comprises the Bucaramanga alluvial fan (described below) and the Mesa de 

Ruitoque (Figs. 2; 3a).  

The Lebrija River originates from the confluence of the De Oro and Suratà Rivers (channels 15 

and 16 in Fig. 2a, respectively), both with sources in the western part of the Santander Massif at 
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elevation > 4000 m. The Suratà River and adjacent tributaries flow directly into the Lebrija River 

after crossing the Bucaramanga fault. To the south, the De Oro River and adjacent tributaries flow 

down from the Santander Massif, cross the Bucaramanga fault, and continue westward, reaching the 

base of the Palonegro escarpment (Fig. 2a). Here, the De Oro River turns from ~E-W to ~N-S, 

parallel to the Suárez fault. To the north, it incises the distal part of the Bucaramanga alluvial fan 

until the confluence with the Suratà River (channel 16 in Fig. 2a). Finally, the Lebrija River leaves 

the EC incising a ~400 m deep gorge to the NW across the Palonegro escarpment and the Los 

Cobardes anticline (LCA in Fig. 1b), north of Bucaramanga city. 

The Bucaramanga alluvial fan (Fig. 3a) occupies an area that is 10-15 km wide and ~10 km long 

in the northern part of the Bucaramanga depression (Fig. 3c). The deposits are grouped into the 

Bucaramanga Fm., which is generally considered as Plio-Pleistocene age (De Porta, 1959). 

Magnetostratigraphy suggests the Bucaramanga Fm. spans 3-0.8 Ma (Jiménez et al., 2015). The 

Bucaramanga Fm. presents a maximum thickness of ~300 m (eastern portion; Ingeominas, 2001) 

comprising four members: Organos, Finos, Gravoso, and Limos Rojos (Hubach, 1952; Julivert, 

1963; Bueno and Solarte, 1994; Vargas and Niño, 1992). The Organos member is a sequence of 

conglomerates with intercalations of fine sandstones. The Finos Member consists of clays evolving 

upward into fine-grained sandstone beds. The Gravoso member is a matrix-supported unit of 

gravel-size clasts overlying the Finos Member grading upward into the Limos Rojos Member. This 

latter consists of argillaceous sandstones and conglomeratic sandstones, interbedded with siltstone 

layers. Its top is at a mean elevation of 900 m, ~100 m lower than the Mesas located just to the 

west. Although the morphology of the Bucaramanga fan is partially masked by the densely 

populated namesake city (Fig. 3a), from field observations and remote sensing data it is still 

possible to recognize a convex surface with the elevation increasing from west to east towards the 

apex (Fig. 3a, c). The apex is positioned in contact with the Bucaramanga fault at the toe of the 

Santander Massif (Ingeominas, 2001; Jiménez et al., 2015) and appears disconnected from any river 

valley such that the location of its source area is unclear. It is commonly assumed that the fan was 

fed by the nearest Suratà River valley, placed 2.5 km north of the apex (Fig. 3a; c), before its 

displacement by strike-slip activity along the Bucaramanga fault (Ingeominas, 2001; Jiménez et al., 

2015). Older alluvial fan deposits south of the Mesa de Ruitoque would support this hypothesis 

implying different strike-slip events (Ingeominas 2001). 

An alternative hypothesis for the Bucaramanga fan deposition considers the presence of two 

windgaps (Julivert, 1958; Struth et al., 2020) along the southern segment of the Lebrija River 

divide, one located close to the Bucaramanga fault and the other close to the Palonegro escarpment 
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(Fig. 3c). The fan would have been fed by a northward-flowing drainage passing through the 

windgaps (Julivert, 1958; García et al., 2015; Tesón et al., 2015; Struth et al., 2020).  

The eastern windgap is a narrow saddle controlled by the Bucaramanga fault, where no deposits 

were found by us nor described by previous authors (Fig. 3c). In other words, there is no strong 

evidence that the eastern windgap morphology is fluvial in origin. However, a narrow elbow in the 

present-day Chicamocha River pattern, just south of the eastern windgap (Fig. 2), has been used to 

support this hypothesis (Struth et al., 2020). Conversely, the more pronounced western windgap is 

currently the source for a small and ephemeral river (La Gacha). It drains from 800 m elevation, 

terminating abruptly to the south with a ~600 m drop, connecting with the Sogamoso River valley, 

exactly at its NW bend (Fig. 3c). The windgap valley is 500 m deep (Figs. 3c, d) and is aligned with 

the present Suárez River valley to the south, both being controlled by the Suárez thrust fault (Fig. 

2).  

Along the La Gacha River valley, fluvial deposits are widespread. The southernmost exposed 

deposit (i.e. closest to the windgap) is ~25 m thick comprising alternating fluvial sands and gravels 

(Fig. 3e). From bottom to top, we observed horizontal layers of rounded pebbles with local sand 

lenses. The pebbles range in size from 1 to 10 cm. Sedimentary, schists, and igneous rocks are the 

sources, with the largest pebbles, usually made of quartz. Sandy bodies alternated with gravel layers 

constitute the middle part of the outcrop. The sandy bodies are delimited by undulating erosion 

surfaces. These are locally overlain by channels of different sizes and made of cross-laminated 

coarse sands and gravels. The uppermost part of the outcrop consists of clast-supported gravels 

dominated by rounded pebbles in a sandy matrix, locally interbedded with sandy lenses. This 

deposit, dated with cosmogenic nuclides to 409 ka (Struth et al., 2017; 2020), is unlikely to be part 

of the Bucaramanga alluvial fan due to its markedly younger age but, together with the windgap, it 

calls for a former wider drainage area (Julivert, 1958; García et al., 2015; Tesón et al., 2015; Struth 

et al., 2020). Finally, provenance analysis on the windgap sediments and the Bucaramanga alluvial 

fan deposits provided contrasting interpretations between the Santander Massif source and the 

disrupted northward drainage system (Solano 2016; Plata-Guerrero and Moreno-Ruiz, 2015).  

 

2.2.3 Suárez and Chicamocha Rivers (Sogamoso drainage basin) 

The Sogamoso River basin is confined to the east by the Cocuy Sierra (CS), to the west by the Los 

Cobardes anticline, to the south by the Bogotá highland (BH in Fig. 1b), and to the north by the 

Lebrija River catchment (Figs. 1b, 2). The Sogamoso River forms at the confluence of the Suárez 

and Chicamocha Rivers, which converge at the southern toe of the Mesa de Los Santos (Fig. 2). 

The Suárez River sources in the Chiquinquirà highland (Figs. 2, 3f). Downstream of the highland, it 
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flows parallel to the Suárez fault and collects water from short western tributaries and long eastern 

tributaries, which incise the Mesa de Barichara. The uppermost tributaries incise the Arcabuco 

anticline close to its southern periclinal closure (Fig. 2), forming wide and deep antecedent valleys 

(Fig. 3h). However, a markedly reduced drainage area is present upstream of the anticline and no 

other rivers flow northward across the Arcabuco anticline and Floresta Massif, as these are 

topographic barriers. 

The upper reach of the Chicamocha River meanders through the Tunja highlands. At ~2500 m, it 

exits the low relief area and flows northward following an arcuate pattern to the east of the Soapaga 

fault (Fig. 2). It collects water from both the Floresta Massif and the CS. Rivers draining the higher 

CS incise through Pleistocene glacial landforms (Fabre et al., 1981; 1985; van der Hammen, 1985; 

IDEAM, 2001). Downstream, it flows along the Bucaramanga fault trace for ~40 km after a major 

elbow to the NNW. Further downstream, the Chicamocha River turns to the SSW forming a second 

narrow elbow, passes in between the Barichara and de los Santos mesas, and finally merges with 

the Suárez River into the Sogamoso River (Fig. 2a). The Sogamoso River then flows over a short 

distance parallel to the Suárez fault and, similarly to the Lebrija River, exiting the EC via a sharp 

NW turn through a ~1000 m deep gorge incised across the Suárez fault and the Los Cobardes 

anticline (Fig. 2a). Low average erosion rates along the Chicamocha River basin have been linked 

partly to arid conditions in the lower Chicamocha valley (Struth et al., 2017).  

 

3. Methods 

To investigate the landscape evolution of the northern EC, we performed a morphometric analysis 

of the topography and drainage network of the study area. We used the Shuttle Radar Topography 

Mission (SRTM) Digital Elevation Model (DEM; ~90 m in horizontal resolution) as the elevation 

data source. Topographic maps (1:25000, Carta General; Instituto geográfico “Agustin Codazzi”, 

1998) have been used to check for local errors in the DEM and used to correct the elevation of some 

pixels.  

 

3.1 Topography  

The study area topography has been investigated by a slope map (Fig. 2), three swath profiles 

(Fig. 5), and a local relief map (Fig. 6).  

The slope map is derived from the SRTM DEM to highlight the principal landforms, such as high-

elevation plateau or steep escarpments. In order to identify low-relief areas, we focused the slope 

observation window on values lower than 30°. Therefore, we divided the slope map into 6 classes: 
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the first 5 classes characterize the landscape with slope angles lower than 30°; the last one marks 

the main scarps with slopes between 30° and 70° (Fig. 2). 

Swath profiles were extracted using the Matlab TopoToolbox functions (Schwanghart and Kuhn, 

2010), with a 20-km-wide observation window and sampling intervals of 500 m. The maximum and 

minimum topographies in the plot show the general configurations of the elevation peaks and valley 

bottoms, whereas the mean topography is representative of the regional scale pattern. In each swath 

profile, the local relief is calculated by subtracting the maximum and minimum elevation (Masek et 

al., 1994) (Fig. 5). This parameter allows quantification of river incision within the observation 

windows (Molin et al., 2004).  

The local relief map provides insight into spatial variations of fluvial incision (Molin et al., 2004). 

It has been obtained by smoothing the maximum and minimum topographies with a circular 

window, 10 km in radius, and generating envelope and subenvelope surfaces. This value is chosen 

considering the mean valley spacing in the study area and allows the noisy influence of small 

valleys and ridges to be removed. The arithmetic subtraction of the subenvelope from the envelope 

results in the map of local relief (Molin et al., 2004). 

 

3.2 Drainage network configuration 

In tectonically active areas, the drainage network is considered to be one of the most sensitive 

indicators of uplift rate (Whipple, 2004). The EC offers a unique case to inform on plateau 

evolution as these landforms are now integrated into the drainage network. Additionally, the EC 

river network displays windgaps and elbows, suggesting an overall transient state. Nevertheless, the 

knowledge of the temporal sequence of the landscape shaping events is incomplete. Therefore, we 

performed a morphometric analysis of the drainage network using river longitudinal profiles, 

relative slope vs area analysis (Whipple, 2004; Wobus et al., 2006; Whipple et al., 2017), and 

drainage divide stability (Forte and Whipple, 2018). To explore the timing of the fluvial network 

organization as a consequence of river capture events, we run a knickpoint celerity model.  

 

3.2.1 Stream longitudinal profiles and ksn map 

A stream longitudinal profile is a graph showing the variation in channel elevation versus its 

distance from source or outlet. When undisturbed longitudinal profiles have a typical smooth 

concave-up shape they are traditionally referred to as a graded, equilibrium profile, as described by 

the empirical Flint’s equation (Mackin, 1948; Hack, 1973; Flint, 1974): 

𝑆 = 𝑘𝑠𝐴
−𝜃                                                                                                                                         (1) 
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where S is the channel slope, A is the contributing drainage area, and ks and θ are respectively the 

steepness and concavity indices. Deviations from this shape (knickpoints and knickzones) indicate 

that the fluvial system is in a transient state of disequilibrium in response to base-level change, or 

rock-type perturbation.  

We extracted 17 longitudinal profiles from the main rivers and tributaries of the Sogamoso and 

Lebrija drainage basins using the Stream Profiler tool (Wobus et al., 2006). We focused on the area 

at elevations higher than 200 m because, at this elevation, the rivers leave the mountain relief and 

flow into the alluvial Middle Magdalena Basin. To quantify the shape of the longitudinal profiles, 

we calculated the values of concavity and steepness indices from the log-log S versus A plot. In 

detail, the ks represents the y-intercept while the θ is the slope of a regression line through the slope 

and drainage area data. To allow a comparison of river longitudinal profiles, the values of the 

steepness index have been normalized (ksn) to a theoretical value of concavity (θref = 0.45; Wobus et 

al., 2006 and references therein). This reference concavity derives from the empirical observation 

that, in steady-state longitudinal river profiles, θ varies from 0.35 and 0.65 (Wobus et al., 2006 and 

references therein).  

Further analysis of the river long profiles was conducted using the χ plot of each river following 

Perron and Royden (2013). Here, a longitudinal profile is expressed as elevation vs a spatial integral 

of the drainage area (χ). This independent variable is expressed by the equation: 

𝜒 = ∫ (
𝐴0

𝐴(𝑥)
)

𝑚

𝑛𝑥

𝑥𝑏
                                                                                                                               (2) 

Where x is the upstream distance and xb is the outlet location, A is the drainage area and A0 is a 

reference area, and m and n are constants whose ratio m/n is equivalent to θ in equation (1). This 

equation linearizes the river profiles, revealing possible knickpoints and allowing comparison 

between profiles. Note that in the χ plot the steepness index is the slope of a transformed river 

profile. 

Finally, we extracted a map of the variation in ksn along each studied channel (Fig. 8) using the 

automatic extraction tool of the Stream Profiler toolbar (Wobus et al., 2006). This allows direct 

observation of the spatial distribution of knickpoints and knickzones in the study area.  

 

3.2.2 Drainage divide stability analysis 

To investigate the drainage network evolution, we analyzed the stability of the divides between 

the Lebrija and Sogamoso Rivers and between the Suárez and Chicamocha Rivers. Drainage divide 

stability analysis allows for an evaluation of the influence of changes in river basin drainage area on 

the landscape evolution (Willet et al., 2014; Whipple et al., 2017, Forte and Whipple, 2018). The 

migration of a drainage divide was first studied by Gilbert (1877) who proposed that the asymmetry 
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on a divide means different erosion rates on either side. This difference causes the migration of the 

divide towards the side with a lower hillslope gradient and erosion rate. Perron and Royden (2013) 

and Willet et al. (2014) introduced a parameter termed χ, a proxy for steady-state channel elevation. 

Accordingly, where χ values are different across a divide, divide migration will occur with 

movement from lower to higher χ values until the anomaly is removed. Additional metrics (Gilbert 

metrics), calculated across the divide at a reference drainage area, have been proposed (Whipple et 

al., 2017) incorporating channel elevation, mean headwater hillslope gradient, and mean headwater 

local relief. Under conditions of non-uniform uplift rate, these parameters are more efficient than χ 

in defining the direction of divide migration (Whipple et al., 2017; Forte and Whipple, 2018). 

Indeed, whereas χ values are strictly dependent on rock erodibility and catchment outlet elevation, 

the Gilbert parameters are not (Forte and Whipple, 2018). 

Drainage divide stability of the study area has been analyzed following Whipple et al. (2017) and 

using the MatLab Divide Tools (http://github.com/amforte/DivideTools) of Forte and Whipple 

(2018). This tool produces maps of Gilbert metrics and χ and compares the metrics in a plot where 

differences in the quantity of each parameter across the divide (delta values) are taken into account 

(“standardized delta plot” of Forte and Whipple, 2018). In this plot, a horizontal dashed line 

represents the divide stability condition. According to the divide orientation, the direction of 

migration is predicted when a point falls above or below this line. Considering the dependence of χ 

on outlet elevation, we produced a χ map by cropping the SRTM DEM to an elevation of 200 m, 

which approximates to the borders of the Eastern Cordillera, as well as being where the bedrock-

alluvial channel transition occurs (see supplementary material at Figs. S2). We partitioned the 

divide into 9 sections, 25-30 km in length, following the geometry of the divide, and extracted the 

values of each parameter at a reference drainage area of 1 km
2
. This value represents the critical 

threshold area downstream of which stream-flow-dominated channels are expected to dominate 

over debris-flow-dominated ones (Wobus et al., 2006). The numerical computation of χ has been 

performed by assuming 0.45 as the reference θ value. For each section, we represented the 

statistical distributions of the results of the four parameters in four histograms highlighting the 

mean value and the standard deviation (See supplementary material at Figs. S3-5). Finally, we 

elaborated the standardized delta plot (see supplementary material at Fig. S6) in order to compare 

the results relative to each metric (Fig. 9).  

 

3.2.3 Knickpoint celerity model 

In order to predict a time series of knickpoint positions in the Sogamoso River basin, we used a 

knickpoint celerity model following Berlin and Anderson (2007).  
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In the case of steady, uniform flow and detachment-limited conditions (sediment transport 

capacity exceeds sediment supply), the rate of bedrock river incision is considered equal to uplift 

rate and proportional to stream power (Howard and Kerby, 1983; Howard, 1994; Whipple and 

Tucker, 1999): 

𝐸 = 𝑈 = 𝐾𝐴𝑚𝑆𝑛                                                                                                                               (3) 

where U and E are, respectively, the rate of uplift and bedrock incision, K is a dimensional 

coefficient of erosion, A is drainage area, S is channel slope, and m and n are positive non-

dimensional constants reflecting basin hydrology, hydraulic geometry, and erosion processes 

(Whipple and Tucker, 1999; Berlin and Anderson, 2007). The Sogamoso River drainage network is 

mostly characterized by bedrock or mixed bedrock-alluvial channels where the rock joints are 

related to tectonics and/or layering make plucking a dominant erosion process. For this reason, it is 

possible to consider Eq. (3) in the condition n=1 (Whipple et al., 2000): 

𝑑𝑧 𝑑𝑡⁄ = 𝐾𝐴𝑚(𝑑𝑧 𝑑𝑥⁄ )                                                                                                                     (4) 

Rearranging dz we arrived at: 

𝑑𝑥 𝑑𝑡⁄ = 𝐾𝐴𝑚                                                                                                                                   (5) 

where dx/dt is the upstream knickpoint migration rate in m/a. The formula defines the speed (or 

celerity) of a knickpoint propagating upstream and does not take into account changes in channel 

width or sediment flux, the effect of climate, and the existence of an erosion threshold (Berlin and 

Anderson, 2007). 

We modeled the propagation of two knickpoints found along the Suárez and Chicamocha Rivers 

at elevations of ~1000 and ~1500 m. In a capture scenario, the Suárez River flowed to the north 

including the present Lebrija River basin in its drainage area (Struth et al., 2020). After ~400 ka 

(Struth et al., 2020), the Sogamoso River was able to capture the Suárez River generating an erosion 

wave that disconnected the northern and southern portions of the basin and propagated upstream. 

The abandoned valley segment that connected the present Suarez and Lebrija basins became a 

windgap and part of the drainage divide. In this configuration, the point where the Sogamoso River 

meets the windgap (elevation 289 m) can be considered as an approximation of the capture site and 

the starting point of the erosion wave.  We modeled the propagation of such a wave using a 

dynamic time-step approach (Crosby and Whipple, 2006; Berlin and Anderson, 2007), calculating 

the misfit by comparing the real knickpoints retreat distances with the predicted ones. K and m have 

been obtained by a forced search where the best fit is the combination of the two parameters that 

resulted in the lowest sum of squares of the misfit in the channels (e.g., Stock and Montgomery, 

1999; Crosby and Whipple, 2006; Berlin and Anderson, 2007; Sembroni et al., 2016; 2020). The 

modeling requires a range for the K and m values. We fixed the K range at 10
-7

-10
-1

 m
1-2m 

y
-1 
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represent the whole range of lithologies outcropping in the study area (Stock and Montgomery, 

1999; Whipple et al., 2000; Kirby and Whipple, 2001; Loget and Van Den Driessche, 2009; 

Giachetta et al., 2015; Sembroni et al., 2020). Given that θ is the ratio between m and n and that n 

can be fixed at 1 (Whipple and Tucker, 2002), θ is a good approximation of m (Giachetta et al., 

2015) and it can be derived from the morphometric analysis (0–0.51; Table S1 in supporting 

information). The initiation time of knickpoint migration was modeled as starting sometime 

between 400 ka (which is the age of fluvial deposits outcropping near the windgap between the 

Lebrija and Sogamoso River basins; Struth et al., 2017; 2020) and present. We performed 100 

simulations where each simulation is the best solution (lowest misfit) over 100,000 iterations. The 

results are shown in four histograms where the knickpoint starting age data are divided into 8 

classes of 50 ka (see supplementary material at Fig. S7). Moreover, to have a unique time value for 

each model, we calculated the probability density functions (PDFs) for each histogram (Fig. 10).  

To better constrain the results of the celerity model with the geometry of river longitudinal 

profiles and the windgap between Sogamoso and Lebrija Rivers close to the Palonegro escarpment, 

we reconstructed the shape of the former river profiles starting from segments of the Suárez and 

Chicamocha Rivers. To model these segments, we assumed that the portion of the river profile 

upstream of a knickpoint represents relics of a river under former equilibrium conditions (Gallen et 

al., 2013). In detail, we calculated the values of ks and θ of each segment and, by a modified version 

of Eq. (1), we traced the paleo-longitudinal profile from a knickpoint towards the north, i.e. towards 

the windgap location. Assuming no significant tilting during the Quaternary, the elevation 

difference between the present and modeled profiles at the windgap could provide a minimum 

estimate of the incision (Kirby and Whipple, 2012; Gallen et al., 2013; Sembroni et al., 2020) that 

affected the area as a consequence of the capture of the Suárez River by the Sogamoso River 

 

4. Results 

4.1 Topography 

The topography of the EC study area (Figs. 1b, 2) is characterized by slope values in the range 0°-

70°, in contrast to the Magdalena and Llanos lowlands where slope values are always lower than 

10°. In detail, in the central portion of the study area, several areas comprising slopes lower than 

15° are located at different elevations in the Mesas (MB, MS, MR in Fig. 2) and in the highlands 

(CH and TH in Fig. 2). These low-relief areas are interrupted by the steep slopes (>30°) of fluvial 

valleys and/or tectonic structures (Fig. 2).  

The northern swath profiles (Fig. 5a; for location see Fig. 1) show a strong asymmetry in the 

northern EC where ~5000 m of elevation difference occurs over 200 km along the western flank 
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(from the Middle Magdalena Valley up to the Cocuy Sierra top) and across <100 km along the 

eastern flank (from the Cocuy Sierra summit to the Llanos foreland; Fig. 5a). In the central portion 

of the mountain range, between the Los Cobardes Anticline and the Cocuy Sierra, the lower 

topography (~2000 m) of the Mesas gently decreases to the west. The Mesas are delimited by the 

incised valleys of the Suárez and Chicamocha Rivers. The drainage divide between these two main 

rivers runs along the hangingwall of the Boyacá fault (3000 m; Fig. 1). In the Los Cobardes 

Anticline and the Cocuy Sierra ranges, the drainage divide is offset relative to the highest 

elevations. In the Cocuy Sierra, the highest elevation of the minimum topography, the regional 

drainage divide between westward and eastward flowing Rivers of the EC, is to the west of the 

highest peaks. In the Los Cobardes Anticline, the divide between the Suárez River and the 

tributaries of the Magdalena River is located west of the highest maximum topography. Finally, the 

local relief shows a constant average value of ~1500 m throughout the chain with a minimum in the 

western portion of Mesa de Barichara (MB in Fig. 5a). 

The swath profile b (Fig. 5b) shows a decrease in topographic asymmetry where the western flank 

is ~170 km wide, and the eastern flank <100 km. The highest peaks (less than 4000 m) are in the 

Cocuy Sierra. The regional divide between the Suárez River and the tributaries of the Magdalena 

River at the Los Cobardes anticline is slightly to the east of the highest maximum topography. In 

the central portion of the EC, the topography progressively increases from the Suárez River valley 

towards the Tunja highland. Here, the divide between the Suárez and Chicamocha drainages is 

located in the Boyacá fault-related highs (Fig. 1). To the east, the Tunja highland, where the 

Chicamocha River sources, is a low relief area whit an elevation of ~2500 m, characterized by 

alternating flat areas and ~200 m high ridges. The regional divide within the Cocuy Sierra coincides 

with the highest peak. In general, the maximum values of local relief (1500-2000 m) are found 

along the western flank of the Los Cobardes anticline and the eastern flank of Cocuy Sierra, where 

relief shifts from local topographic peaks towards the exterior of the chain. Lower local relief 

values are observed in the central portion of the EC, with a minimum within the Tunja highland. 

The southernmost swath profile (Fig. 5c) shows the EC as an almost symmetric chain. The highest 

peaks of maximum topography stand at ~3500 m in the central portion of the chain, at a distance of 

<100 km from the foothills. The western and eastern regional divides are relatively close and 

located along the edges of the Chiquinquirà highland, where the source of the Suárez River and 

Lake Fúquene are located. As observed in swath profile b (Fig. 5b), the maximum local relief 

values (1500-2000 m) occur along the flanks of the chain and do not coincide with the local highest 

values of the maximum elevation. Similarly, the lowest values of local relief are found in the 

Chiquinquirà highland.  
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The local relief map (Fig. 6) shows average values higher than those extracted from the swath 

profiles but with a similar pattern. The local relief is generally higher on the flanks of the mountain 

range than in the central part. Here, the Chiquinquirà and Tunja highlands and the Mesas have local 

relief of < 500 m, whereas the Floresta Massif (FM in Fig. 6) shows values of > 1500 m. The entire 

Cocuy Sierra has generally high values that increase to the east. The map also shows that higher 

local relief values coincide with tectonic features (Fig. 6).  

In summary, the topography of the EC changes progressively from asymmetric to symmetric from 

north to south. North of 6° N the chain is strongly asymmetric, with a high elevated peak off-

centered to the east. To the south, the chain becomes progressively more and more symmetric with 

a high-standing low relief area in between two equally wide and steep flanks.  

 

4.2 Drainage network configuration 

4.2.1 Longitudinal profiles and χ plots 

We extracted the longitudinal profiles of 17 main rivers draining the interior (i.e. rivers draining 

only flanks are excluded) of the northern EC and southern Santander Massif, an area encompassing 

the Sogamoso and Lebrija Rivers basins (Fig. 2). The longitudinal profiles and chi-plots are shown 

in Fig. 7. The main knickpoints are indicated on the geologic map of Fig. 1c. Along-stream θ and 

ksn values are reported in Table S1 (supplementary materials). 

The longitudinal profile of the Suárez River shows three pronounced knickpoints at 2500, 1450, 

and 1000 m of elevation, which result in a staircase-like profile (Fig. 7a). Upstream of the 2500 m 

knickpoint the upper reach of the Suárez River is more than 50 km long, almost flat, and coincides 

with the Chiquinquirà highland (including Lake Fúquene). An elevation drop of 1 km over only ~20 

km distance occurs across the highest knickpoint. Along the upper reach, the channel is sinuous and 

alluvial but downstream of the 2500 m knickpoint, it becomes a bedrock channel characterized 

locally by a cascade or step and pool pattern. The Suarez River profile is approximately concave 

between the knickpoints at 2500 and 1450 m. It is composed of rectilinear segments between the 

knickpoints at 1450 and 1000 m. Downstream of the knickpoint at 1000 m, the profile is almost 

rectilinear. Here, the mixed alluvial-bedrock channel is characterized by a pool and riffle sequence 

up to the confluence with the Chicamocha River The χ plot of the Suárez River shows an upper 

segment (elevation >2500 m) shifted toward higher χ values and a lower one, much steeper and 

marked by the 1450 and 1000 m knickpoints. 

The Suárez River drainage basin is asymmetric with very short (<tens of km) western tributaries 

that are not comparable with the other studied rivers (Fig. 2a), thus they are excluded from the 

analysis. The major tributaries feed the Suarez River from the Mesa de Barichara and the Floresta 
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Massif ridge (Fig. 2). Among the southern tributaries, channel 2 (Fig. 2a) has flat segments along a 

perched valley (syncline fold) at ~3330 m and along the Chiquinquirà highland (Figs. 2, 7a). Both 

channels 2 and 3 have a knickpoint at ~2000 m, across an anticline, and they flow into the Suárez 

River just before the major 1450 m knickpoint (Fig. 7a). The northern tributaries (channels 4 and 5) 

drain the Floresta Massif and the Mesa de Barichara and merge at a knickpoint at ~1100 m (Fig. 

7a). The χ plots of the tributaries of the Suárez River (Fig. 7c) show a similar pattern interrupted by 

the several knickpoints described above. They are also significantly less steep than the Suárez River 

and with higher χ values. 

The Chicamocha River profile has a concave smooth upper reach, with a meandering alluvial 

channel where it flows across the Tunja highland (Figs. 2 and 7a). This reach displays a knickpoint 

at 2500 m of elevation followed downstream by a ~50 km long convex knickzone with a cascade 

channel and an elevation drop of ~1 km. Downstream of the knickzone, the channel is braided and 

the river profile is rectilinear with some minor knickpoints (e.g. at 1500 and 1000 m). The χ plot 

(Fig. 7c) shows an almost rectilinear downstream segment and a net shift towards higher values 

along the upper reach. 

The western tributaries (channels 7 and 8; Figs. 2, 7a) have longitudinal profiles with concave-up 

segments above 2500 and 3000 m (Fig. 7a), which coincide with small alluvial valleys located 

between the Soapaga and Boyacá thrusts (Fig. 2). The lower portion of their longitudinal profiles, 

characterized by a knickzone (~2300 m), comprises narrow valleys deeply incised into the bedrock, 

across the Soapaga fault. χ plots (Fig. 7c) show a shift towards higher values upstream of the 2500 

and 3000 m knickpoints, and a generally rectilinear lower reach almost parallel to the downstream 

segment of the Chicamocha River The northernmost western tributary (channel 9) is characterized 

by an upper concave-up reach (rectilinear in the χ plot) interrupted by the main knickpoint at ~1500 

m and followed by a convex segment (shifted to lower values in the χ plot) down to the confluence 

with Chicamocha River (Figs. 7a, c). 

The eastern tributaries of the Chicamocha River drain the 5000 m high Cocuy Sierra and the 

southern termination of the Santander Massif (Fig. 2). Whilst their upper reaches are characterized 

by several knickpoints and knickzones, the lower reaches are almost rectilinear (Fig. 7a). The 

knickpoints above ~3000 m (channels 10, 11, and 12) may be related to glacial landforms relative 

to Pleistocene glaciers (Fabre et al., 1981; 1985; van der Hammen, 1985; IDEAM, 2001). The χ 

plots of the eastern tributaries (Fig. 7c) are almost rectilinear and as steep as the downstream 

segment of the Chicamocha River plot. 

In the Lebrija River catchment, the main De Oro River (channel 15) shows three pronounced 

bends that delimit four reaches: 1) a NE-SW high reach, draining the Santander Massif, 2) an E-W 
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reach between the Bucaramanga fault and the Suárez thrust, 3) a S-N low reach along the Suárez 

fault and, after joining the Lebrija River, 4) a NW-SE reach across the Suárez fault (Fig. 2). 

Similarly, the longitudinal profile is composed of a concave-up high reach (above 2000 m) and 

three rectilinear segments: 1) upstream of the Bucaramanga fault (between 2000 and ~900 m of 

elevation), 2) downstream of the Bucaramanga fault down to a knickpoint at ~600 m of elevation, 

and 3) downstream of the knickpoint (Fig. 7b). In the χ plot (Fig. 7d), similar reaches can be 

identified and the entire river profile displays a large shift towards higher χ values. Channel 17 

shows an upper concave reach and a lower rectilinear segment, and on average shifts towards lower 

values in the χ plot. Channel 16 is composed of two rectilinear segments and its χ plot is 

substantially rectilinear. It is noteworthy that channels 16 and 17, and the upstream segment of 

channel 15 have a similar pattern to the eastern tributaries of the Chicamocha River, whereas the 

downstream reach of channel 15 resembles channels 4 and 5 (Suárez River basin). 

 

4.2.2 ksn map 

The ksn map (Fig. 8) displays along-channel variation in the steepness index within the Sogamoso 

and Lebrija drainage basins. The Suárez and the Chicamocha Rivers are characterized by low ksn 

values (< 100 m
0.9

) along their upper reaches, when they flow in the Chiquinquirà and Tunja 

highlands. They display high ksn values (> 300 m
0.9

) when they flow across the knickpoint at 2500 

m and also for a long stretch before and after their confluence (Fig. 8). The western tributaries of 

the Suárez River commonly have high ksn values at the confluence with the main river whereas the 

eastern tributaries display overall low ksn values (< 200 m
0.9

). The southernmost tributaries have 

high values (>200 m
0.9

) where they cut across the main anticlines in the Mesas, but low values in 

the highlands (i.e. the Arcabuco anticline). The northernmost tributaries have generally medium to 

low ksn values (~200 to < 200 m
0.9

) with very low values (< 100 m
0.9

) where they flow parallel to the 

main fold axes. In the Chicamocha drainage basin, downstream of the 2500 m knickpoint, the 

eastern tributaries commonly have medium to very high ksn values (>200 m
0.9

) and locally low 

(<100 m
0.9

) ksn values along their upper reaches. The western tributaries have ksn between 100 and 

200 all along their course, and locally high ksn (> 200 m
0.9

), highlighting the main knickzones.  

High ksn values (> 300 m
0.9

) characterize the Lebrija River downstream of the confluence of the 

De Oro and Suratà Rivers when it incises through the Palonegro escarpment (Fig. 8). In the Lebrija 

River catchment, tributaries are relatively steep (ksn>100 m
0.9

) upstream of the Bucaramanga fault.  

 

4.2.3 Drainage divide stability 
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The drainage divide stability results indicate a north-south gradient with a general instability to the 

north and stability to the south. In more detail, along the divide between the Lebrija and Sogamoso 

Rivers the segment 1 (DIV1 in Fig. 9) shows migration to the north, whereas segment 2 (DIV2 in 

Fig. 9) is almost stable. Along the divide between the Suárez and Chicamocha Rivers, the northern 

segments (DIV3, DIV4, DIV5 in Fig. 9) are slightly unstable, with a tendency to migrate towards 

the west (i.e. towards the Suárez River). Conversely, the southern segments (from DIV6 to DIV9 in 

Fig. 9), located in the Floresta Massif and the highlands, indicate clear stability. 

 

4.2.4 Knickpoint celerity model 

We modeled the propagation of two knickpoints located at ~1000 and ~1500 m of elevation along 

the longitudinal profiles of Suárez and Chicamocha Rivers with the starting point at 289 m of 

elevation (vertical projection of La Gacha windgap onto the Sogamoso River). The PDFs obtained 

for the knickpoint at 1500 m modeled in both the Suárez and Chicamocha Rivers suggest starting 

ages of 258±78 and 270 ±78 ka, thus with a strong agreement between the two rivers (Fig. 10). 

Conversely, the resulting PDFs for the knickpoint at 1000 m gave starting ages of 186±99 ka for the 

Suárez River and 216 ±100 ka for the Chicamocha River (Fig. 10). 

To constrain the time of capture of the Suárez River by the Sogamoso River, we reconstructed the 

shape of the ancient river profiles starting from segments of the Suárez and Chicamocha Rivers 

(Fig. 11). In both rivers, the profile segment upstream of the knickpoint at 2500 m is geometrically 

incompatible with the windgap. Conversely, the modeling of the segments of the Suárez River 

upstream of the knickpoint at ~1500 and 1000 m provides ancient long profiles that approach the 

windgap elevation. Relying on the R
2 

value, the knickpoint at 1500 m would be the best result. 

Nevertheless, the 1000 m-high knickpoint is geometrically better connected with the windgap, and 

the very low R
2 

value is the result of a profile shape that deviates far from equilibrium. Using 

186±99 ka as the capture age and the elevation difference between the windgap (850 m) and the 

present Sogamoso River channel just below the windgap (289 m), yields an incision rate of ~3 

mm/yr. 

 

5. Discussion  

The overall topography and drainage pattern of the study area speak to a landscape in a transient 

state. The main trigger of this transience is likely the combination of regional uplift since the late 

Miocene (Hooghiemstra et al., 2006; Mora et al., 2008, 2015; Anderson et al., 2015) and of base-

level fall in response to the reopening of the Magdalena Valley Basin to the north during the 

Pliocene (Silva et al., 2013; Struth et al., 2020). However, our observations indicate that the 
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dynamics of the rearrangement of the river network may not be entirely explained by the model 

proposed so far. Here, we propose a new model based on our observations with a bearing on the 

relative temporal sequence of river captures.  

We consider short-term (< 10
6 

yr) climate changes as likely negligible in the long-term landscape 

evolution. In fact, the oscillation between dry/cold and humid/warm conditions controls fluvial 

aggradation and incision whose time scale (10
5 

yr) is shorter than both the response time of river 

systems (10
5
-10

6 
yr) and tectonic forcing (10

6 
yr) (Whipple, 2001). 

 

5.1 The regional drainage divide  

At a regional scale, in the Cocuy Sierra, the regional drainage divide between the westward and 

eastward flowing rivers is shifting westwards towards the highest peaks (Fig. 5a). To the south, it is 

almost coincident (Fig. 5b), and further south shifting to the east (Fig. 5c). Given the high amount 

of mean annual precipitation (Hijmans et al., 2005; Fig. S1 supplementary material) and higher 

erosion rates measured on the eastern side of the EC (Struth et al., 2017), the position of the 

regional divide compared to the topography indicates that the Orinoco River tributaries are more 

intensely incising the topography than those of the Chicamocha River, as confirmed by the very 

high values of slope and local relief on the eastern flank of Cocuy Sierra (Figs. 2; 5; 6). The 

eastward shift in the southern portion could be possibly related to local orographic/precipitation 

variations as there the eastern Orinoco River tributaries are strongly incising the EC slope (Mora et 

al., 2008). Conversely, on the western flank, although the values of slopes and local relief (Figs. 2; 

5; 6) are high, the regional drainage divide between the Suárez and Magdalena rivers generally 

coincides with the maximum elevation displaying small and not significant shifts (Fig. 5). 

In the interior of the EC, the high values of local relief (Fig. 6) do not coincide with the highest 

topography, indicating that fluvial incision has not yet reached the highest elevations (Santander 

Massif and Cocuy Sierra) and the highlands (Chiquinquirà and Tunja). In fact, along the northern 

swath profile, the local relief is high everywhere (Fig. 5a), suggesting that all of the northern sector 

rivers are equally responding to the same forcing. In the central sector, values of slope and local 

relief (Figs. 2; 5; 6) are locally high but the regional drainage divide between the Suárez and 

Magdalena Rivers generally coincides with the maximum elevation displaying small and not 

significant shifts (Fig. 5). The highlands in the south, at elevations above 2500 m, are characterized 

by very low values of local relief (Fig. 5b, c) indicating that they have not been affected by river 

incision. Here, the longitudinal profiles of some rivers (channels 1, 2, 6, 7, 8; Fig. 7) show an upper 

concave segment that records a previous equilibrium state with a base level different from the 

present one. Erosion rates evaluated from the concentration of cosmogenic 
10

Be in modern fluvial 
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deposits in both the Chiquinquirà and Bogotá highland are lower than 0.02 mm/a (Struth et al., 

2017), thereby indicating that this area has not yet adjusted to the new base level.  

 

5.2 The low-relief highlands (Upper Paleolandscape) 

The Chiquinquirà and Tunja highlands, as well as the southern Bogotá one, are low relief areas 

that in the past were internally drained as recorded by the extensive presence of Plio-Pleistocene 

lake deposits (Torres et al., 2005; Sarmiento et al., 2008; Vriend et al., 2012). In the Chiquinquirà 

highland the maximum outcropping area of the lake deposits (Vriend et al., 2012) indicates that in 

the recent past the lake filled the valley. Most likely, the filling of the Chiquinquirà highland has 

been caused by damming of the Suárez River due to large landslides that are located along the river 

valley close to its exit from the highland (Fig. 3g), in contrast to a formerly proposed periglacial 

colluvium (Sarmiento et al. 2008). The Fúquene lake is likely the remnant of a larger lake that filled 

the Chiquinquirà highland which was subsequently progressively drained as the Suárez River 

incised a landslide dam (Vriend et al., 2012). In the Tunja highland, there is no record of lake 

deposits (Servicio Geológico Colombiano, 2015), but the landscape is similar to the adjacent 

Chiquinquirà highland. The valleys are wide, filled by fluvial deposits, and separated by small 

ridges. The knickpoints at 2500 m of elevation along the rivers that drain both the Chiquinquirà and 

Tunja highlands (channels 1 and 6 in Fig. 7) indicate the present position of an erosion wave related 

to a base-level fall. It is interesting to note in Fig. 7c that, although the highland edge knickpoint has 

the same elevation in both channels 1 and 6, the χ value for the Suárez River is much lower than 

that of the Chicamocha River, suggesting a gain of drainage area. Moreover, the downstream 

segment of the Suárez River is steeper, deviating from the trend of the other studied rivers. This 

configuration indicates the uplift of a plateau where part of the internal hydrography is captured by 

a river (Giachetta and Willett, 2018). The ksn map shows high values of steepness downstream of 

the 2500 m knickpoint, which contrasts with the very low values on the highlands, thus underlining 

the influence of uplift and piracy on rivers (Fig. 8). On the footwall of the Boyacá fault, the western 

Chicamocha River tributaries flow in small perched alluvial valleys that possibly belong to the 

landscape of the highlands (Fig. 2b). 

In the Chiquinquirà highland, the southern tip of the Arcabuco anticline is incised by two rivers 

that have a small drainage area upstream from the fold (Fig. 3h). We speculate that the modern 

drainage area of these rivers is too small to provide enough discharge to incise across the wide 

Arcabuco anticline. Instead, it is possible that they used to have a larger drainage area 

encompassing part of the Tunja highland. Thus, during the growth of the Arcabuco anticline, the 

rivers had an erosion rate equal to or higher than the uplift rate of the anticline and incised the two 
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antecedent valleys. This inference is supported by the observation that several other rivers incise the 

western flank of the Arcabuco anticline but none of them have breached the eastern limb of this 

fold. For example, channels 3 and 6 in Fig. 2 and of the rivers that incise the section of the 

Arcabuco anticline exposed in the Floresta Massif.  

 

5.3 The Mesas (Lower Paleolandscape) 

The landscape of the Mesas preserves the record of the competition between the Suárez and the 

Chicamocha Rivers comprising remnant landscapes, windgaps, and unstable divides. 

 

Remnant landscapes 

The rivers draining the western side of the Floresta Massif flow to the west, away from the highest 

peaks, in the hangingwall of the Boyacá fault. The longitudinal profile of one of these rivers, 

channel 4 (Figs. 2 and 7), is concave upstream from a knickpoint at ~1100 m, which marks its exit 

from the gently west-dipping Mesa de Barichara. This suggests that channel 4 was in equilibrium 

with the low-relief landscape of the Mesas, whose base level was lower in elevation than the 

highland’s base level. Thus, the Floresta Massif was already a drainage divide when the low-relief 

landscape, which now forms the highlands, was wider than today. This is confirmed by the drainage 

divide stability analysis (Fig. 9) between the Suárez and the Chicamocha rivers. To the north, the 

tributaries of the Chicamocha River are more aggressive than those of the Suárez River, whereas to 

the south, the divide tends to be stable. In other words, the downstream tributaries are in 

disequilibrium in response to one or more erosion waves, possibly related to the Sogamoso River 

capture or previous events. Upstream, these erosion waves have not yet arrived.  

The Mesa de Barichara, Mesa de Los Santos, and Mesa de Ruitoque are remnants of an older 

landscape whose almost flat morphology is strongly influenced by the sub-horizontal layering of the 

underlying rock. The Mesas, described as part of an erosional surface gently tilted to the north and 

the west (Julivert, 1958), are younger than the highland’s paleolandscape. In the southernmost Mesa 

de Barichara, the underlying rocks are folded and the eastern tributaries of the Suárez River flow 

mainly along the syncline axis. Locally they cut across anticlines forming a knickpoint (channel 3 

in Fig. 2; high values of ksn in Fig. 8). To the north, the longitudinal profiles of the eastern 

tributaries of Suárez River display a knickpoint when they exit from the Mesa old landscape (Figs. 

7 and 8).  

 

Windgaps, unstable divides, and fluvial network organization 
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Along the divide between the Suárez and the Chicamocha Rivers, at the eastern edge of the Mesa 

de Barichara, two windgaps are preserved (Fig. 4a). Alluvial deposits (head of channel 5, Boquerón 

River; Fig. 2) indicate that one of these windgaps hosted a river that sourced further east. These 

sediments are composed of well-sorted coarse sands interbedded with subordinated and 

discontinuous levels of poorly-sorted, sub-angular, and sub-rounded pebbles (Fig. 4c-f). The 

depositional environment was likely a trunk channel filled by fluvial sands alternating with 

colluvial/debris-flow gravels. The detritus is composed of granitic and sedimentary rock fragments. 

The windgap is incised within the Cretaceous sedimentary sequence and it is part of a valley where 

no granitic rocks are exposed at present. Jurassic granodioritic rocks are exposed in the neighboring 

Chicamocha drainage basin to the east at a lower elevation than the Boquerón windgap and across 

the Chicamocha River (Figs. 1c). Thus, a river sourced partly in the granitic rocks to the east of the 

Boquerón windgap fed the hanging valley. The intense weathering of the deposit also provides 

further evidence of a remnant of an older landscape. 

The Boquerón windgap is oriented in the same direction as the rivers flowing from the southern 

Santander Massif (channels 13 and 14 in Fig. 2). This suggests that the Boquerón River valley 

(channel 5) and its windgap were part of a river draining the southern Santander Massif and flowing 

to the west into the Suárez River. Although channel 13 (Fig. 2, Guaca River) is directly to the east 

of the windgap, it is not possible to infer an original connection between them since offset along the 

Bucaramanga fault should have displaced the original drainage. Moreover, the longitudinal profiles 

of the rivers draining the southern Santander Massif do not show an older reach that could suggest a 

previous connection, but the stronger incision of the Chicamocha River could have eroded any older 

features. The Chicamocha River and its tributaries have steep channels (Fig. 8) and rectilinear 

longitudinal profiles (Fig. 7) where thick alluvial sediments bury any older landscape features. 

Nevertheless, the Boquerón River windgap, as a remnant of an older drainage network, indicates 

that at the very least a river flowed from the southern Santander Massif to the west passing across 

and above the present location of the Chicamocha River. This inference is in line with the drainage 

divide observations where sections 4 and 5 of the divide between the Suárez and Chicamocha 

Rivers are unstable and migrating towards the Suárez drainage basin (Fig. 9). Referring to divide 

section 5 (Fig. 9), we exclude that the different rock susceptibility to erosion may have any control 

on the migration of the divide. Following the model by Zondervan et al. (2020), the divide on 

exhumed basement rock should migrate towards the center of highly resistant rocks. Conversely, 

divide section 5 migrates southwestward towards sedimentary erodible rocks (Figs. 1c and 9). Thus, 

the Chicamocha River acts as an aggressor at the expense of the Suárez River drainage basin, where 
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the downstream portion of the Chicamocha River valley is younger than that of the downstream 

area of the Suárez River.  

The χ plots of the Chicamocha River and its western tributaries (Fig. 7c) do not show an increase 

in drainage area but rather they have similar χ values at the highland edge knickpoint. This suggests 

that channels 6 (Chicamocha River), 7, and 8 already drained the highlands before the Chicamocha 

River started to erode aggressively along its lower modern downstream reach. Collectively, our 

observations indicate that originally the Chicamocha River was not flowing to the north as 

suggested by Julivert (1958) and Struth et al. (2020) and that the upper portion of the Chicamocha 

River was possibly a Suárez River tributary (Fig. 12). In this scenario, the elbow of the Chicamocha 

River close to the Mesas de Los Santos would not be indicative of a northward flow. Instead, it 

likely results from the intersection of the older drainage network (flowing down from the Santander 

Massif) and the more recent Chicamocha path. Finally, the eastern tributaries of the Chicamocha 

River have high steepness, similar to the lower segment of the Chicamocha River, and in general, 

are steeper than the Suárez River tributaries. This behavior could be related to the higher and more 

recent uplift of the Cocuy Sierra relative to the adjacent western area as indicated by its higher 

topography and higher erosion rates since the late Miocene (Siravo et al., 2018, 2019).  

In contrast to the Chicamocha River, the Suárez River did not change route significantly, except 

along its lowermost reach. Considering the several knickpoints downstream of the highlands, the 

Suárez River (channel 1) and probably channel 2 likely drained portions of the highlands before the 

events that caused the drainage reorganizations.  The lower χ value of the Suárez River knickpoint 

at 2500 m is related to the integration of larger portions of the highlands into its drainage basin (Fig. 

7c). The other knickpoints of the Suárez River at ~1000 m and ~1500 m (Figs. 2c and 7) indicate 

two additional erosional waves. Constraints on these events come from the paleo-profile modeling 

where the paleo-profile of the Suárez River upstream of the 1500 m knickpoint is ~200 m higher 

than the present La Gacha River, which is instead geometrically connected to the paleo-profile 

upstream of the ~1000 m knickpoint (Fig. 11). Thus, we suggest that as the Suárez River integrated 

a large portion of the highlands into its drainage, flowing on the Mesas to the north into the present 

Lebrija River basin. This is based upon: 1) the instability of the divide between the Sogamoso and 

the Lebrija Rivers and its northward migration (Fig. 9); 2) the 5 km wide and 500 m deep windgap 

located along their divide (Fig. 3c); and 3) the extensive fluvial deposits outcropping north of the 

windgap (Fig. 3e), as well as the width of the downstream valley (Fig. 3d). These features cannot be 

related to the ephemeral La Gacha River but to a river with a much higher discharge. This drainage 

configuration was disrupted by two subsequent river capture events. In contrast to the model by 

Struth et al. (2020), we interpret these captures as causing two erosional waves. The first erosional 
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wave (marked by the knickpoint at 1500 m), could be related to the opening of the Bucaramanga 

depression after the capture of the Lebrija River at 260-270 ka (Fig. S7 and 10). This event could 

have also enhanced the subsequent incision of the Los Cobardes anticline by the Lebrija River, 

which is documented by the gorge and the channel steepness downstream the knickpoint at 600 m 

(Figs. 7b, d). The second erosional wave, marked by the knickpoint at 1000 m (Fig. 7), is related to 

the Sogamoso piracy that likely occurred between 186 and 216 ka (Fig. 10). The strong incision 

resulting from this piracy is recorded in the Suárez River long profile where a rectilinear segment is 

present downstream of the knickpoint at 1000 m. Additionally, very high values of steepness index 

also characterize the lower reach of the Chicamocha River (Figs. 7, 8). The fact that the Sogamoso 

River took more time to incise the Los Cobardes anticline could be related to a differential 

topographic expression as the Lebrija River cuts the northern tip of the fold where the topography is 

less marked. 

Julivert (1958) proposed that the area between the Bucaramanga and Suárez faults was a subsiding 

block where eroded material from the Santander Massif, the Palonegro escarpment, and the 

southern Mesas accumulated to form the present Bucaramanga alluvial fan. In this interpretation, 

both the Suárez and Chicamocha Rivers were flowing north into the present Lebrija drainage basin, 

and after depositing the Bucaramanga alluvial fan, they continued to the north following the 

Bucaramanga fault. Some hanging benches at ~1200 m elevation south of Cepità (approximatively 

south of the confluence of channel 14; Fig. 2a) along the Chicamocha River valley are proposed as 

remnants of an older Chicamocha River course (Julivert, 1958). However, no sedimentologic nor 

morphologic description for these benches is reported and their field location and confirmation is 

uncertain. The Sogamoso-Lebrija divide east of the Mesa de Los Santos is stable, suggesting that no 

significant drainage area changes occurred (Fig. 9). North of the city of Bucaramanga and to the 

east of the Mesa de Los Santos, there is no fluvial valley along the Bucaramanga fault (Fig. 3c). 

Finally, no abandoned deposits are preserved to the east of the Mesa de Los Santos and Mesa de 

Ruitoque.  

In our model, the Suárez River, before being captured by the Sogamoso River, contributed to the 

formation of the Bucaramanga alluvial fan, which is older than the windgap deposit (Jimenez et al., 

2015; Struth et al., 2020). The sedimentary succession of the alluvial fan, composed by a basal 

alluvial level, an alluvial to lacustrine middle layer, and an upper conglomeratic and sandy portion 

(Julivert, 1958; De Porta, 1959), indicates a transition from an alluvial plain and possibly a closed 

drainage basin with a lake to a high energy fluvial environment. Thus, it is possible that the old 

Suárez River and its tributaries, including the Chicamocha River, and other rivers flowing from the 

Santander Massif into the Bucaramanga depression deposited the lowermost part (Organos and 
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Finos members) of the Bucaramanga alluvial fan. A general fluvial environment could have 

sporadically developed into a closed drainage basin with the formation of a lake following the 

activity of the Suárez and Bucaramanga faults. The Suratà River could have deposited most of the 

conglomeratic and sandy upper portion of the fan (Gravoso and Limos Rojos members). Indeed, the 

morphology of the northernmost part of the alluvial fan indicates an eastern provenance. Paleo-

current data could provide further clues to solve the Bucaramanga alluvial fan genesis. 

Unfortunately, the available provenance data provide contrasting interpretations between an eastern 

or southern source position (Plata-Guerrero and Moreno-Ruiz, 2015; Solano 2016). 

 

5.4 Landscape evolution, plateau integration and fluvial reorganization in the Eastern 

Cordillera 

Based on the described data, we propose a conceptual model of the landscape evolution of the 

study area (Fig. 12). The deformation of the EC started in the Paleogene and has increased since the 

middle-late Miocene, progressively migrating to the east (Bayona et al., 2008; Parra et al., 2009; 

2012; Caballero et al., 2013; Siravo et al., 2018; Bayona et al., 2020). During this time, a low relief 

landscape developed in the EC (e.g. Hooghiemstra et al., 2006; Silva et al., 2013). The rivers 

shaped wide valleys in between small ridges formed by the growing anticlines. The early exhumed 

Los Cobardes anticline (Parra et al., 2012) controlled the Suárez River pattern as it flowed 

northward, parallel to the topographic barrier and collecting waters from the eastern tributaries (Fig. 

12a). The Suárez River was possibly able to cross the topographic barrier of the Los Cobardes 

Anticline at its northern tip where elevation is lower to join downstream with the Magdalena River. 

Although uplift and exhumation characterized the Santander Massif and Cocuy Sierra in the 

Oligocene (Mora et al. 2015; Siravo et al, 2018), since the late Miocene, an increase in uplift 

(Hooghiemstra et al., 2006; Anderson et al., 2015) and exhumation (Mora et al., 2015, 2008; Siravo 

et al., 2018) combined with a base-level drop within the Magdalena River basin after the Early 

Pliocene (Silva et al., 2013) induced several erosion waves that deeply modified the landscape 

(Struth et al., 2020). During the Late Pliocene, the Chicamocha River and some rivers sourcing in 

the southern Santander Massif were tributaries of the Suárez River, including the one that shaped 

the present windgap of the Boquerón River (Fig. 12a). The Suárez River flowed northward into the 

Bucaramanga depression which at that time was filling with fluvial and lacustrine deposits (Fig. 

12a-b). At the same time, the highlands were partly configured as closed intermontane basins filling 

with lacustrine and fluvial sediments. The first erosional wave that affected this landscape is 

marked by the knickpoints at ~ 2500 m along the Suárez and Chicamocha rivers. This could have 

caused the opening of the intermontane basin in the highlands. This phase could also correspond to 
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the time when the Mesas’ landscape was shaped (Fig. 12a-b). Significant changes in the river routes 

occurred during the late Pleistocene after the deposition of the La Gacha windgap fluvial deposits at 

409 ka. Deposition occurred in response to two erosional waves at ~260-270 ka, marked by the 

knickpoint at ~1500 m, and at 190-220 ka marked by the knickpoint at ~1000 m. The first erosional 

wave may be related to the opening of the Bucaramanga depression by headward erosion along the 

Lebrija River and the second to the capture of the Suárez River by the Sogamoso River that cut off 

the connection between the Bucaramanga depression and the Chicamocha-Suárez drainage (Fig. 

12c). 

 

6. Conclusions  

High-standing plateau are common features in several mountain chains. In the central Andes, the 

Puna-Altiplano is internally drained and characterized by high aridity that at least partially 

enhanced its preservation. In the northern Andes, we investigated the complex drainage network 

and landscape evolution of the northern Eastern Cordillera of Colombia, where a high-standing 

plateau is presently exorheic. Here, different forcing factors are likely to have controlled the 

dynamic landscape reorganization. Two relict landscapes are preserved at elevations of ~2500 m 

(Chiquinquirà, Tunja and Bogotá highlands) and ~1500 m (Mesas) in the axial portion of the 

Eastern Cordillera, as evidenced by rivers longitudinal profiles, χ plots, and knickpoints analysis of 

the main rivers in the Sogamoso drainage basin. Additionally, abandoned fluvial deposits, 

windgaps, strongly incised valleys, and river elbows indicate transient state and ongoing landscape 

reorganization.  

Previous reconstructions propose a post-Early Pliocene base-level fall (Struth et al., 2020) and 

exclude the Mesas landscape from the reconstruction. Conversely, we show that this relic landscape 

occupies a large portion of the mountain belt and preserves crucial features of the EC landscape 

evolution.  

Our new evolutionary model implies that: 

1) during the middle/late Pliocene, the Chiquinquirà highland was a closed drainage, while the 

Tunja highland was already drained by the Chicamocha River The routing of the Suárez River was 

controlled by the early exhumed Los Cobardes anticline. The river flowed northward into the 

Bucaramanga depression, parallel to the topographic barrier and collecting waters from the eastern 

tributaries, also draining the southern Santander Massif. The Chicamocha River was a Suárez 

tributary and its present lowermost portion was not developed yet. The Bucaramanga depression 

filled with fluvial and lacustrine deposits (lower Bucaramanga Fm.).  
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2) increased surface uplift in the Pliocene induced: 1) the Chiquinquirà highland opening in the 

early Pleistocene, which was captured by the Suárez River; and 2) the Mesas landscape 

development. 

3) in the Late Pleistocene the Lebrija River captured the Suárez River at ~260-270 ka. The 

Sogamoso capture of the Suárez River at ~190-220 ka, truncated the connection between the 

Bucaramanga depression and the Suárez drainage, and finally led to the incision of the Mesas 

landscape and the formation of the present path of the Chicamocha River. 

Finally, we reconstructed the complex history of a landscape in an active mountain belt. The EC 

case suggests that crustal architecture resulted from tectonic deformation strongly influenced the 

drainage pattern. Afterward, sub-crustal related surface uplift drives base-level lowering resulting in 

river captures, plateaux integration into the fluvial network, and an overall drainage re-organization.  
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FIGURE CAPTIONS 

Figure 1: Tectonic setting of northern South America. a) Main plates and tectonics blocks interacting in the northern 

Andes. CP: Caribbean Plate; P-C: Panama-Choco Block; NP: Nazca Plate; SAP: South America Plate; WC: Western 

Cordillera; CC: Central Cordillera; MMV: Middle Magdalena Valley; EC: Eastern Cordillera; SM: Santander Massif; 

LB: Llanos Basin. b) Shaded topographic map of the Eastern Cordillera including main faults, rivers, and major 

drainage basins enclosed in black thick lines. Shaded rectangular areas show swath profile (Fig. 5) locations and 

extensions. c) Geologic map of the Eastern Cordillera (after Servicio Geológico Colombiano, 2015), main rivers (white 

lines; grey lines are drainage divides), and main identified knickpoints. 1: Quaternary; 2: Cenozoic; 3: Upper 

Cretaceous; 4: Lower Cretaceous; 5: Jurassic; 6: Jurassic igneous; 7: Paleozoic; 8: Proterozoic; 9: thrust or inverted 

faults; 10: strike slip faults; 11: faults; 12: anticline; 13: syncline. BAF: Bucaramanga Alluvial Fan; MR: Mesa de 

Ruitoque; MS: Mesa de los Santos; MB: Mesa de Barichara; CS: Cocuy Sierra; FM: Floresta Massif; TH: Tunja 

highland; CH: Chiquinquirà highland; BG: Bogotá highland; BU. F.: Bucaramanga Fault; SU. F.: Suárez Fault; BO. F.; 

Boyacá Fault; SO. F.: Soapaga Fault; LCA: Los Cobardes Anticline; Arc. A: Arcabuco Anticline.  

 

Figure 2: Topographic expression of the EC and Santander Massif. a) Slope map and the analyzed rivers (blue lines). 

High values of slope are observed along the mountain range flanks and in the area incised by the Chicamocha River 

(channel 6) and the western flank of the Santander Massif. Low slope values are observed in the MMV and LB 

lowlands, and also in the central portion of the EC, at the highlands (CH and TH) and the Mesas (MB, MS, MR). b) 

Shaded topographic map. Main rivers together with main structures and drainage divide are shown. Shaded green and 

violet areas outline the relict upper (Highlands) and lower (Mesas) old landscapes. White boxes show the location of 

detailed observation from satellite images and field provided in figures 3 and 4.  White lines are drainage divides.   

 

Figure 3: Landforms of the Lebrija and Sogamoso River catchments. a.) Panoramic view of the Bucaramanga alluvial 

fan taken from the Palonegro escarpment. Notice the disconnection of the apex (BAF A.: Bucaramanga alluvial fan 

apex; vertical black arrow) from any possible feeding valley, the strong erosion of the distal part of the fan as well as 

the increase in elevation of the top surface to the east. The Bucaramanga and Suárez faults traces are outlined with 

vertical red arrows and bold red line, respectively. SM: Santander Massif; MR: Mesa de Ruitoque; MS: Mesa de Los 

Santos; PE; Palonegro escarpment. b) Field picture from the Mesa de Los Santos showing the horizontal layering of the 

Cretaceous succession and the intense erosion. c) The Bucaramanga alluvial fan (apex location indicated by concentric 

circles) and the Sogamoso-Lebrija drainage divide (red line). In the red circle, the windgap of the La Gacha River d) La 

Gacha River wind gap. e) 30 m-thick fluvial deposit found a few km to the north of the La Gacha River wind gap. 

Notice the alternation of gravel and sandy layers together with channel geometries. f) Panoramic view of the Lake 

Fúquene in the Chiquinquirà highland. h) Google Earth image (maps data: Google, Image Landsat/Copernicus; Image 

© 2021CNES/Airbus; Image © 2021 Maxar Technologies) (vertical exaggeration of factor 3) of the landslides found at 

the exits of the Suárez River from the Chiquinquirà highland, that possibly dammed the Suárez River. Black lines show 

the landslide crowns while white-shaded polygons are the bodies. The Suárez River is marked as a blue line. g) Two 

antecedent valleys cutting into the Arcabuco anticline. For symbolism and acronyms refer to Fig. 1. 

 

Figure 4: Windgap at the Suárez /Chicamocha river divide. a) Northeastern edge of the Mesa de Barichara where two 

windgaps are observed. Only in the northern one (in the red circles) fluvial deposits are preserved b) Field picture of the 

Boquerón River (channel 5) windgap. c-f) The abandoned deposits show sedimentological features typical of alluvial 

facies interbedded with debris flow or mass transport.  

 

Figure 5: Swath profiles across the EC (see location in Fig. 1b). The black line is the mean topography. The grey area 

marks the range between maximum and minimum elevation, and the arithmetical difference between them gives the 

local relief curve, in red. Main rivers and topographic features, as well as the location of the divides are pointed out. See 

text for detail. MMV: Middle Magdalena Valley; LCA: Los Cobardes anticline; MB: Mesa de Barichara; CS: Cocuy 

Sierra; Llanos Basin.  

 

Figure 6: Local relief map of the northern EC and Santander Massif. High local relief values are found along main 

tectonic structures, whereas low values are found in the axial portion of the chain (Chiquinquirà (CH) and Tunja (TH) 

highlands and the Mesas (MB; MS; MR)), and outside of the chain (Middle Magdalena Valley (MMV) and Llanos 

Basin (LB) lowlands. For symbolism and acronyms refer to Fig. 1 and text.  
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Figure 7: Longitudinal profiles and χ plot of the Suárez and Chicamocha Rivers and tributaries (a; c) and of the Lebrija 

River and its tributaries (b; d). Chicamocha eastern tributaries (E) in pale magenta; western tributaries (W) in yellow. 

See the text for detailed description.  

 

Figure 8: Map of the along-channel variation of the steepness index. Lower values characterize the highlands (CH and 

TH) and the Mesas (MB; MS; MR) tops whereas higher values are found at their boundaries. Additionally, high ksn 

values are observed at the confluence of the Suárez and Chicamocha Rivers into the Sogamoso River, along main 

structural features and in the higher mountain ranges (CS, SM, FM). For acronyms refer to Fig. 1 and text. 

 

Figure 9: Drainage divide stability analysis. The mute map indicates the analyzed sections of the divides between the 

Suárez, Chicamocha, and Lebrija drainage basins. The plot shows the variation across the divide of the four Gilbert 

parameters (Forte and Whipple, 2018) calculated along the selected divides sections (Figs. S2-S5 in the supplementary 

materials). The horizontal dashed line represents the stability condition of the divide. The direction of migration is 

predicted when a point falls above or below this line. 

 

Figure 10: Probability Density Functions of the initiation times of the two knickpoints (~1000 and ~1500 m) modeled 

along the Suárez and Chicamocha Rivers as resulted from the knickpoint celerity model. See text for further explanation 

and Fig. S6 in the supplementary materials. 

 

Figure 11: Paleo-longitudinal profiles of Suárez and Chicamocha Rivers reconstructed considering the segments 

upstream of the three main knickpoints (2500, 1500, and 1000 m) in the present longitudinal profiles. The projected 

paleo-longitudinal profile of the Suárez River relative to the knickpoint at 1000 m connects with the present Rio de Oro 

longitudinal profile and coincides with the wind gap (open star) at the divide between the Lebrija and Sogamoso 

drainage basins. The inset table reports the values of the main morphometric parameters of the three knickpoints and the 

R2 resulted from the knickpoint celerity model. See text for further explanation. 

 

Figure 12: Sketch model of the landscape evolution of the northern EC and Santander Massif. In panel D the 

background hillshade is for reference. LCA: Los Cobardes Anticline; SM: Santander Massif; FM: Floresta Massif; CS: 

Cocuy Sierra.  
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Highlights 

 Landscape evolution study of a high elevation intermontane plateau, northern Andes 

 Applies topographic-hydrographic metrics to river systems and drainage divides 

 Fluvial deposits, landforms and patterns suggest river-capture driven reorganization 

 High elevation internally drained plateau configuration during Pliocene 

 Plateau drainage captured by tectonically driven incision during Plio-Pleistocene 
Jo

ur
na

l P
re

-p
ro

of

Journal Pre-proof



Figure 1



Figure 2



Figure 3



Figure 4



Figure 5



Figure 6



Figure 7



Figure 8



Figure 9



Figure 10



Figure 11



Figure 12


