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Abstract 

Linking the long-term with the short-term exhumation history of a mountain range is vital for 

understanding the evolution of orogenic topography. Further, erosion rates could be controlled by 

the variability of climatic and/or tectonic processes over geological time. For example, in the 

Eastern Cordillera of the Colombian Andes, until recently climate forcing has been hypothesized as 

the primary driver of rapid Pliocene exhumation rates. In this contribution, we test this climate 

forcing hypothesis by integrating geomorphic, seismic, geological and published low-temperature 

thermochronological (Apatite Fission-Track; AFT), and cosmogenic nuclide (CN) data to 

quantitatively test the correlation of the spatial patterns of exhumation/erosion with either a tectonic 

or climatic forcing. From a regional perspective, both the long- and short-term erosion rates 

(derived from AFT and CN data, respectively) have a reasonable correlation with the seismic strain 

rates and local relief, whereas the contribution of the short-term rainfall patterns to exhumation (and 

denudation) is either weak or non-existent. For the Eastern Cordillera, tectonism through seismic 

deformation therefore seems to be a more critical driver of the topographic evolution of the range 

when compared with the climate variable. To deepen our investigation, we subdivided the study 

area into six subregions and performed a detailed statistical analysis. In one out of the six 

subregions (SEC2E), in the Quetame Massif area, short-term rainfall data is well correlated with the 

computed erosion rates. Nevertheless, the ten-fold difference between the long-term (2.36 km/Myr) 

and the current (0.27 km/Myr) denudation rates suggest they are strongly decoupled. The remaining 

five subregions featured varied correlations suggesting that the tectonic-climatic characteristics of 

each area must be considered and that effective local controls, such as rainfall in subzone SEC2E, 

cannot be extrapolated to the whole range. Finally, we discuss the tectonic implications of our 

findings, stressing how tectonic inheritance, typical of inversion orogens such as the Eastern 
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Cordillera, is critical for understanding the spatial variability in exhumation/erosion rates and 

surface uplift. For instance, we reconstructed the paleoprofiles of four rivers (the Duda, Ariari, 

Guayuriba, and Guatiquía Rivers), draining the Sumapaz and Chingaza relict landscapes, on the 

hanging wall of the Servitá Fault, the typical example of an inverted structure. In this way, we 

evidenced a net surface uplift of at least 1.4 km since the late Miocene, which we speculate 

primarily controlled by the Servitá Fault. These findings have first-order implications as they 

provide evidence for Pliocene to Pleistocene landscape rejuvenation driven by tectonically inverted 

faults. 

Keywords: mountain building, erosion rates, exhumation rates, Northern Andes, Servitá Fault, 

tectonic inheritance 

 

1. Introduction 

Understanding the links between mountainous landscape evolution, its long-term 

exhumation/erosion history, and short-term denudational rates is critical to recognize actively 

deforming areas (e.g., Kirby et al., 2003; Kirby and Whipple, 2012; Gasparini and Whipple, 2014; 

Whipple and Gasparini, 2014; Abrahami et al., 2016) that may entail geological hazards (e.g., Kirby 

et al., 2008). Even though tectonic activity is often reasoned to be the primary factor controlling 

deformation history and mountain building (e.g., Burbank et al., 2003; Bermúdez et al., 2013; 

Gasparini and Whipple, 2014; Godard et al., 2014; Wang et al., 2014), climate could also induce 

short-term surface uplift through erosional unloading (Willett, 1999; Roe et al., 2002; Stolar et al., 

2007; Menéndez et al., 2008; Whipple, 2009). Over the past two decades, growing knowledge of 

orogen-scale erosion processes led several authors to propose that climate can be a primary 

conditioning factor of mountain building (e.g., England and Molnar, 1990; Willett, 1999; 

Montgomery et al., 2001; Montgomery and Brandon, 2002; Reiners et al., 2003; Molnar, 2004; 

Stolar et al., 2007). In contrast, other authors have favored a decoupling between long-term erosion, 

short-term erosion and rainfall (e.g., Burbank et al., 2003; Vernon et al., 2009; Abrahami et al., 

2016). In the past decade, the discussion around the climatic influence on enhancing exhumation 

and surface uplift in tectonically active mountain ranges has only intensified (e.g., Herman et al., 

2013; Schildgen et al., 2018; Willett et al., 2020).  

Likewise, in mountainous regions, the study of climate-landscape-biodiversity relationships can 

explain biological diversification and species richness (e.g., Antonelli et al., 2018; Salles et al., 

2019). The Neogene-Quaternary uprising of the Andes chain, for instance, modified rainfall 

distribution due to the creation of an orographic barrier (e.g., Kaandorp et al., 2005; Bookhagen and 

Strecker, 2008) and drove major drainage reorganization events (e.g., Hoorn, 1994, 1995; Albert et 
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al., 2018, and references therein), which finally modified the sediment flux to the Amazon Basin, 

leading to the explosion of biodiversity that we observe today (Hoorn et al., 2010). Hence, a 

comprehensive topographic and seismic analysis, coupled with low-temperature thermochronology 

data analysis, can provide a valuable quantification of climate-landscape-tectonics feedbacks and 

contribute new information regarding the recent surface uplift history in a specific region (e.g., 

Kirby and Whipple, 2001, 2012; Wobus et al., 2006; Whittaker and Boulton, 2012; Whipple et al., 

2013).  

The late Cenozoic relationships between exhumation, climate and tectonism in the Eastern 

Cordillera (EC) of the Colombian Northern Andes (Fig. 1) are still a matter of debate (see recent 

reviews in Bermúdez et al., 2019; Restrepo-Moreno et al., 2019; Pérez-Consuegra et al., 2021). The 

long-term exhumation/erosion history of the EC has been constrained with a substantial amount of 

low-temperature thermochronological data (Apatite Fission-Track; AFT) and Zircon U-Th/He 

(ZHe) ages; e.g., Shagam et al., 1984; Parra et al., 2009a, 2009b; Mora et al., 2010a, 2015; Siravo et 

al., 2019a). The EC thermal history shows three main exhumation events: (1) in the Paleocene - 

Eocene along the present boundary between the Magdalena Valley hinterland basin and the western 

foothills (e.g., Parra et al., 2012; Caballero et al., 2013a); (2) during the Oligocene (e.g., Gomez, 

2001; Parra et al., 2009b), and (3) in the Miocene-Pliocene (the Andean Orogeny), which represents 

the event responsible for the topographic construction of the orogen (e.g., Parra et al., 2009a, 

2009b; Mora et al., 2010a; Ramirez-Arias et al., 2012). This latter exhumation event is also 

observable in other Northern Andean sectors, such as in the neighboring Mérida Andes (Kohn et al., 

1984; Bermúdez et al., 2010; 2011; 2013; 2017). Several authors (e.g., Mora et al., 2008; 2013) 

have argued for a link between climate and the long-term exhumation of the EC. These authors 

proposed that climate-driven exhumation occurred during the past 3 Ma, which eventually 

influenced the asymmetry of the range (Fig. 1A). According to these authors, during Miocene-

Pliocene times, the EC's continuous topographic growth formed an orographic barrier that trapped 

Amazonian wet winds, enhancing high rainfall patterns on the eastern side of the EC and drier 

patterns in the axial and western foothills. The focused rainfall would therefore be sufficient to 

increase erosion rates along the eastern foothills (in the Quetame Massif, on the hanging wall of the 

Servitá Fault), leading to fluvial unloading and short-wave uplift (Mora et al., 2008, 2015). These 

observations agree with an Andes topographic analysis that found positive spatial correlations 

between erosion, current-day rainfall, and range morphology (Montgomery et al., 2001). In contrast, 

catchment-wide erosion rates using 
10

Be terrestrial cosmogenic nuclides (erCN) for the central EC 

(Struth et al., 2016) suggest that climate, related to short-term rainfall variability, is a secondary 
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factor controlling landscape evolution, and that crustal shortening and further thickening represent 

the primary driver of the observed EC asymmetry.  

 

Figure 1. A. Shaded relief map of the EC of Colombia (with its regional location shown in the 

upper-right inset) showing the main physiographic domains. The location of the swath profiles is 

also shown (SEC1 to SEC4). B. Generalized geological map of the study area showing the main 

structures (faults and folds). Note the basement rocks (Pre-Cretaceous) cropping out in isolated 

massifs, such as the Quetame and Santander Massifs. The geological map and the fault pattern was 

modified from Gómez et al. (2015). NP = Nazca Plate; CP = Caribbean Plate; MA = Mérida Andes; 

PB = Panamá Block. 

 

This contribution aims to constrain the spatial and temporal variations of long-term exhumation 

along with short-term denudation rates in the EC of Colombia between the latitudes 3°10’N and 

7°N, to assess the importance of tectonic and climatic (short-term rainfall) controls on these. With 

this approach, we attempt to link the EC's cooling history with the factors controlling the short-term 

evolution of the current relief. Thus, we test the hypothesis that tectonism rather than climate is the 

primary driver of the erosional and exhumation patterns recorded in the range, contrary to the 

current assumptions. Finally, we discuss the regional and local tectonic implications for the 

relationship between climate and tectonics. For this, we examine the spatiotemporal correlations 

between AFT-derived erosion rates (erAFT) and erCN, geomorphic indexes (local relief, the 

hypsometric curve, and the normalized steepness index, ksn), and seismic parameters (brittle strain 

rate, b-value, energy, and uplift) obtained by extrapolating current strain rate over a 5 Ma period. 

All these data are condensed on four across-strike regional swath profiles that enable us to discuss 

and bridge the temporal gap between long- to short-term erosion rates and the uplift of the EC.  

 

2. Geological, geomorphological and climatic setting 

2.1 Tectonic setting 

The EC is the easternmost branch of the Colombian Northern Andes (Fig. 1A). Its present-day 

shape was sculpted after the Cenozoic tectonic inversion of a large Mesozoic extensional basin 

(Roeder and Chamberlain, 1995; Branquet et al., 2002; Mora et al., 2006; Sarmiento-Rojas et al., 

2006), framed within the interaction between the Nazca, South American and Caribbean plates. The 
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EC has been considered a bi-verging fold and thrust belt with faster exhumation rates concentrated 

on the eastern foothills, which was aided by high denudation rates (Mora et al., 2008, 2013, 2015; 

Ramírez-Arias et al., 2012). Several authors (e.g., Corredor, 2003; Bayona et al., 2013; Caballero et 

al., 2013) found the first episode of tectonic inversion to have occurred during the Maastrichtian 

after studying the spatial and temporal variations of the sedimentary record, proposing a multiphase 

deformation mechanism associated with convergence subduction of the Caribbean plateau in this 

stage, and subsequent slab flattening in Eocene times (Bayona et al., 2021). This first pre-Andean 

event was key to the inversion of basement structures and thick sediment accumulation in both the 

Llanos and Middle Magdalena basins (Gómez, 2001). During the Andean Orogeny, in the Mio-

Pliocene, drastic geodynamic changes were responsible for the complete tectonic inversion of the 

master normal faults that bounded the EC Mesozoic basin and the uplift of the EC. The tectonic 

inversion of the inherited structures occurred in a transpressional stress state (Kammer, 1999; Mora 

et al., 2010a; Tesón et al., 2013). This is evidenced by data presented herein such as focal 

mechanisms (Fig. 2) and is further supported by borehole data (Mora et al., 2010b; Egbue and 

Kellogg, 2010). There is currently no consensus on what mechanism was responsible for this 

tectonic inversion. Proposed mechanisms include the tectonic escape of the Northern Andes 

following the subduction of the Carnegie Ridge (e.g., Gutscher et al., 1999; Egbue and Kellogg, 

2010), the indentation of the Panamá Arc (e.g., Farris et al., 2011), strain partitioning due to the 

obliquity of the Nazca-South American plates subduction margin (e.g., Taboada et al., 2000; 

Jiménez et al., 2014), and the Nazca flat-slab mechanism since 6 Ma (e.g., Siravo et al. 2019b).  

 

The seismotectonic map for the EC highlights the across- and along-strike changes both in fault 

type and structural style (Fig. 2). In the eastern foothills, north of latitude 4°30’N, a swarm of 

seismicity extends from the foothills even beyond the Yopal Fault, responding to a transpressive 

stress state but with deformation partitioned on reverse/thrust faults. The northern swarm of 

seismicity may partially reflect a response to the long-lasting aftershocks following the Tauramena 

Earthquake (Dimaté et al., 2003). South of latitude 4°30’N, shallow seismicity is constrained to the 

hanging wall of the main structures such as the Servitá and Algeciras faults. Both reverse and 

strike-slip kinematics are distributed along these structures (Mora et al., 2010a). For instance, the 

recent Mesetas Earthquake on 24 December 2019 (Mw = 6.0) underscored the right-lateral strike-

slip component of the Algeciras Fault north of latitude 3°N (Fig. 2). This is supported by recent 

seismic-strain rates and DInSAR analysis (Noriega-Londoño et al., 2021). The southern seismicity 
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between the Algeciras and Río Blanco faults predates the Mesetas Earthquake and may be related to 

active co-seismic deformation building up the orogen. 

In the western foothills, most seismicity is located on the footwall of the Bituima-La Salina Fault 

System, perhaps related to more advanced structures such as the Honda and Cambao thrusts 

emplaced at the deformation front (Fig. 2). The present-day tectonic regime in this area is 

challenging to constrain, given the few focal mechanisms obtained. However, some authors have 

recognized the dominance of a transpressive stress regime throughout the range (e.g., Kammer, 

1999; Taboada et al., 2000; Cediel et al., 2003; Montes et al., 2003, Cortés et al., 2005; Velandia et 

al., 2005; Acosta et al., 2007; Velandia and Bermúdez, 2018; Velandia et al., 2020), which in turn 

induces dextral displacements along NE-trending bounding structures. For the axial plateau, most 

current crustal deformation is distributed by inverted longitudinal structures such as the Boyacá and 

Soapaga faults north of latitude 5°N (Fig. 2). Although persistent reverse kinematics for these 

structures are acknowledged (e.g., Kammer, 1996), some shallow focal mechanisms suggest that 

some dextral slip may be released by these structures, as in both foothills. This sense of kinematics 

agrees with geodetic and geodynamic analyses performed by several authors (e.g., Pennington, 

1981; Trenkamp et al., 2002; Mora-Páez et al., 2019), which reinforce the hypothesis of NNE 

“escape” of the North Andean Block relative to stable South America. A published paleomagnetic 

clockwise rotation for the axial plateau also seems to be related to a regional dextral shear (Jiménez 

et al., 2014; García and Jiménez, 2016). Besides these NE longitudinal regional faults, other NW 

transverse structures might be considered when analyzing brittle deformation of the EC, based on 

geomorphological and geological evidence (Gómez, 1991; Ujueta, 2014; Velandia and De 

Bermoudes, 2002; Bayona et al., 2008; García and Jiménez, 2016). 

2.2 Geological and geomorphological setting 

The EC is built on a crystalline basement composed of Precambrian to Lower Paleozoic 

metamorphic rocks and Jurassic intrusive rocks cropping out in several isolated massifs (e.g., the 

Quetame and Santander Massifs, Fig. 1B). A thick succession of Mesozoic to Paleogene 

sedimentary rocks unconformably covers this igneous-metamorphic core-complex, as well as 

isolated patches of Paleozoic sedimentary rocks, folded and thrusted because of the Andean 

orogeny (Fabre, 1983; Cooper et al., 1995). 

 

Figure 2. Seismotectonic map of the EC. Based on the dominant stress state inverted from most of 

the focal mechanisms, the stress state for the eastern foothills is transpressive. Strike-slip faulting 
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prevails south of latitude 4°30’N, whereas reverse/thrust faulting dominates north of this latitude 

along the Guaicaramo thrust. This map also shows the different locations of seismic swarms, which 

are restricted to the hanging wall of the Servitá-Algeciras faults south of latitude 5°N, whereas to 

the north the seismic swarm migrates toward the foreland through underthrusting. Note the location 

of the recent Mesetas Earthquake (24 December 2019, Mw = 6.0), which was closely related to the 

Algeciras Fault. Fault numbering is as in Figure 1. Seismic data gathered from the National 

Seismological Network of Colombia, operated by the Colombian Geological Survey (CGS). Only 

earthquakes with depths < 15 km were included (n = 14,311). Focal mechanisms were gathered 

from the Focal Mechanism and Moment Tensor catalogue of the CGS 

(http://bdrsnc.sgc.gov.co/sismologia1/sismologia/focal_seiscomp_3/index.html), the Global CMT 

Catalogue (https://www.globalcmt.org/CMTsearch.html) and Salcedo et al. (2001). 

 

Geomorphologically, the EC has a curved shape with a NE-SW trend up to ~ 6.2°N, where the 

regional strike changes to an NW-SE direction (Fig. 1). In this zone, the range exhibits the highest 

elevations at the Sierra Nevada del Cocuy (SNC). The curved shape of the range has been 

demonstrated to represent a primary arc instead of an orocline (Jiménez et al., 2014). Regarding the 

EC asymmetry, recent work using thermochronological data suggested a climate-forcing model, 

where enhanced rainfall caused by an orographic barrier controlled the mid-Pliocene to present 

tectonic mass flux (Mora et al., 2008, 2015; Ramirez-Arias et al., 2012). In this model, climate-

driven denudation was favored by focused rainfall on the windward side of the orogen, i.e., on the 

eastern foothills, which induced erosional unloading, prompting faster deformation on the main 

inherited structures such as the Servitá Fault.  

The EC presents three geomorphologic domains: the axial domain and the foothills (eastern and 

western). These three domains are quite different, not only because of their geological evolution but 

also in their geomorphological characteristics. The axial area, usually known as the Bogotá Plateau 

or Altiplano, is mostly composed of Lower Cretaceous shales and Upper Cretaceous to Paleogene 

sandstones (Fig. 1B). The morphology of the axial zone is dominated by topographic highs that 

coincide with asymmetric anticlines separated by broad synclines, which formed a significant 

depression filled with Plio-Quaternary fluvio-lacustrine sediments. These sediments deposited 

within the so-called Bogotá Basin (Fig. 1B) reach around 600 m in thickness in some areas and 

record the environmental evolution of the axial domain over the past 6 Ma (Andriessen et al., 1993). 
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The eastern and western foothills are geologically and geomorphologically different from the axial 

domain and each other, with the eastern foothills being steeper and shorter than the western foothills 

(Fig. 1A). In the eastern foothills, Cretaceous shale and sandstone units crop out as in the western 

foothills. However, the most significant difference between these domains is the pre-Cretaceous 

rocks exposed in the hanging wall of inversion structures in the eastern foothills (Fig. 1B). Selective 

reactivation of inherited normal faults since the Paleogene dictated which structures underwent 

complete tectonic inversion (e.g., Servitá and La Salina fault) (Moreno et al., 2013; Tesón et al., 

2013).  

 

3. Pliocene to present-day climatic setting of the EC 

Climatic studies related to the building of the EC cover the Late Miocene-Quaternary interval. Most 

of these were carried out by analyzing glacial and fluvio-lacustrine sediments deposited in the 

Bogotá and Amazonian basins. During the Quaternary, sharp climatic fluctuations were recorded in 

the axial basins and are responsible for the environmental evolution in this part of the range 

(Hooghiemstra, 1989; Andriessen et al., 1993; Hooghiemstra and van der Hammen, 1993; van der 

Hammen and Hooghiemstra, 2003; Torres et al., 2005). The onset of glaciations at 2.7 Ma marked a 

new period of intense erosion and landscape modeling, especially in the axial domain, where the 

highest elevations can be observed (Andriessen et al., 1993). Since the Pleistocene, glaciers existed 

in several regions, such as the Páramo de Sumapaz and Páramo de Chingaza, all these areas 

exceeding 3.7 km in elevation (Fig. 1A). The chronological and sedimentological characterization 

of moraine deposits revealed that glaciers were typical during the Pleistocene at altitudes above 3.5 

km (van der Hammen, 1974; Helmens, 1988; Andriessen et al., 1993; Helmens et al., 1997), 

however some exceptions have been reported (as low as 3 km, Sarmiento et al., 2008). The glacial 

activity in the Quaternary left behind some remarkable geomorphic features such as U-shaped 

valleys, hanging valleys, glacial lakes, and extensive moraine deposits (Helmens, 1988; Andriessen 

et al., 1993).  

During the Late Pleistocene-Holocene interval (van der Hammen and Hooghiemstra, 2003), global 

climate change events such as the Younger Dryas (locally known as the El Abra stadial) were 

recorded in lacustrine sediments (Kuhry et al., 1993; van der Hammen and Hooghiemstra, 1996). 

The El Abra stadial to Holocene transition marks the time when the present-day climate of the 

Colombian Andes was established, including the current temperature and rainfall pattern (van der 

Hammen and Cleef, 1992). At this time, most glaciers also disappeared from the EC, with the 
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remainder isolated to the elevated peaks of the SNC. At this time, the EC had reached its present 

elevation, and had become an effective orographic barrier, trapping the moisture coming from the 

Amazon rainforest (c.f. Bookhagen and Strecker, 2008). This orographic barrier causes a 

concentrated high rainfall pattern in the EC's eastern foothills (up to 5300 mm/yr), while the axial 

domain experiences low annual rates of rainfall (500-1500 mm/yr; Fig. 3). In general terms, rainfall 

is somewhat higher in the eastern foothills than in the western foothills. Nevertheless, the most 

remarkable difference lies in the rainfall spot located in the Quetame Massif, where the mean 

annual rainfall can achieve values above 5000 mm (Fig. 3).  

 

Figure 3. Mean annual rainfall map for the EC. Note the striking orographic effect induced by the 

range on the foothills, and the high rainfall spot over the Quetame Massif. This map also includes 

the AFT database classified according to their central age. The reddish boxes correspond to the six 

subzones where the statistical analysis was performed. See the text for further details. LCA = Los 

Cobardes Anticline; ArA = Arcabuco Anticline; SNC = Sierra Nevada del Cocuy.  

 

4. Exhumation history of the EC: a synthesis  

According to Restrepo-Moreno et al. (2019), a significant quantity of low-temperature 

thermochronological studies in the Northern Andes have focused on the EC. From the pioneering 

work of Shagam et al. (1984), Toro et al. (1990) and Van der Wiel (1991), and more recent studies 

(Gómez et al., 2003; Mora et al., 2008, 2010b, 2015; Parra et al., 2009a, 2009b; Ramirez-Arias et 

al., 2012; Sánchez et al., 2012; Caballero et al., 2013a; Moreno et al., 2013; Silva et al., 2013; van 

der Lelij, 2013; 2016; Reyes-Harker et al., 2015; Amaya et al., 2017; 2020; Guerrero, 2018; Siravo 

et al., 2018, 2019a), the cooling history of the range has been discussed in local and regional terms. 

In the northern EC (north of latitude 6° N, at the Santander-Floresta Massif), the cooling history has 

been sketched by several authors. This history includes at least three significant cooling events, 

starting in the Late Cretaceous (van der Lelij et al., 2016), followed by a fault-controlled 

exhumation in the Late Oligocene - Early Miocene driven by the Bucaramanga Fault (Amaya et al., 

2017, 2020), and a later Miocene to Pliocene diachronous exhumation of several faulted blocks 

bounded by minor faults (van der Lelij et al., 2016; Amaya et al., 2017). For the Floresta Massif, the 

cooling history is rather complicated, due to the anomalous thermal gradient (up to 50 °C/km) 

related to the Paipa-Iza volcanic complex (Alfaro-Valero et al., 2020). Recent zircon U-Pb and ZFT 

data show that this complex was active from the latest Miocene and throughout the phase of rapid 
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surface uplift of the Eastern Cordillera during the Pliocene, when this mountain belt reached its 

present-day elevation (Bernet et al., 2016).  

The central EC thermal history also shows three main cooling events, starting at the Paleocene - 

Eocene (Gomez, 2001; Parra et al., 2012; Sánchez et al., 2012; Caballero et al., 2013a; Moreno et 

al., 2013; Reyes-Harker et al., 2015) along the present boundary between the Magdalena Valley 

hinterland basin and the western foothills, which represents the first stage of tectonic inversion of 

the proto-EC. During the Oligocene (Gomez, 2001; Parra et al., 2009b; Moreno et al., 2013; Silva et 

al., 2013) and throughout the Miocene, a rapid exhumation pulse (Parra et al., 2009a, 2009b; Mora 

et al., 2010a; Ramirez-Arias et al., 2012; Sánchez et al., 2012; Caballero et al., 2013a; Silva et al., 

2013) was coeval with the collision and onset of exhumation in the Panamá arc (Farris et al., 2011). 

Although several authors have related the Miocene event with the indentation of the Panamá – 

Chocó Block (e.g., Amaya et al., 2017), a flat-slab mechanism was proposed by Siravo et al. 

(2019b) to explain the topographic construction of the SNC. A final cooling event was recorded for 

the Pliocene - Pleistocene period (Mora et al., 2008; Parra et al., 2009b; Caballero et al., 2013a; 

Moreno et al., 2013; Guerrero, 2018). This later event was particularly rapid in the eastern foothills 

of the range (Fig. 3), at the Quetame Massif (Fig. 2), where Mora et al. (2008) first proposed their 

climate model for the range. 

5. Methods 

5.1 Low-temperature thermochronological data and long-term erosion rates 

For this study, we compiled a total of 312 published AFT ages (Supplementary Table S1). Due to 

the lithological variability (mineral fertility) and local fault patterns, differences in central ages 

reported in these studies can represent a complex cooling history. For instance, in sedimentary 

rocks, fission-track ages older than the depositional age represent the cooling age from the source of 

the grains (Reiners and Brandon, 2006; Bernet, 2019). In the present study, we are not interested in 

older cooling histories but rather the Andean-related thermal evolution; for this reason, we filtered 

those data with a source signal. Finally, this filtering was complemented with the aim of the P (χ
2
) 

test results. Based on this test, values >5% define a single age population (Galbraith, 1981; Green, 

1981), representing a fully annealed apparent cooling age (Supplementary Table S1). As AFT data 

is better distributed across the study area (Fig. 3), we prefer this thermochronometer for the regional 

analysis over the currently spatially more limited zircon or apatite (U-Th)/He data. Nevertheless, we 

also compiled this data and display them in the swath profiles below (See the Supplementary Tables 

S2 and S3). 
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The long-term erosion rates (>10
6
 yr) were determined using the 1-D thermal advection model 

age2edot (Brandon et al., 1998; Ehlers et al., 2005) and the compiled and filtered AFT data. Model 

input parameters assume a normal gradient of 30 °C/km across the study area and a mean surface 

temperature of 10 °C for the EC during exhumation and surface uplift. Further input parameters 

include an activation energy for 50% annealing of 147.2 Kj/mol for apatites of average 

composition, and an annealing parameter Beta of 2,050,000 s
−1

 (Ketcham et al., 1999). See Reiners 

et al. (2003) for further details. 

Besides obtaining long-term erosion rates based on the AFT data, we compiled catchment-averaged 

erosion rates derived using 
10

Be terrestrial cosmogenic nuclides (erCN). This data was provided by 

Struth et al. (2016). The sampling locations are shown in Figure S1. Fortunately, some of these data 

were acquired in the same catchments sampled by Mora et al. (2008) for thermochronological 

analysis (i.e., the Guayuriba and Guatiquía River catchments, Fig. S1). 

5.2 Topographic analysis 

To investigate the coupling between climate, tectonics, topography and erosion rates, we performed 

a regional topographic analysis by evaluating several geomorphic metrics in a GIS environment 

(ESRI ArcGIS 10.5). We used a ~30 m-resolution digital elevation model (DEM) from the ALOS 

sensor (https://www.eorc.jaxa.jp/ALOS/en/aw3d30/index.htm), later averaged by three cells using 

the Focal Statistics tools in ArcGIS to reduce data noise and some inconsistencies related to deep 

valleys.  

We evaluated several topographic metrics (mean slope, Local Relief (LR), and the Hypsometric 

Integral (HI)) for the EC that are useful to highlight the erosional state of the topography (Keller 

and Pinter, 2002) and correlate it with a possible driver (climate, tectonics or both). We computed 

these topographic metrics by performing regional smoothing with a 5 km-radius moving circle 

window of a regional DEM. We included not only the EC but also surrounding areas to reduce the 

effects of edge singularities. The LR corresponds to the difference between an envelope surface 

connecting the peak elevations and a sub-envelope surface connecting the valley bottoms (Molin et 

al., 2004). This metric works to recognize deeply incised areas that are frequent in landscapes 

adjusting to a base level fall induced by recent surface uplift, a climate change in boundary 

conditions or the presence of low-relief surfaces being incised by surrounding streams (e.g., Scotti 

et al., 2014; Azañón et al., 2015).  

The HI index is the quantification of the area under the hypsometric curve (Pike and Wilson, 1971; 

Strahler, 1952). The HI index can be expressed as: 
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HI = (mean elevation – minimum elevation) / (maximum elevation – minimum elevation)            (1) 

The above equation is useful for understanding the erosional state in a particular landscape. Put 

differently, it helps to detect areas affected by potential landscape rejuvenation (Bustos et al., 2013). 

Some authors have explored the use of HI index maps to identify tectonic features evidenced by 

anomalous spatial distributions of HI index values (e.g., Andreani and Gloaguen, 2016).  

Understanding erosional patterns in a particular landscape can be achieved by studying bedrock 

river dynamics and the continuous interaction between channel gradient and erosion, which often 

displays non-linear behavior (e.g., Ouimet et al., 2009; DiBiase et al., 2010). In a steady-state 

landscape, bedrock rivers can be analyzed using a 1-D model, which describes a power-law that 

correlates the channel slope (S) with the upstream contributing drainage area (A) (Whipple and 

Tucker, 1999; Kirby and Whipple, 2001; Wobus et al., 2006). This power law is known as Flint’s 

law (Flint, 1974): 

S = ks * A
-θ 

                   (2) 

where ks is the steepness index, and θ is the concavity. As θ is mostly independent of climate, rock 

uplift, and lithology, the ks index analysis becomes a very optimal tool to quantify and better 

comprehend the erosional response of a target landscape (Whipple et al., 2013). The most common 

way to analyze the ks index is by obtaining a normalized form (ksn) by introducing a reference 

concavity (θref), which usually ranges between 0.4 and 0.6 (Whipple, 2004; Wobus et al., 2006). 

The most common value for θref used in the literature and in recent work on the EC is 0.45 (e.g., 

Struth et al., 2016). The ksn index and its statistics were calculated using the Topographic Analysis 

Kit (TAK) code for Matlab (Forte and Whipple, 2018) integrated within the Matlab-based software 

TopoToolbox (Schwanghart and Scherler, 2014), employing a critical drainage area of 1x10
7 
m

2
.  

5.3 Climate data 

In this study, we used processed rainfall data (Fig. 3) from the Tropical Rainfall Measuring Mission 

(TRMM) that spans from 1998 to 2009 (Bookhagen, 2013) and is freely available for download at 

http://www.geog.ucsb.edu/~bodo/TRMM/#tif. This data has the advantage that it covers the entire 

study area with a 0.04°x0.04° cell size, which provides sufficient resolution to detect the regional 

trends in rainfall, and has also been calibrated with some ground stations. 

5.4 Swath Profiles 

As the AFT data are not homogeneously distributed across the EC (Fig. 3), we present and discuss 

the data gathered in four swath profiles. In these swaths, we present the mean topography of the 
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range, the AFT and erAFT, the LR, the HI, the mean ksn and the mean rainfall. The swaths were 

generated using the SwathProfiler tool for ArcGIS (Pérez-Peña et al., 2017) using a swath-width of 

10 km. As swath profiles avoid the classical subjective location issue of cross-sections (Telbisz et 

al., 2013), they become a useful tool to analyze regional trends in topographic and climate data. The 

swaths are oriented perpendicular to the structural grain of the EC. A variation of the HI, the 

Transverse Hypsometric Integral (THi*) index, is also calculated using the SwathProfiler tool, and 

represents a variant of the Hypsometric Integral index (HI) but oriented to give information in this 

kind of plot (Pérez-Peña et al., 2017).  

5.5 Seismic Metrics 

In order to quantify the effects of seismicity across the EC, we compiled a seismicity record over 

the last 27 years (1993–2020) from the National Seismological Network of Colombia. We only 

considered data with reported local magnitudes Ml. Figure 2 shows a summary of earthquakes 

(~14,311 reports) that occurred in this area (only earthquakes in the brittle zone < 15 km in depth). 

Using this seismicity database, we calculated the seismic brittle strain rate, b-values, and the 

released seismic energy. The seismic energy (Se) from the local magnitudes is calculated using the 

Gutenberg and Richter (1954) equation: 

    (  )                 (3) 

This equation involves two parameters: the  -value that measures the seismic activity or earthquake 

productivity, and the b-value that describes the relationship between frequencies of small and large 

earthquakes (Schorlemmer et al., 2005; Cheng and Sun, 2018). The spatial and temporal variations 

of these two parameters, especially the b-value, have been thoroughly investigated (e.g., Smith, 

1981; Frohlich and Davis, 1993; Schorlemmer et al., 2005; Godano et al., 2014; Rivière et al., 2018; 

Wu et al., 2018). The parameters   and b are estimated by a least-squares fit of cumulative 

magnitude-frequency relationships constructed from subsamples of the seismic database across each 

polygon in 0.1°×0.1° cells. They are equivalent to the intersect and slope, respectively, of the 

Gutenberg-Richter relationship (Gutenberg and Richter, 1954).  

The seismicity records brittle deformation of the upper crust; the spatial distribution and frequency 

of earthquakes can be related to the rate of brittle deformation (Holt et al., 2000). Thus, we can use 

the compiled seismic database to estimate the present-day distribution of brittle strain rate and 

extrapolate the total amount of seismic strain over timescales more protracted than the observation 

interval, using the observed earthquake magnitude-frequency (Gutenberg-Richter) relationship. To 
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achieve this, we use the method described by Braun et al. (2009) and calculate the seismic/brittle 

strain rate as: 

                                               (
 

      
) (

        

     
) (  (     )    )                                        (4) 

where the parameters   and b are defined and calculated as explained above; Mmax is the maximum 

observed magnitude; μ is the elastic shear modulus; and ΔV is the volume of the crust (that is, the 

moving 0.1º×0.1º cell area multiplied by the depth of the maximum magnitude earthquake) in 

which the earthquakes were observed over a period of time Δt (in this case, Δt = 24 years). Given 

that the depth of the maximum magnitude earthquakes (30-200 km) generally exceeds the depth of 

the brittle-ductile transition (~15-20 km), we recalculated seismic strain rates using only 

earthquakes with hypocentral depths less than 50 km (see Bermúdez et al., 2013 for more detailed 

information). 

According to Braun et al. (2009), we can describe the present-day deformation of the EC mountain 

range as a geographically variable but vertically uniform horizontal shortening at a rate   . The 

mass conservation at the scale of the lithosphere (incompressibility) implies that a vertical 

thickening of the lithosphere must accompany this horizontal shortening at a rate        

assuming that horizontal deformation in a direction perpendicular to the direction of maximum 

shortening is negligible. Assuming the compressive component of the transpressive stress state has 

been dominant in the past 5 Ma and still governs some areas of the range (Fig. 2), we calculate the 

total amount of thickening experienced across the EC integrating the computed vertical strain rate 

over 5 Ma as follows: 

                (5) 

The computed vertical strain can then be used to compute the local lithospheric thickening, and, by 

assuming local isostatic equilibrium, the amount of seismic uplift, u, experienced by each 1 km × 1 

km cell over the last 5 Ma is:  

                                                                    (  
  

  
)                                                     (6) 

In the above expression, hc is the crustal thickness, and ρc (2700 kg m
-3

) and ρm (3200 kg m
-3

) are 

the average continental crustal and mantle rock densities, respectively. We used the CRUST1.0 

model (Bassin et al., 2000; Laske et al., 2013) to obtain hc values. We define the seismic uplift u, as 

the amount of vertical thickening of the chain that generates a positive topography (including rock 
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or surface uplift) predicted from the seismic energy release measured over the past 24 years and 

extrapolated over the past 5 Ma. 

5.6  Statistical analysis: Pearsonian correlation and ANOVA tests 

 

In order to gain insight into the potential controls on erosion and exhumation rates in the EC, two 

different statistical analyses were performed. First, we calculated Pearsonian correlation coefficients 

between each of the potential factors (topographic, climatic and seismic) and erosion rates (erAFT 

and erCN). We seek to avoid subjectivity and test the spatial correlation between these parameters 

more objectively with this approach. Given that we compare all variables for six areas, correlations 

are statistically significant (at a 90% confidence level) for a Pearson correlation coefficient r ≥ 0.6. 

Second, a multiple regression analysis was accomplished between erAFT and the average measures 

of those variables where there was a high Pearson's correlation coefficient across all swath sub-

zones. We applied a stepwise Akaike Information Criteria (AIC) model (Akaike, 1974) in 

combination with a one-way analysis of variance (ANOVA) test (p < 0.05; Venables and Ripley, 

2002). This second method allows us to analyze the response variable (long-term erosion rate, 

erAFT) according to the behavior of the other variables called predictors. 

 

5.7 Surface uplift in the EC: stream profile reconstruction 

To further investigate how inverted structures helped sculpt the EC topography, at the Quetame 

Massif we reconstructed the paleoprofile of rivers draining the Sumapaz and Chingaza páramos, 

two low-relief landscapes on the hanging-wall of the Servitá-Algeciras faults. These low-relief 

areas are commonly known as “relict” landscapes and are useful in long-term landscape analysis 

because they record ancient topographic conditions (e.g., Clark et al., 2005, 2006; Whipple and 

Gasparini, 2014). We assume that the Sumapaz and Chingaza páramos are remnants of a formerly 

more extensive plateau that has undergone recent surface uplift up to its present-day elevation. The 

uplifted plateau is then affected by substantial fluvial dissection to tear the excess topography apart. 

This process is driven by an incisional wave migrating upstream and bounded by a major 

knickpoint that separates the transient low-relief upstream from the rugged canyons downstream. 

We can therefore estimate the net surface uplift by projecting downstream the paleoprofile currently 

delimited by the uppermost knickpoint. 

To do this, we used the SegmentProjector tool included in the TAK software. This function selects 

the stream segments to project (bounded downstream by the major knickpoint) and performs a least-

squares linear fit on the χ-elevation (or often known as Chi-plot) relationship along with a 95% 
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confidence interval on this fit. We employed this technique to project the paleoprofiles of the Duda, 

Ariari, Guayuriba, and Guatiquia Rivers (Supplementary Fig. S1) that eventually drain the Sumapaz 

– Chinagaza area. Along with the expected surface uplift, the tool allows us to provide the 

minimum and maximum bound uncertainties for each paleoprofile. 

6. Results 

6.1 Swath profiles 

The topographic swath profile results are shown in Figures 4, 5, 6, and 7. As mentioned above, we 

compiled several topographic metrics in these profiles, and the corresponding maps are visible in 

Supplementary Figure S2. In addition to the topographic profiles and the AFT analysis, we included 

a swath profile for the rainfall data and the mean ksn. Based on the swath profiles described below, 

and after grouping the AFT data according to their spatial distribution, we discriminated six 

subregions (SEC2W, SEC2E, SEC3C, SEC4W, SEC4C, and SEC4E) to perform the statistical 

analysis. In doing so, the main objective was to obtain significant results for areas with an 

acceptable density of thermochronological data. Finally, a color bar representing the main 

geological units was included on each swath in order to detect a possible interplay between erAFT 

and lithological changes.  

A first general view of the spatial variability of the thermochronological, topographic and climatic 

data is shown in Figure 4. In terms of exhumation/erosion, the youngest cooling ages, spanning 

from the Miocene to the Pleistocene, were identified in subzones SEC2W and SEC2E, which also 

show moderate to high erosion rates (erAFT) with a median of 0.99 km/Myr and 2.24 km/Myr, 

respectively (Figs. 4A, B). Subzone SEC2E stands out because it also shows the highest local relief 

(2695 m, Fig. 4C), HI (0.68, Fig. 4D), ksn (419, Fig. 4E), and rainfall rates (3795 mm/yr, Fig. 4F). 

The 5 km-radius relief distribution (Fig. 4C) reasonably mimics the ksn distribution (Fig. 4E), 

showing higher values on the eastern foothills, for example a median of 1567 m in SEC4E, and 

lower values in the axial and western subzones with median values below 1000 m. The HI index 

analysis (Fig. 4D) indicates that the erosional state of most subzones corresponds to an equilibrated 

landscape with a median ranging from 0.32 (SEC4E) to 0.45 (SEC2E). Outliers above 0.5 were 

recovered for subzones SEC4W and SEC4C, with the HI distribution for subzones SEC2W, SEC2E 

and SEC3C also surpassing this value, suggesting that some areas experienced recent landscape 

rejuvenation. Annual rainfall strongly fluctuates across the EC, with rainfall higher in the eastern 

foothills (e.g., SEC2E and SEC4E) and lower in the central axial domain (e.g., subzone SEC4C, 

Fig. 4F).  
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Figure 4. Variability of the compiled thermochronological data (A. AFT; B. erAFT), the measured 

topographic metrics (C. local relief; D. HI; E. ksn), and (F.) the mean annual rainfall for each 

analyzed subregion. Each box was colored according to its location in the swath profiles described 

below. Greyish boxes correspond to subregions in swath SEC2 (SEC2W and SEC2E). The yellow-

colored box corresponds to subzone SEC3C and the blue-colored boxes correspond to the 

subregions in swath SEC4 (SEC4W, SEC4C, and SEC4E). Please refer to Figure 3 for the spatial 

extent of each box. 

 

Along profile SEC1, we observed two areas with contrasting topography, and high values of all the 

studied metrics. The western area is located on the La Yuca Fault (western foothills), where an 

increase in local relief and ksn (up to ~160) is visible. The eastern area lies between the Río Blanco 

and the Algeciras Faults, where basement rocks are already exposed at the surface. Structurally, this 

area resembles a large asymmetrical positive flower structure of the Algeciras Fault. This faulted 

block has a width of ~ 4 km and shows the highest elevations (>3200 m) and relief (> 1800 m), and 

THi* values above 0.5 (Fig. 5). The ksn value peaks in this area, rapidly increasing east of the Pandi 

Fault up to 300. Also there, Late Miocene – Pliocene (5.5 to 3.5 Ma) apatite (U-Th)/He ages were 

recently reported by Pérez-Consuegra et al. (2021), evidencing exhumation rates as high as 1.7 

km/Myr. Another smaller peak in the ksn index between the Algeciras and Ucrania faults 

corresponds to the highest rainfall rates. In this region, a rainfall peak of ~4415 mm/yr was 

observed at a distance of ~14 km from the eastern mountain front bounded by the Algeciras Fault, 

correlating with a mean elevation of 1770 m and a 5 km-radius relief of 1150 m (Fig. 5). In contrast, 

the western foothills show a peak rainfall of ~3260 mm/year, i.e., 35% lower than on the eastern 

side. We attribute the high topographic metrics to a juvenile landscape where tectonic deformation 

is weakly coupled with rainfall. The presence of deep V-shaped valleys and hanging knickpoints are 

potentially correlated with a rapid incision of the Duda River to compensate for the uplift event.  

 

Figure 5. Swath profile SEC1, condensing topographic and climatic data in the southern EC. (A) 

Plot showing the minimum, mean, and maximum elevation profiles and published single grain 

apatite (U-Th)/He ages (AHe) (Diamond markers; Pérez‐Consuegra et al., 2021). The color bar at 

the bottom of the swath represents the main geological units presented in Figure 1B. (B) Local 

relief and THi* indexes. (C) Mean ksn profile. (D) Minimum, mean and maximum Mean Annual 

Rainfall (MAR). The field photographs below (E, F) show the deep V-shaped valley of the Duda 
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River (looking downstream) and hanging valleys with vertical knickpoints in the area where high 

relief and ksn patterns are observed. The approximate location of the photos is shown by the red 

circle in panel A. Please refer to Figure 1A for details of the swath location. 

 

Along profile SEC2, we identified two subregions with good coverage of AFT data (SEC2W and 

SEC2E, Fig. 6). Subregion SEC2W is located between the edge of the axial plateau at an elevation 

above 2600 m and the Middle Magdalena Valley. The subregion includes four structures, of which 

the Alto del Trigo and Bituima Faults are the most important. It is precisely between these two 

structures that we find moderately high erAFT ranging between 1 and 2 km/Myr, correlating with 5 

km-radius relief values above 600 m, ksn below 150 and rainfall rates of 1800 to 2000 mm/yr.  

An interesting inverted cooling path is observed in this region, with younger AFT ages (1.9 Ma; 

Guerrero, 2018) at higher elevations (~ 2800 m; Fig 6), separated from Miocene AFT ages by the 

Bituima and Alban Faults, which could be responsible for this variation. On the other hand, the 

SEC2E subregion corresponds to rapid erosion rates up to 3 km/Myr, the highest in the EC. A rapid 

exhumation zone concentrated between the Servitá and Bogotá Faults is responsible for these 

Pliocene to Pleistocene AFT cooling ages (Fig. 6). Furthermore, the presence of totally annealed 

ZFT cooling ages (Parra et al., 2009a) reveals the post-Early Miocene (ca. ~18 Ma) exhumation of 

lower crustal levels of the Quetame Massif. At higher elevations, erAFT values decrease to less 

than 1 km/Myr, passing to un-reset ages in the axial plateau. Despite the lithological contrasts 

between the two flanks, rapid erosion rates were detected in both areas.  

The Quetame Massif corresponds to the Mora et al. (2008) study area, where these authors 

proposed a climate-driven denudation model for the EC. A rainfall peak of 4370 mm/yr was 

obtained at a distance of ~16 km from the mountain front, correlating with a mean elevation of 1772 

m and a 5 km-radius relief of 1700 m (Fig. 6). Conversely, the western foothills display a peak 

rainfall of 2260 mm/yr. As shown in Figure 6, there is a spatial match between high MAR values 

(above 4000 mm), high ksn (above 300), high LR (>2000 m), and moderately high THi* values. 

However, some high values of the ksn index (> 200) extend inward over the upper slopes where 

rainfall rapidly decreases to less than 1500 mm/yr.  

 

Figure 6. Swath profile SEC2, condensing topographic, thermochronological and climatic data in 

the central-southern EC. (A) Plot showing the minimum, mean, and maximum elevation profiles 

and the compiled AFT data. The color bar at the bottom of the swath represents the main geological 
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units presented in Figure 1B. (B) Long-term erosion rates (erAFT) derived from the AFT data are 

shown in panel A. (C) Distance-age relationship for swath SEC1; the zircon (U-Th)/He (ZHe) and 

AHe data represent the average of a group of ages according to Moreno et al. (2013). (D) Local 

relief and THi* indexes. (E) Mean ksn profile. (F) Minimum, mean and maximum Mean Annual 

Rainfall (MAR). Please refer to Figure 1A for details of the swath location. 

 

Along profile SEC3, only one area with sufficient AFT data (SEC3C, Fig. 7) was identified. This 

subregion was identified on the uppermost eastern slope associated with the Guayabal Fault, where 

Cretaceous and Cenozoic sedimentary rocks crop out. In the footwall of this fault, we compiled 

AFT data recording Eocene - Miocene partially annealed ages. Immediately to the east, fully 

annealed AFT and AHe ages have been reported from the hanging wall of the Guayabal Fault (Parra 

et al., 2009b; Ramirez-Arias et al., 2012), representing a Miocene exhumation event with moderate 

erAFT values (0.7 and 0.9 km/Myr). In this area we also noted a rapid increase in topography (> 

3000m), local relief (~1800 m) and ksn (>200), suggesting a likely coupling between erAFT and 

topographic metrics. For this swath, on the eastern foothills rainfall peaked at a distance of 29 km 

from the mountain front bounded by the Guaicaramo Fault. This rainfall peak of 3810 mm/year is 

associated with a mean elevation of 1140 m and a 5 km-radius relief of 700 m. Contrary to the 

rainfall trends observed in swaths SEC1 and SEC2, the western foothills of the EC at this latitude 

receive more rainfall than the eastern foothills. A rainfall peak of ~4300 mm/yr was observed on the 

lowermost slopes of the western side. Remarkably, the highest rainfall rates recorded across the 

range on both foothills are not well-correlated with Andean cooling events but with pre-Andean 

events, i.e., Oligocene in age on the western side and Eocene – Lower Miocene on the eastern side 

(Fig. 7). Although AFT data are scarce on both foothills, the spatial relationship between long-term 

exhumation and short-term rainfall is negligible. 

 

Figure 7. Swath profile SEC3, condensing topographic, thermochronological and climatic data in 

the central EC. (A) Plot showing the minimum, mean, and maximum elevation profiles and the 

compiled AFT data. The color bar at the bottom of the swath represents the main geological units 

presented in Figure 1B. (B) Long-term erosion rates (erAFT) derived from the AFT data are shown 

in panel A. (C) Distance-age relationship for swath SEC1; the AHe data represent the average of a 

group of ages according to Ramírez-Arias et al. (2012). (D) Local relief and THi* indexes. (E) 
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Mean ksn profile. (F) Minimum, mean and maximum Mean Annual Rainfall (MAR). Please refer to 

Figure 1A for details of the swath location. 

 

Profile SEC4 represents the ideal scenario to test the climate-driven hypothesis, considering the 

large amount of available thermochronological data (Fig. 8). For this swath, we classified three 

subregions from west to east as SEC4W, SEC4C, and SEC4E. Along this swath, Ramírez-Arias et 

al. (2012) supported previous interpretations and reinforced the climate hypothesis proposed by 

Mora et al. (2008). Subregion SEC4W is characterized by moderate topographic hills reaching a 

maximum elevation of around 1900 m. Partially annealed ages (middle Eocene–early Oligocene) 

over the hanging wall of the La Salina Fault system are associated with initial thrusting along this 

structure, followed by an early middle Miocene exhumation event (Mora et al., 2010a; Sánchez et 

al., 2012). Low-angle thrusting into the MMV exposed Cenozoic (Paleogene) strata in this area. 

These data allow us to compute low to moderate erAFT between 0.5 and 1.1 km/Myr. In contrast, 

un-reset ages are observed in the footwall of the La Salina Fault system. We also obtained relief 

values below 1200 m and low ksn (< 100) in this area, but high rainfall rates. As in swath SEC3, the 

western foothills are more humid than the eastern foothills, showing a 4626 mm/yr rainfall peak 

(Fig. 8). At first glance, high rainfall rates do not necessarily imply high erAFT as in subregion 

SEC2E (Fig. 6). 

The central segment classified as SEC4C is interesting, as some authors have stated that the 

inverted Boyacá Fault has been a relevant structure for pre-Andean (Early Eocene to Early 

Oligocene) exhumation events (Parra et al., 2009a; Mora et al., 2010a; Ramírez-Arias et al., 2012; 

Saylor et al., 2012a; Silva et al., 2013; Reyes-Harker et al., 2015). Between the Boyacá and the 

Soapaga Faults, we observed the Floresta Massif (Paleozoic rocks) with ZHe ages of ~33.8 Ma 

(Saylor et al., 2012a), representing the onset of exhumation in a Pre-Andean phase. In contrast, the 

presence of totally annealed Miocene cooling ages suggests ongoing exhumation in the Eastern 

Cordillera hinterland (Fig. 8). Erosion rates in this subregion are low, mainly below 0.8 km/Myr 

independent of the faulted block and the lithology. A peak in relief (above 1500 m), THi* (>0.5) 

and ksn (200 – 240) spatially correlates with the highest elevations and the hanging wall of the 

Boyacá Fault. However, these values rapidly decrease on the footwall of the Boyacá Fault, that is, 

in turn, the hanging wall of the Soapaga Fault. This may indicate active surface uplift restricted to 

the Boyacá Fault.  
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Finally, subregion SEC4E corresponds to the eastern foothills where the topography rapidly 

decreases from more than 3000 m elevations to less than 500 m in the Llanos Basin, east of the 

Yopal Fault (Fig. 8). AFT data compiled here evidence how reactivated reverse faults, such as the 

Pajarito and Guaicaramo Faults, were responsible for controlling two pulses of exhumation (Late 

Oligocene – Early Miocene and Late Miocene, respectively) of the cordillera (Ramírez-Arias et al., 

2012). Visually, this is easy to recognize as Cenozoic un-reset ages are restricted to the footwall 

(Guaicaramo Fault), whereas fully annealed Cretaceous samples on the hanging wall disclose a 

moderate Miocene exhumation event with erAFT up to 1 km/Myr. This subregion correlates with 

local relief ranging between 600 and 1200 m, high ksn values (>200) and moderate to high rainfall 

rates. In the eastern foothills, a rainfall peak was observed at a distance of 19 km from the mountain 

front bounded by the Yopal Fault. These 4040 mm/yr rainfall peaks are correlated with a mean 

elevation of 1250 m and a 5 km-radius relief of 900 m. Similar to subregion SEC2E (Fig. 5), the ksn 

peak is slightly displaced to the west of the rainfall peak, and fully annealed apatite samples are 

found on higher elevations where rainfall rapidly decreases to less than 2000 mm/yr (Fig. 8). 

 

Figure 8. Swath profile SEC4, condensing topographic, thermochronological and climatic data in 

the northern EC. (A) Plot showing the minimum, mean, and maximum elevation profiles and the 

compiled AFT data. The color bar at the bottom of the swath represents the main geological units 

presented in Figure 1B. (B) Long-term erosion rates (erAFT) derived from the AFT data are shown 

in panel A. (C) Distance-age relationship for swath SEC1; the ZHe and AHe data represent the 

average of a group of ages according to Ramirez-Arias et al. (2012), Sánchez et al. (2012), Saylor et 

al. (2012a) and Reyes-Harker et al. (2015). (D) Local relief and THi* indexes. (E) Mean ksn 

profile. (F) Minimum, mean and maximum Mean Annual Rainfall (MAR). Please refer to Figure 

1A for details of the swath location. 

 

6.2 Seismic parameters: Strain rates, energy, and uplift 

We calculated these seismic metrics along the six subzones inside the previously described swath 

profiles. In order to compare significant differences in the estimated values of a and b from the 

Gutenberg-Richter (magnitude-frequency) relationship, the EC was partitioned using an algorithm 

considering latitude and longitude, splitting the area into 4
n
 with (n=1,...,3); that is, first into four 

quadrants, then into 16 quadrants, and so on, always satisfying the imposed condition that there 

were at least 20 earthquakes in the area (Bermúdez et al., 2013). After these partitions were made 
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on each subarea, the values of a and b were calculated. For this reason, we show all the seismic 

values calculated for those subdivisions: SSR4, SSR16 for seismic strain rates, SE4, SE16 for 

seismic energy, and u4, u16 for seismic uplift, respectively (Fig. 9 and Supplementary Figure S3). 

The difference between the division into 4 quadrants and 16 quadrants is that the first is influenced 

by more regional patterns, whereas local structures may influence the second.  

The highest values of average seismic strain rate (SSR4) were recorded in subzones SEC2E (7.90E-

16 s
-1

), SEC4E (2.95E-16 s
-1

), SEC3C (2.82E-16 s
-1

), and SEC2W (1.15E-16 s
-1

; Supplementary 

Fig. S3). The zones SEC2W (1.15E-16 s
-1

) and SEC2E (7.90E-16 s
-1

) have contrasting average 

SSR4 values. When downscaling, subregions SEC2E (3.61E-16 s
-1

), and SEC3C (3.40E-16 s
-1

) 

exhibit the highest average SSR16 values (Fig. 9), although in general terms seismic deformation 

tends to decrease in all regions. These sectors also experienced high average seismic rock uplift u16 

(952.62, 709.24 meters, respectively), during the last 5 Ma. Similarly, SEC4E shows a significant 

average seismic uplift (u4 = 635.60 m), but this estimate decreases as the scale is reduced. In 

contrast, subregion SEC2E shows a two-fold increase in the seismic uplift rate correlated with the 

seismic swarm west of the Servitá Fault (Fig. 2). There, the u16 distribution shows an interquartile 

range between 0.5 and 1.5 km. The highest values of average seismic energy (SE4) are observed in 

SEC2E (6823493.10 J) and SEC4W (7564530.71 J). However, when the observing the 16-quadrant 

results, the average SE16 values decrease in regions SEC2E (3094907.00 J), SEC3C (76498.66 J) 

and SEC4W (3410070.79 J), but increase in regions SEC2W (2028661.54 J), SEC4C (1973960.89 

J) and SEC4E (1104556.83 J). 

 

Figure 9. Seismic metrics for the Eastern Cordillera of Colombia after partitioning the study area 

into 16 quadrants. (A) Seismic Strain Rate; (B) Seismic Energy; (C) Seismic Uplift. The variability 

of each seismic metric is presented as boxplots (D, E, and F). Please refer to the main text for 

further details. 

 

6.3 Statistical analysis: Pearsonian correlation and ANOVA tests  

In order to analyze the spatial correlation between potential forcing parameters, we show the 

Pearsonian correlogram in Figure 10. The white spaces indicate either no correlation between 

variables or that the values for each pixel are constant, which is why the calculated standard 

deviation is zero, and it is not possible to calculate correlations. To facilitate the integration of our 

results in discriminating possible controlling processes (climate, tectonics or relief) on long-term 
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exhumation rates, we focus the spatial correlation on subzones SEC2W, SEC2E, SEC3C, SEC4W, 

SEC4C (Fig. 3), described above. Note that the extent of each subzone in Figure 3 is, in some cases 

(SEC2E and SEC4C), larger than the swaths. This is because the earthquake data are not 

homogeneously distributed and do not necessarily match the areas sampled for thermochronological 

analysis. Thus, we are compelled to consider seismicity in a broader swath environment, so as to 

improve estimates of a and b-values and obtain values that are statistically representative.  

We emphasize testing the spatial correlations between the long-term exhumation rates in the EC 

derived from AFT thermochronology and erCN. Given that we compare all variables for six areas, 

correlations are statistically significant (at a 90% confidence level) for a Pearson correlation 

coefficient r ≥ 0.6. When all the analyzed subregions are included on the same regression, local 

relief (LR) shows a positive correlation with SSR4 (r = 0.6), u4 (r = 0.6), and ksn (r = 0.8). When 

including the erCN with all the subregions, erCN only correlates with erAFT (r = 0.6). In contrast, 

erAFT displays a spatial match with LR (r = 0.7) and seismic parameters such as SSR4 (r = 0.8) and 

u4 (r = 0.8). In this first regional approach, short-term rainfall rates (R) show a weak spatial 

connection with erAFT and erCN (Figs. 10A and 10B).  

 

Figure 10. Pearsonian correlation coefficients between erAFT, erCN and the studied metrics. Given 

that we compare all variables for six areas, correlations are statistically significant (at a 90% 

confidence level) for a Pearson correlation coefficient r ≥ 0.6. 

 

The thermal history of the EC is spatially variable across geological time, thus the erosion rates and 

topographic development can increase or decrease in different periods as a result of the interaction 

of different processes (e.g., climate or tectonics). We therefore performed a Pearson correlation 

analysis in order to distinguish if there exists any controlling mechanism for each of the six studied 

subzones (Figs. 10C to 10H). Figure 10C for subzone SEC2W shows a significant negative 

correlation (r = -0.7) between SSR16 and erAFT, whereas there is a lack of correlation with rainfall 

rates (r = 0.01). In contrast, for subregion SEC2E (Fig. 10D), the most significant correlations are: 

erAFT versus seismic parameters (SSR4, u4, SSR16, and u16; r > 0.7), LR (r = 0.6), and rainfall (r 

= 0.6). Rainfall rates also correlate significantly with erCN (r = 0.7). Despite this positive 

correlation, we observed a decoupling between average erAFT (2.36 km/Myr) and erCN (0.226 

km/Myr) in SEC2E, accounting for a ten-fold increase in long-term denudation rates.  

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

 

For the SEC3C zone (Fig. 10E), erosion rates derived from cosmogenic isotopes (erCN) correlate 

significantly with erAFT (r = 0.6), ksn (r = 0.7), LR (r = 0.7), and all the seismic indexes (r ≥ 0.8) 

with seismic strain rate (SSR) and seismic uplift (u) evidencing the strongest correlations (r = 0.9). 

In contrast, erAFT displays weak correlations with all the potential controlling factors, with the 

highest corresponding to those matched with SSR and u (r = 0.5). The topographic relief, which is 

subdued in the axial plateau (Supplementary Figure S2), correlates with all the seismic metrics, with 

coefficients r ≥ 0.6. 

For the SEC4W sector, no significant positive correlations were observed between erosion rates 

derived from cosmogenic isotopes (erCN) or derived from AFT ages (erAFT) with seismic or 

climatic parameters. In contrast, erCN rates correlate negatively with seismic energy SE4 or SE16 (r 

= -0.6), with seismic strain rate (SSR16, r = -0.7) and seismic uplift (u16, r = -0.7). The erAFT 

correlate weakly with SSR4, and u4 (r = 0.3). HI, which is related to the erosional state of the 

landscape, correlates positively with SSR4 (r =0.7), u4 (r =0.7), SSR16 (r =0.9) and u16 (r =0.9). In 

addition, ksn correlates with local relief (LR, r = 0.8), SE4 and SE16 (r = 0.6), ssr16 (r = 0.7) and 

u16 (r = 0.7). Local relief for this sector correlates with long-term seismic measurements SSR4, u4, 

SSR16, and u16 (r > 0.5) (Fig. 10F). 

Similarly, for the SEC4C subregion (Fig. 10G), the fact that the seismic strain rates are constant in 

each pixel prevents the study of correlations with erAFT, however, we observe significant 

correlations between LR and ksn (r = 1.0), LR vs HI (r = 0.6), and LR vs seismic uplift u4, and u16 

(r = 0.6). There is no correlation between rainfall and LR or rainfall and erAFT. For the SEC4E 

zone (Fig. 10H), no spatial correlation was observed between seismic measurements and erAFT, 

nor between erAFT and LR. No correlation was found between these last two variables and rainfall 

either. A moderate correlation (r = 0.5) was observed between HI versus SSR16 and u16 (r = 0.6). 

The ksn, an erosion proxy index, correlates with SE4 (r = 0.7) and SSR16 (r = 0.6). It is noteworthy 

that ksn weakly correlates with LR and that HI correlates weakly and negatively with LR (r = -0.6). 

 

Figure 11. Relationships between erosion rates (both erAFT and erCN) and predictors. The 

statistical analysis considers only uninterpolated data for each studied subregion (SEC2W, SEC2E, 

SEC3C, SEC4W, SEC4C, and SEC4E).  

 

The second statistical analysis allowed us to achieve greater discrimination of the potential forcing 

parameters controlling long-term erosion rates. The results are shown as lolliplots (Fig. 11), where 
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the x-axis represents the standardized coefficient and the y-axis represents the predictors or 

independent variables. The blue or red colors indicate each variable's positive or negative effects, 

respectively, either on erAFT or erCN data. In global terms, for uninterpolated data and including 

subregions with erCN and erAFT (Figs 11A, 11B and 11C), we observed a significant tectonic 

control, which is inferred from the influence of seismic strain rate (SSR4) and seismic energy (SE4) 

over short-term erosion rates (erCN) and long-term exhumation (erAFT). For erCN, the seismic 

energy (SE4) is the best positive predictor variable (1.4), while rainfall patterns have a limited 

influence (0.092). Our long-term erosional proxy, erAFT, is positively influenced by SSR4 (0.61), 

and to a lesser extent by LR (0.4); in contrast, the effect of rainfall (R) rates is not significant (r = 

0.043; Fig. 11B).  

When downscaling this analysis to each subregion, new trends emerge. In Figure 12, we present a 

block diagram with the best-correlated predictors for each subregion. A detailed analysis of each 

area suggests that on five (SEC2W, SEC2E, SEC3C, SEC4W, and SEC4E) of the six analyzed 

areas, tectonic-related parameters such as SSR16 or SSR4 represent the best predictor variables of 

erAFT (Figs 11D, 11F, 11G, 11H, 11I, 11J and 11L). Whereas the climate proxy positively 

influences erosion rates for SEC2E (erCN = 1.2 and erAFT = 0.63), the significant difference in 

erAFT and erCN restricts our interpretation of climate as a primary driver, at least in the long term. 

In subregions, SEC4C and SEC4E, the short-term erosion proxy, the ksn index, is negatively 

correlated with erAFT (Fig. 12). One hypothesis could be related to non-consolidated sedimentary 

cover on reaches where sediment flux surpasses water discharge, forcing transport-limited behavior.  

 

Figure 12. Schematic block model for the EC, showing the spatial distribution of each analyzed 

subregion and the best predictor variable (considering only standardized coefficients > 0.6) either 

for erCN (dashed arrow) and/or erAFT (solid arrow). The length of each arrow was scaled, 

considering a standardized coefficient of 1.0. SSR = Seismic Strain Rate; SE = Seismic Energy; LR 

= Local Relief. 

 

6.4  Estimation of surface uplift in the Quetame Massif 

In general, we observe an average net surface uplift between 1.4 and 1.8 km for this part of the 

orogen (Fig. 13). The net uplift seems to increase towards the northern catchments, reaching up to 

~1.9 km (considering the upper bound). A remarkable pattern of convex reaches is visible in some 

streams, denoting major knickzones bounding the erosional wave migrating upstream or, more 
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recently, localized surface uplift forced by faulting (e.g., the Servitá Fault). This pattern could be 

analyzed in the Guatiquía River profile (Fig. 13E). The ksn pattern depicted for this catchment 

resembles the expected pattern for an incisional wave, with higher ksn values observed in the main 

trunk (e.g., Wobus et al., 2006), whereas tributaries show medium to low values. However, this 

pattern seems to correspond to at least two different uplift events, which may explain the broad two 

convex reaches observed (Fig. 13D). A first event may have led to a surface uplift of ~ 1000 m, 

whereas a later event may have induced additional uplift of ~715 m. Additional constraints such as 

strath terraces dating or paleoelevation estimations are needed to confirm or refute this 

interpretation. 

 

7. Discussion 

7.1 Linking exhumation/erosion rates with potential forcing parameters: climate or tectonics? 

 

Whether long-term exhumation/erosion rates in mountain belts are controlled to a first order by 

climate or tectonic processes remains debatable. In the EC case, some authors have suggested that 

climate forcing has been acting coevally with rock uplift since the Late Miocene and even in 

Pliocene-Quaternary times (Mora et al., 2008, 2013, 2015; Ramirez-Arias et al., 2012). Those 

authors have based their proposal of climatic forcing on AFT data, published palaeobotany studies 

identifying that a wetter climate in the vicinity of the Amazon basin had already developed in 

Miocene times (Hoorn 1994; van der Hammen and Hooghiemstra 2000; Kaandorp et al. 2005; 

Hoorn et al., 2010), and short-term rainfall data. In contrast, in the Merida Andes, which are 

contiguous to the EC, a robust tectonic control on long-term erosion rates has been presented 

(Bermúdez et al., 2013). Based on the remaining uncertainty for the Colombian EC, we raise the 

following questions. Can the arguments of Mora et al. (2008) be extrapolated to the entire EC? 

More broadly, how strongly are tectonic and climatic processes coupled, and on what time scales?  

 

A first interpretation of the role of short-term rainfall on denudation rates supports our hypothesis 

that tectonics rather than climate represent the primary conditioning factor in the EC. As 

demonstrated in Figure 6, the highest MAR overlaps with the rapid erosion rates (> 2 km/Myr) 

computed on the hanging wall of the Servitá Fault, but rapidly decreases as the topography 

increases and relief decreases. This rainfall peak (4370 mm/yr) is located to the east of a region with 

a 5 km-radius relief of 1.7 km and moderate elevation (mean ~1.7 km). These values agree with the 

threshold relief expected to enhance heavy orographic rainfall (Bookhagen and Strecker, 2008). We 

therefore argue that the climate-driven model proposed for SEC2E better reflects a partial spatial 
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correlation observed due to a relief-driven rainfall distribution that is not fully coupled with the 

long-term erosion rates derived from the AFT data reported by Mora et al. (2008, 2010b). Further 

evidence against the climate-driven model could be derived from the regional pattern of 

exhumation/erosion rates and short-term rainfall rates north of latitude 5°N. As observed in Figures 

6, 7 and 8, high rainfall rates do not necessarily imply high erAFT rates. Subzones SEC2E, SEC4W 

and SEC4E receive a very similar amount of rainfall (4370, 4626, and 4040 mm/yr, respectively), 

however erAFTs are two to three times higher in SEC2E. These qualitative observations also 

undermine the notion that the topographic asymmetry of the range results from accelerated 

exhumation rates in a climate-driven model (Mora et al., 2008). Even though the EC's western 

foothills are more humid in swaths SEC3 and SEC4 than the eastern foothills, the asymmetry 

remains equal, i.e., with the eastern foothills being steeper and shorter than the western ones. Thus, 

an alternative mechanism rather than the climate needs to be evaluated to explain the diachronous 

exhumation and topographic development of the range. In section 7.3 below, we attempt to provide 

a feasible explanation considering a “tectonic” driver. 

 

Our statistical approach considering erosion rates (erAFT and erCN) and potential controlling 

factors (climatic, topographic and seismic factors) seeks to avoid subjectivity in testing the potential 

spatial correlation, and reveals a complex system where the interaction between these parameters is 

intricate. The pattern of seismic parameters (e.g., SSR16) correlating spatially either with erAFT 

(e.g., subzones SEC2W, SEC4W, and SEC4E, Fig. 12) or with erCN (e.g., subzone SEC3C) could 

lead us to interpret a potential link between tectonics and erosion rates in the EC. In subzone 

SEC4E, despite several authors having demonstrated how deformation is actively migrating towards 

the Llanos Basin (e.g., Veloza et al., 2015), SSR16 is a good predictor of erAFT in the mountainous 

area (Fig. 12). This may indicate that some recent surface uplift has occurred in subregion SEC4E, 

whereas the deformation front along the Yopal Fault continues to advance forelandward (e.g., 

Bande et al., 2012). We therefore propose that long-term exhumation/erosion has been coupled to 

active faulting through coseismic deformation in the past 5 Ma. These results agree with the rapid 

erosion rates computed for tectonically active areas with potentially active structures such as the 

Servitá Fault (Fig. 6). In other regions (e.g., SEC4C, Fig. 12) the poor correlation with the seismic 

parameters and erosion rates argues against active tectonic deformation or aseismic deformation 

(e.g., Vernon et al., 2009).  

 

Figure 13. Projected profiles for selected catchments that drain the páramos of Sumapaz and 

Chingaza. NaF = Naranjal Fault; SvF = Servitá Fault. The top-right figure shows the ksn pattern for 
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the Guatiquía River and the analysed low-relief landform. The bottom-right figure for the same 

catchment shows an oblique Google Earth image with the net surface uplift inferred for the Páramo 

de Chingaza. Note how the erosional wave migrating upstream through the Guatiquía River, 

evidenced by the typical ksn pattern, has resulted in a highly incised landscape. The yellow markers 

correspond to major knickpoints. The uppermost knickpoint used to project the river profile is 

shown as a red marker. 

 

The persistent weak correlation between rainfall rates and erAFT and erCN suggests a poor control 

of climate on erosion rates. Only in subzone SEC2E, which matches the study area of Mora et al. 

(2008), were significant correlations between rainfall and erCN observed (Fig. 12). Hernández-

Chaparro et al. (2021), using a 3D thermokinematic model for the Guayuriba catchment in part of 

subzone SEC2E, emphasized the correlation between rainfall rates, erAFT and erCN. When 

considering only tectonic blocks delimited by the Quetame, Naranjal, Quebrada Grande and Servitá 

faults, these authors observed that seismic parameters are better predictors for the present-day relief. 

Despite this, we computed a ten-fold increase in erAFT compared to erCN. These differences could 

be related to geomorphological factors such as changes in river dynamics, sediment supply, etc. 

Since the fluvial system responds to changes in boundary conditions relatively rapidly to achieve 

steadiness (0.25 to 2.5 Ma, Whipple, 2001), a geomorphological process might explain the 

decoupling between erAFT and erCN. Based on analytical solutions and numerical simulations, 

Baldwin et al. (2003) demonstrated how several processes, such as a transition from detachment- to 

transport-limited conditions and isostatic rebound, have the potential to delay the fluvial response 

by a factor of 3 to 6, respectively. The transition from detachment- to transport-limited models is 

favorable when vast amounts of coarse sediment are delivered to the river valleys, for example, 

after earthquakes, causing sedimentation and negative mass balances, thus reducing the river 

response to external forcing (e.g., Korup, 2006; Ouimet et al., 2007). Considering the seismo-

tectonic setting and high rainfall rates of the area (Figs. 2 and 3) and the strong correlation between 

erAFT and seismic predictors (Fig. 12), both runoff and earthquakes have the potential to enhance 

long-term sediment supply into the river system. This hypothesis may explain the persistence of the 

transient state in this subregion despite high rainfall rates. 

 

Finally, we also tested the potential role of lithology in controlling exhumation rates in the EC. 

Braun et al. (2014) proposed that rock density variations could control surface lowering rates in 

igneous-metamorphic massifs. The rationale behind this concept is that the exhumation of dense 
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rocks (e.g., metamorphic rocks) is faster when they are in contact with lighter rocks (e.g., 

sedimentary rocks), potentially triggering an isostatic uplift capable of creating new topographic 

relief. Within the Quetame Massif, the highest identified erAFTs were partially associated with 

low-grade metasedimentary rocks cropping out in faulted contact with Paleozoic and Cretaceous 

sedimentary rocks. The AFT data distribution reveals similar cooling ages independent of the 

lithology (by comparison between Figs. 1B and 3). Indeed, the youngest ages (0.8±0.3 and 0.9±0.2, 

Mora et al., 2010a) were obtained from Paleozoic sandstones on the Servitá Fault hanging wall. 

 

Furthermore, Saylor et al. (2012b) sampled basement (granitoids and gneisses) and sedimentary 

rocks (Jurassic, Paleozoic and Paleogene in age) of the Floresta Massif for thermochronological 

analysis (U-Th/He in zircon). These samples gave similar patterns as those observed in the Quetame 

Massif, limiting the role of lithology on exhumation rates. For instance, the younger average 

cooling ages of 24.6±2.6 Ma (n=16) and 24.9±3.9 Ma (n=4) were obtained from the basement and 

Jurassic sedimentary rocks. Basement rocks cropping out on the Soapaga Fault hanging wall also 

record older ages (e.g., 30.3±1.9 Ma, n=11). These observations argue against the role of rock type 

in promoting faster exhumation rates in the Colombian EC. What has been observed is that 

including lithological variations and bootstrapping techniques is optimal to estimate erosion rates in 

transient landscapes modelled using 3D thermokinematic methods, as demonstrated recently in the 

northern EC by Bermúdez et al. (2021). 

 

7.2  How strongly were climate and long-term exhumation rates coupled in the late Cenozoic 

history of the EC? 

As the rainfall distribution observed in the EC at the present time was probably established from the 

Holocene (van der Hammen and Cleef, 1992), the long-term climate influence on the exhumation 

and landscape evolution cannot be studied with the TRMM data used in section 7.1. Despite the 

poor correlation shown above between short-term rainfall and erAFT, additional sedimentological, 

thermochronological, and geomorphological evidence is required to provide reliable analyses.  

Considering long-term coupling, climate-tectonic interactions can be analyzed using three models 

(Whipple, 2009): (i) the fixed-width system, (ii) the frictional critical-taper wedge, and (iii) the hot 

orogenic system (the latter is not considered in this work, see Whipple, 2009 for further details). 

The fixed-width system is well known for establishing that under an increase in erosional efficiency 

(assumed to be equal to high rainfall patterns and high erosion rates), erosional unloading will 

induce a passive isostatic rebound, followed by an increase in sediment delivery to surrounding 
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depositional basins. Accordingly, topographic asymmetry is induced by a reduction in erosional 

efficiency under a steady-state landscape (Bonnet and Crave, 2003). However, when tectonic uplift 

is ongoing, the transient landscape must adjust, and erosional efficiency will induce an isostatic 

uplift (Whipple, 2009). The fixed-width model has been demonstrated in tectonically inactive 

mountains or with isostatic rebounds associated with deglaciations (e.g., the European Alps, 

Cederbom et al. 2004; Champagnac et al. 2007). This model fits with the EC hypothesis (Mora et 

al., 2008, 2013, 2015). The shortcoming here is that this model has the inconvenience that it 

assumes a regional simple block-uplift pattern, which is not the case in the EC (Fig. 3).  

The second mechanism described by Whipple (2009) is associated with a frictional critical-taper 

wedge, a model proposed for the EC (e.g., Mora et al., 2008; Parra et al., 2009a; Ramirez-Arias et 

al., 2012). In this model, several criteria can be used to better assess if there is a climate influence 

on tectonic processes: 

The retreat of active deformation to the interior of the range with the further acceleration 

of active shortening: Some authors have presented shortening rates along the eastern foothills 

showing a decrease rather than an increase since Miocene times, evolving from 5 mm/yr (Mora et 

al., 2008) to only 2.1 mm/yr measured along the Tame Fault (Veloza et al., 2015). In addition, 

geomorphic, sedimentologic and detrital thermochronology evidence suggests almost continuous 

forelandward migration of the deformation front from the Oligocene until the present (Audemard, 

1999; Mora et al., 2010b; Bande et al., 2012; Veloza et al., 2015), which is opposite to what would 

be expected in a climate-driven model (Whipple, 2009). 

Increase in sedimentation adjacent to the deformation front: For the eastern foothills of the 

EC, several authors (e.g., Ramirez-Arias et al., 2010, 2012) have shown that since Miocene times, 

syntectonic sedimentation has increased. For instance, at the Nunchia Syncline on the footwall of 

the Guaicaramo Fault, more than 2 km of syntectonic orogenic detritus with an Andean signature 

were deposited (Bande et al., 2012). Assuming that the Late Miocene rainfall pattern on the Andean 

foothills had similarities with the present-day climate (e.g., Kandorp et al., 2005; Anderson et al., 

2015), we could reason that there is a positive correlation between rainfall and the amount of 

sediment evacuated from the orogen towards the Llanos foreland basin. 

Reduction of foreland subsidence: Since the middle-late Eocene uplift episodes of the EC 

(Parra et al., 2009a; Mora et al., 2010a; Saylor et al., 2012b; Siravo et al., 2018), the tectonic 

loading prompted flexural subsidence on both flanks of the Eastern Cordillera (Bayona et al., 2008; 

Ramírez-Arias et al., 2010; Delgado et al., 2012; Mora et al., 2019), the opposite to the expected in 
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a climate-driven model. For instance, the ~3 km pile of syntectonic detritus produced by the 

tectonic inversion of the Pajarito – Guaicaramo faults were stored on a subsidizing foreland. Mora 

et al. (2010b) interpreted the ~3 km thick Corneta Formation, on the footwall of the Guaicaramo 

thrust, as evidence of accelerated subsidence after 5 Ma. 

The decrease in relief: Contrary to expectations, we obtained values of LR up to 2900 m, 

especially along the Servitá Fault (subregion SEC2E, Fig. 6). Along the strike of the eastern 

foothills of the EC, where the rainfall pattern is high, LR shows medium to high values. Thus, we 

do not observe the expected subdued topography resulting from the increase in denudational 

processes and low tectonic activity. 

Based on what would be expected for a climatic forcing in a critical-taper wedge system (Whipple, 

2009), most of the requirements are undoubtedly unsatisfied. Thus, the hypothesis that climate has 

been acting as a primary control on mountain building along the EC of the Northern Andes is 

challenging to maintain. We have demonstrated that climate is a potential controlling factor only in 

the Quetame massif area and extrapolating this positive feedback to the whole range is unfounded. 

These findings support a dominance of tectonic activity over climate as the primary driver of 

exhumation, erosional patterns and topographic growth of the Colombian (Struth et al., 2016; 

Siravo et al., 2018), Venezuelan (Bermúdez et al., 2013), Bolivian (Whipple and Gasparini, 2014), 

and central (Hoke et al., 2007) Andes mountains. Our work also casts doubt on the recently 

proposed worldwide acceleration in erosion rates during the Plio-Pleistocene (e.g., Herman et al., 

2013; Willett et al., 2020).  

7.3  What mechanism drove exhumation/erosion of the Eastern Cordillera in the late 

Cenozoic? 

As we have shown above, there is a good regional agreement between the exhumation patterns and 

tectonic variables for most of the studied subregions (Fig. 12). Nevertheless, a key question remains 

unanswered: how to explain the along-strike changes in the long- to short-term exhumation and 

denudation rates of the EC? The late Cenozoic tectonic evolution of the Northern Andes has been a 

controversial matter of debate. Several models have been invoked to explain the present-day 

instrumental seismicity and stress pattern associated with plate reorganization (e.g., Pennington, 

1981; Taboada et al., 2000; Cortés et al., 2005). Other models consider the motion of the current 

plates, based on geodetic data, to support the orogen-parallel escape of the Northern Andes (e.g., 

Trenkamp et al., 2002; Mora-Páez et al., 2019). At deeper levels, slab flattening of the Nazca Plate 

and the hydration of the asthenospheric wedge are invoked to explain the topographic uplift of the 
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northern EC north of latitude 5°N (e.g., Chiarabba et al., 2016; Monsalve et al., 2019; Siravo et al., 

2019b). Other authors propose slab break-off of the Caribbean Plate beneath the Santander Massif 

(Bucaramanga nest), ultimately inducing uplift, magmatism, and hydrothermal and seismic activity 

(Vargas and Mann, 2013; Bernet et al., 2016; Amaya et al., 2017; Vargas, 2020). More locally, 

tectonic inversion of master normal faults and thick-skin tectonics may have played a key role in 

topographic building (e.g., Dengo and Covey, 1993; Mora et al., 2010b). Although we cannot rule 

out any of the models mentioned above, we acknowledge that upper crustal shortening and 

thickening could explain the observed exhumation and topographic patterns for the EC. We further 

detail our reasoning below. 

 

A closer look at the distribution of exhumation/erosion rates allows us to recognize two major 

events since the Neogene (Figs. 5 to 8): a regional event that built most of the EC and a younger 

Pliocene – Pleistocene event that was controlled by active faulting. Based on the swath analysis 

performed, the post-Miocene fault-controlled event induced rapid exhumation and high erosion 

rates (> 1 km/Myr) in faulted blocks delimited by inherited structures (e.g., Servitá and Pajarito 

Faults). The most significant differences are visible in SEC2, particularly between the Servitá and 

Bituima – Alto del Trigo Faults (Fig. 6). Considering that the climate proxy shows a poor spatial 

correlation with long-term erosion rates (erAFT, Fig. 10D), we propose below a mechanism based 

on previous studies and our interpretations of the compiled thermochronological data.  

 

The along-strike exhumation and topographic changes in the eastern foothills are, in our 

interpretation, related to different fault geometries and deformation styles that guided deformation 

at shallower crustal levels (Mora et al., 2010b; Ramírez-Arias et al., 2012). We reason that where a 

steep major crustal fault ramp exists (such as the Servitá Fault), rapid exhumation, high long-term 

(erAFT) and short-term (erCN) erosion rates, and a stepped topography are observed (e.g., SEC2, 

Fig. 6). Furthermore, orographic rainfall is enhanced. Mora et al. (2006, 2009, 2010b) already 

envisaged, for instance, how the Servitá Fault underwent tectonic reactivation in thick-skinned 

tectonics, maintaining its high angle dip inherited from the Mesozoic extensional phase. This 

translates into long-term erosion rates higher than 2 km/Myr in the Quetame Massif (Fig. 6). In 

other words, Mesozoic rift tectonics controlled Cenozoic Andean syn-orogenic erosional 

exhumation of the EC as recently proposed by Pérez-Consuegra et al. (2021). These authors, who 

presented new low-temperature thermochronological data for the southern EC, concluded that the 

tectonic inheritance of the Cretaceous Basin controlled the location and amount of exhumation in 

the Andean orogeny instead of modern climate proxies. 
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In contrast, when the main fault shows a flatter detachment and thin-skinned tectonics, there is no 

further exhumation. For instance, the Guaicaramo thrust south of latitude 4°45’N is a low-angle (< 

30°) decollement ramp in a thin-skinned style (Mora et al., 2006; 2010b; Fig 12). Further north, we 

computed moderate to low erAFT (below 1.0 km/Myr; Fig. 8) in an area where the Guaicaramo 

Fault transmits part of the strain to the more frontal Cusiana and Yopal Faults that eventually 

accommodate more than 1.5 km of vertical displacement (Mora et al., 2006; see also Cazier et al., 

1995). For the western foothills, none of the inherited structures (e.g., La Salina-Bituima thrusts) 

experienced tectonic inversion as did the Servitá Fault, and thus, their structural style, along with 

other thrusts such as the Cambao and Honda Faults, is more similar to the Guaicaramo thrust (Mora 

et al., 2010a). These structures exhibit a ramp-flat-ramp geometry (Montes et al., 2003), with 

moderate erAFT around 1.0 km/Myr (Fig. 6). 

 

In summary, we reason that fault geometry (ramp vs flat geometry, thick- vs thin-skin tectonics), 

together with the geometry of the inherited faults and the thickness and the geometry of the basin 

(width), regulate the structural and topographic evolution of the orogen, enhancing the occurrence 

of oblique faults (e.g., the Servitá Fault) (c.f. Jara et al., 2015). Further, this structural setup also 

controls modern-day seismicity, extending forelandward in the north (accommodated co-seismically 

by reverse/thrust faulting featuring low b-values; Fig. 9B) and continuing in the foothills in the 

south (in oblique contraction with a dextral slip component) (Fig. 2). This hypothesis agrees with a 

model proposed to explain the along-strike variations in kinematics, exhumation, and topography in 

the Himalayas, which proposes that when crustal ramps are present, high exhumation rates and 

stream incision can be predicted (Robert et al., 2011; van der Beek et al., 2016).  

 

7.4 The uplift of the EC: the role of the Servitá and Algeciras Faults 

The Servitá and Algeciras faults are, in our interpretation, two of the most conspicuous structures in 

the EC. The inversion of the Servitá Fault was promoted and controlled by fault orientation and the 

hanging wall stratigraphic sequence thickness (Mora et al., 2009; Tesón et al., 2013). Both faults are 

responsible for the rapid exhumation of the Quetame Massif in the Pliocene – Pleistocene 

(Anderson et al., 2015; Pérez-Consuegra et al., 2021). Associated with these structures, we obtained 

high erAFT (up to 3 km/Myr, the highest in the study area), high ksn values (>240), in addition to a 

rugged topography with V-shaped valleys, and high 5 km-radius relief (>2 km) supporting a 

tectonically active landscape. The highest median seismic strain rate (SSR16, Fig. 9D) and seismic 
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uplift rate (u16, Fig. 9F) among all subregions were obtained in SEC2E, associated with the Servitá 

Fault.  

Previous estimates of surface uplift for the EC in the axial plateau based on paleobotanical evidence 

invoke a net uplift of at least 1.3 km, mostly occurring between 2 and 5 Ma (Wijninga, 1996; 

Gregory-Wodzicki, 2000). More recently, Anderson et al. (2015) provided new estimations of late 

Cenozoic surface uplift of the EC, suggesting no more than 1000 m of surface uplift from 7.6 Ma to 

the present. Considering these estimations belong to the EC axial plateau, and considering the 

observed diachronous exhumation pattern, these cannot be extrapolated to the entire range. 

Nevertheless, our estimations of surface uplift of the Sumapaz-Chingaza subdued landscapes agree 

with more than 1 km of net surface uplift since at least the Late Miocene, when the latest and faster 

exhumation event was recorded in the area (Mora et al., 2008; 2010b). This magnitude matches the 

seismic uplift (u16) distribution for subregion SEC2E in the past 5 Ma (Fig. 9). Additional 

constraints on the uplift of the Quetame Massif were provided by Mora et al. (2010b), who reported 

~3 km of rock uplift for the Boa thrust's hanging wall (a shortcut of the Servitá Fault). For this 

reason, we consider that a surface uplift (rock uplift minus denudation) of 1.4 km could be possible. 

In summary, we interpret the post-Miocene surface uplift of the Sumapaz and Chingaza páramos to 

have been controlled by the Servitá and Algeciras faults in a transpressional setting. The high 

present-day erCN provided by Struth et al. (2016), the high relief (Fig. 6), and ksn patterns support 

a Plio-Quaternary activity for these structures. Moreover, both structures present high seismic rates 

with moderate magnitude earthquakes recorded in the past 20 years, such as the recent Mesetas 

Earthquake (Mw = 6.0) on 24 December 2019 (Fig. 2) (Noriega-Londoño et al., 2021). A thickened 

crust resulting from Cenozoic shortening and a more recent isostatic response may have helped 

uplift the Chingaza and Sumapaz landscapes. Nonetheless, a deeper (mantle) source for the 1.4 km 

surface uplift cannot be ruled out. For instance, Garzione et al. (2008) proposed lower crustal 

removal as the trigger of rapid Late Miocene to Pliocene surface uplift of between 1.5 and 2.5 km 

for the Altiplano region in the Central Andes. If the uplift described here is feasible and well-

constrained in time (based on the AFT data by Mora et al., 2008, 2010b), and considering the 

moderate to low Quaternary shortening rates for the eastern foothills (between 2.1±1.2 mm/yr 

(Veloza et al., 2015) and 4.1 mm/yr (Mora-Páez et al., 2019)), then the hypothesis postulated by 

Garzione et al. (2008) could also work for the central-southern part (south of latitude 4°N) of the 

EC. In the northern part of the EC, Siravo et al. (2019b) recently proposed a flat slab mechanism to 

explain the highest elevations achieved at the SNC (Fig. 1A). New paleoelevation constraints, 

preferably outside the Bogotá Basin, are required to understand the construction of the páramos 
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landscapes and the uplift of this area. These studies would not only contribute to the discussion on 

the morphology of the Andes but would also greatly impact the understanding of how the growth of 

the Andes influenced these paramo ecosystems (e.g., Hoorn et al., 2010; Antonelli et al., 2018; 

Flantua et al., 2019), thus leading to the explosion in biodiversity. 

 

8. Conclusions 

We compiled a significant dataset of apatite fission-track data (n = 312) from which we analyzed 

the long-term erosion rates (erAFT) for six subregions (SEC2W, SEC2E, SEC3C, SEC4W, SEC4C, 

and SEC4E) of the EC in the Colombian Northern Andes and their possible drivers (rainfall and/or 

tectonics). The following conclusions can be drawn from this analysis: 

High erosion rates (> 2 km/Myr) were calculated only in the Quetame Massif, at subzone SEC2E, 

whereas the rest of the EC is characterized by moderate to low erAFT (< 1 km/Myr). This high 

erAFT also coincides with high published catchment-wide erosion rates (> 400 mm/ka) derived 

from 
10

Be terrestrial cosmogenic nuclides. However, we computed a tenfold difference between 

erAFT and erCN despite high rainfall rates (4370 mm/yr). We hypothesize that massive channel 

aggradation in a seismically active region is responsible for modifying river dynamics and delaying 

the erosional response of the drainage system to the imposed high rock uplift rates. 

We have not found statistical support for a climate-driven exhumation event in the EC, except for a 

partial spatial correlation in subzone SEC2E, where this hypothesis was proposed by Mora et al. 

(2008). The western foothills in swaths SEC3 and SEC4 showed similar rainfall rates as subzone 

SEC2E, however erosion rates were two to three times higher in the latter. In this area, we observed 

a tenfold difference between erAFT and erCN, suggesting a decoupling in erosion rates despite the 

high rainfall rates. These observations also cast doubt on of the influence of climate on the 

topographic asymmetry of the EC.  

For subzone SEC2E, where the highest erosion rates were computed, we interpreted the Servitá 

Fault as the main structure responsible for the topographic construction of the Quetame massif. We 

propose tectonic inheritance in a transpressional stress state as the mechanism responsible for the 

diachronous exhumation of the EC and the subsequent uplift of the range.  

The seismic parameters (seismic strain rate or seismic energy) explain long-term erosion rates in 

most subregions, suggesting that coseismic deformation predicts erosion rates, while climate plays a 

second or more local role in controlling erosion. In subzones SEC4C and SEC4E, we obtained a 
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decoupling between erAFT and seismic parameters that potentially reflects aseismic deformation or 

low tectonic activity. For these areas, the ksn stand out as a significant predictor of erAFT, which 

supports the aseismic deformation hypothesis. 

Based on projected paleoprofiles of four rivers (the Duda, Ariari, Guayuriba and Guatiquiá Rivers) 

draining the Sumapaz and Chingaza low-relief landscapes, we estimated a post-Miocene surface 

uplift of at least 1.4 km concentrated on the hanging wall of the Algeciras-Servitá fault system. 

These findings reinforce the influence of tectonic inheritance in controlling the long-term structural 

development of an inverted orogen, including the exhumation rates and the short-term landscape 

evolution. 
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Highlights 

 Drivers of the denudation rates for the Colombian Eastern Cordillera are studied 

 The climate vs tectonics hypotheses are tested through statistical analysis 

 Long to short-term erosion rates are controlled by tectonic inheritance 

 Climate only plays a local role in short-term erosion rates 
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