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Abstract

The analysis of landslide and debris ow susceptibility conditions is an important topic to
develop di erent strategies to enhance land-use planning. These processes are recurrent in
the Colombian Andes a ecting people each year in addition to economic losses. Landscape
analysis requires the quanti cation of topographic characteristics. This study uses drainage
networks as the route that connects morphogenesis with morphodynamics. A set of 25 mor-
phometric indices and geospatial analysis tools were used to characterize 168 watersheds
in the northern Colombian Andes to identify anomaly patterns in their distribution and to
examine them in terms of inventories of landslides and debris ows collected. Indices associ-
ated with the Drainage Texture and Relief Characteristics classes are found to best separate
groups of watersheds according to their spatial location, morphometric di erences are found
between the basin drainage located in the Central and Western Cordillera, as well as direct
tributaries of the Cauca River show segregated characteristics to the data set. Finally, the
northern Colombian Andes exhibits an active landscape with unbalanced watersheds and
asymmetric divides, where recent landslides rather than ancient landslides predominate in
the divides. Geomorphology has an essential role in the analysis and comprehension of nat-
ural disasters. This thesis allowed to investigate the susceptibility of watersheds to develop
these processes from a look at larger scales of time and space that involves the study of the
evolution of the landscape.

Keywords: Drainage basin, Landslide, Debris flow, Susceptibility, Landscape evolution.



Resumen

Aproximacion al analisis de las condiciones de suscepti-
bilidad a deslizamientos y avenidas torrenciales en relacién
con la evolucion del paisaje en el norte de los Andes
colombianos.

El analisis de las condiciones de susceptibilidad por deslizamientos y avenidas torrenciales
es un tema importante para desarrollar diferentes estrategias que permitan mejorar el or-
denamiento territorial. Estos procesos son recurrentes en los Andes colombianos afectando
personas cada ano ademas de generar perdidas economicas. El analisis del paisaje requiere
la cuanti cacion de las caracter sticas topogra cas. Este estudio utiliza las redes de drenaje
como la forma en que se conecta la morfogenesis con la morfodinamica. Se utilizo un con-
junto de 25 ndices morfometricos y herramientas de analisis geoespacial para caracterizar 168
cuencas hidrogra cas del norte de los Andes colombianos, con el n de identi car patrones
anomalos en su distribucion y examinarlos en funcion de los inventarios de deslizamientos y
avenidas torrenciales recolectados. Se encuentra que los ndices asociados a las clases de Tex-
tura del Drenaje y Caracter sticas del Relieve son los que mejor separan los grupos de cuencas
de acuerdo a su localizacion espacial, tambien se encuentran diferencias morfometricas entre
las cuencas de drenaje ubicadas en la Cordillera Central y Cordillera Occidental, as como
en los a uentes directos del r o Cauca muestran caracter sticas segregadas al conjunto de
datos. Por ultimo, el norte de los Andes colombianos presenta un paisaje activo con cuencas
hidrogra cas desequilibradas y divisorias asimetricas, donde predominan los deslizamientos
recientes en lugar de los antiguos en las divisorias. La geomorfolog a tiene un papel esencial
en el analisis y la comprension de los desastres naturales. Esta tesis permitio investigar
la susceptibilidad de las cuencas hidrogra cas a desarrollar estos procesos a partir de una
mirada a escalas mayores de tiempo y espacio que involucra el estudio de la evolucion del
paisaje.

Palabras clave: Cuenca de drenaje, Deslizamiento, Avenida torrencial, Susceptibilidad, Evolucién

del paisaje.
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2 Contents

Introduction

The Colombian Andean region is one of the areas most a ected by morphodynamic processes
that have generated social, economic and political impacts over recent history. There are
43 landslides in Colombia every year that result in at least one death (Aristiabal and
Snchez, 2019). Landslides and debris ows are one of the most important natural hazards
and geotechnical risks on Earth (Sousa et al., 2020). Most of the time, these processes
come to the attention of both the public and private sectors because they are inherent to
the mountainous areas where di erent infrastructure projects are developed. Contributing
to the understanding of landscape dynamics in a tropical environment that accelerates the
weathering of materials a ected by active tectonic stress is a way of driving sustainable
growth.

The interaction between landscape and shaping processes such as landslides and drainage
networks has been studied from perspectives such as tectonic rock uplift, valley incision and
sediment transport (Seeber and Gornitz, 1983; Whipple and Tucker, 1999; Montgomery and
Brandon, 2002; Korup et al., 2010; Larsen and Montgomery, 2012). The multi-scale analysis
of geomorphic indices derived from digital elevation model (DEM) data together with other
techniques has allowed to understand some aspects of landscape evolution in the Colombian
Andes. Some of these ndings are landscape rejuvenation, drainage reorganization, incisional
wave migrating upstream, captures, fault activity, erosion rate variability, and uplift in the
Cordillera Central (CC) and Cordillera Occidental (WC)(Aristizabal and Yokota, 2006, 2008;
Bustos et al., 2013; Gallego, 2018; Noriega et al., 2020; Garca and Velandia, 2020; Struth
et al., 2020; Rerez-Consuegra et al., 2021a,b).

Drainage networks act as revealing agents of exogenous and endogenous disturbances that
can be propagated up hillslopes. Landslides are triggered by the imposition of body forces on
hillslope materials and have a crucial role in the erosion and topographic evolution of active
mountain belts (Hovius and Stark, 2006; Burbank et al., 1996; Larsen and Montgomery,
2012). All hydrologic and geomorphic processes occur within the watershed, which stores
key information to understanding geomorphic activity. For this reason, they are proposed as

a unit of analysis in this work to consider the hypothesis of how patterns of morphometric
anomalies in the drainage network and hillslopes can help to explain landscape evolution
and the current landslide and debris ow susceptibility in the northern Colombian Andes.

This research attempts to understand the coupling between drainage network and hillslope
in the landscape evolution of the northern Colombian Andes and their implications for the
landslide and debris ow susceptibility conditions. For this purpose, the specic objectives
are: to implement di erent techniques of quantitative geomorphology in the study area
to characterize and identify morphometric anomaly patterns; to examine geomorphological
features as part of landscape components, in the Central and Western Cordillera-North zone
in the Colombian Andes by morphometric analysis; to infer the impact of drainage network
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evolution on the hillslope processes; and to compile records of torrential ows, ancient and
recent landslides and correlate with landscape evolution.

The study of the geomorphological evolution of the landscape considers drainage networks
as the pathway that connects morphogenesis with morphodynamics. Some areas are more
susceptible than others according to intrinsic geological, geomorphological, and hydrological
factors. Itis essential to understand why those areas are more susceptible or have more active
morphodynamic processes than others, apparently similar. Numerical geomorphic analyses
represent an interesting approach to these studies, providing for a detailed and pretty ac-
curate identi cation of hidden topographic anomalies that may be related to landslides and
debris ows.

The manuscript is structured into three major sections, with a nal conclusion section that
summarizes the ndings. These parts are organized as separate articles, with the follow-
ing contents: Chapter 1 presents the literature review of events that have impacted the
recent history of Colombia, the study of landscape evolution in Colombia, and drainage-
hillslope interaction, Chapter 2 presents the characterization and identi cation of patterns
of morphometric anomalies in the study area by means of di erent techniques of quantita-
tive geomorphology, and Chapter 3 infer the impact of drainage network evolution on the
hillslope processes in the study area with the perspective of inventories of morphodynamic
processes collected from the study area.



1 Approach for analyzing landslide and
torrential ow susceptibility conditions
In relation to landscape evolution in
the northern Colombian Andes:
Literature review

Abstract

The analysis of landslide and torrential ow susceptibility conditions is an important topic

to develop di erent strategies to enhance land-use planning. These processes are recurrent
in the northern Colombian Andes a ecting people each year in addition to economic losses.
The study of landscape evolution as a baseline for understanding morphodynamics has been
little explored in the country. A literature review is conducted and includes a summary
of morphodynamic events that have impacted the recent history of Colombia, the study
of landscape evolution in Colombia, and drainage-hillslope interaction. Landscape tectonic
evolution has been widely discussed by di erent authors through di erent techniques and
methods with a clear pre-Quaternary history. Also, the use of morphometric indices to
survey drainage rearrangement is an outstanding approach applied to multiple morphotec-
tonic environments. The study of the geomorphologic evolution of the landscape considers
drainage networks as the route that connects morphogenesis with morphodynamics.

1.1 Introduction

Landslides and torrential ows are recurrent geomorphological hazards in mountainous re-
gions; they frequently cause social disruption with an impact on people's lives, infrastruc-
ture, and economic activities (Wood et al., 2020). During the period 1998-2017, landslides
a ected an average of ve million people and caused more than 18 000 deaths around the
world (CRED and UNISDR, 2017).
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Colombia is one of the countries most a ected by landslides (Petley, 2012; Sepilveda and
Petley, 2015). From 1900 to 2018, an estimated 30 730 landslides have occurred, according
to various catalogs and databases compiled by Aristizabal and Sanchez (2019); concentrated
in mountainous and densely populated areas of the country, have caused 34 198 deaths and
economic losses of USD 654 000 000.

In terms of torrential ows, between 1921-2018, 1538 events have been recorded in the country
(Aristiabal et al., 2020). The latest reports occurred in Quetame (Cundinamarca) on July
17th, 2023, with 29 fatalities and 25 a ected families (El Pas, 2023), Dabeiba (Antioquia)
on November 13th, 2020, with 8 fatalities and 360 a ected families (Aguirre, 2020; UNGRD,
2020); Mocoa (Putumayo) on March 31st, 2017 with a balance of 332 fatalities and 1461
a ected houses (Garca et al.,, 2019) and Salgar (Antioquia) on May 18th, 2015, with a
reported 93 fatalities and 1440 a ected people (Ruiz and Aristiabal, 2018) (Figuré&-1).

These morphodynamic processes are mainly triggered by intense or prolonged rainfall (Aris-
tizabal and Sanchez, 2019); some of the most catastrophic episodes in the country have
involved events linked to earthquakes and volcanic activity (Hermelin, 2005), as the disaster
in Paez on June 6th, 1994 with approximately 1100 fatalities (Wilches-Chaux, 2005) and the
disaster in Armero on November 13th, 1985 with more than 21 000 fatalities (Voight, 1990;
Cardenas, 2005) (Figurel-1).
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Figure 1-1: Location of high-impact historical debris ow events in the Colombian Andean
region

The mountainous topography of the Colombian Andes -scenario in which these events occur-
responds, in part, to the complex interaction of three tectonic plates and crustal blocks in
subduction and collision environments (Gonzalez, 2001; Hermelin, 2016). Furthermore, the
presence of active faults during the Quaternary (Paris et al., 2000) exhibits this region to
an intermediate to a high level of seismic hazard (Gallego, 2018). Collectively these char-
acteristics make the Colombian Andes a multi-hazard environment, with a highly dynamic
landscape developed over fractured and weathered materials, which hosts more than 65% of
the Colombian population.
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Interaction between exogenous and endogenous processes is re ected in the morphology of
the Earth's surface. The landscape retains an interpretative "signature” of tectonic forcing
(Kirby and Whipple, 2012) particularly, in active and compressional orogens. The drainage
network, in turn, responds and adjusts to conditions dictated by tectonics or climate by
changes in bed con guration, sediment supply, or modi cations in drainage cross-sections
and longitudinal sections (Korup, 2006). These mechanisms can be grouped into the uvial
incision theory, which drives landscape evolution.

Hack (1957) refers to the term landscapes in dynamic equilibrium and establishes the idea
that landscape morphology could remain xed in space if the uplift of the terrain reaches
equilibrium with erosion. The adjustment of the evolution of the slope to the incision of
the river is essential to maintain the topography in a stationary state (Montgomery, 2001)
however, during the time it takes to reach that state for the slope, and the watershed as a
whole, it will be in a transient state.

Landslides have a crucial role in the erosion and topographic evolution of active mountain
belts, as the slope dynamically adjusts to the incision of the river bed (Burbank et al., 1996;
Hovius and Stark, 2006; Larsen and Montgomery, 2012). Analysis of the drainage network
and hillslope is one way to capture changes in the landscape that in turn may result in the
current susceptibility environment for landslides and torrential ows. This study proposes to
carry out these analyses through the use of quantitative geomorphology, which provides tools
that allow the use of di erent morphometric relationships that re ect changes in watersheds.

1.2 Geologic and tectonic setting of the northwestern
Andes of Colombia

The orogenic system of the Colombian Andes is morphologically distinguished by three
mountain ranges with N-NNE orientation -the Western, Central, and Eastern Cordilleras-
separated by prominent topographic depressions: Cauca River and Magdalena River. They
are the result of the complex, prolonged, and progressive regionally punctuated nature of
the tectonic evolution of the Northern Andean Block (NAB) and the feedback mechanisms
of the coupled lithosphere-atmosphere system (Cediel et al., 2003; Restrepo et al., 2019).

The northern Andes exhibit several distinctive features such as the presence of accretionary
oceanic material and the transpressional deformation regime during Cenozoic mountain
building (Mora et al., 2020); complex convergence of major plates (Nazca- Farallon, Co-
cos, Caribbean, and South American), continental blocks (e.g., NAB); young intra-oceanic
arc complexes (e.g., Panama Choco Block [PCB]), oceanic plateaus (e.g., Caribbean Large
Igneous Plateau [CLIP]), and aseismic oceanic ridges (Restrepo et al., 2019). During the
Miocene, the evolution of the Northern Andes was in uenced by the subduction of the
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young oceanic Nazca Plate and the nal collision of the Panama-Choco Block (PCB) with
the western margin of Colombia.

These patrticular interactions explain the presence of two tectonostratigraphic domains in
the northern Andes: the autochthonous continental domains and the allochthonous oceanic
domains, spaced by the Cauca-Almaguer Fault (Cediel et al., 2003; Villagpmez and Spik-
ings, 2013). Furthermore, the geological and structural diversity results in the division of
the domains into major blocks. In the far west is the PCB a Campanian- Eocene oceanic al-
lochthonous magmatic arc (Bourgois et al., 1982; Buchely et al., 2009) is constrained by The
Garrapatas - Dabeiba - Pueblo Rico - Uramita Fault System, also called the Uramita Suture
(Duque-Caro, 1990; Nivia et al., 1992). Eastward continuing, oceanic plateau fragments and
volcano-sedimentary rocks constitute the Cretaceous and early Paleocene basement of the
northern Western Cordillera named by Cediel et al. (2003) as Canasgordas Domain (CG);
bordering on the west with the Uramita Suture and on the east with Cauca Almaguer Sys-
tem Fault. More to the east a deformed early Cretaceous Wedge (CW) is found relict of a
magmatism arc consisting of metamorphic and volcano-sedimentary rocks (Quebradagrande
and Arqua complexes respectively; Cediel et al. (2003); Villagpmez and Spikings (2013))
and constitute the westernmost tectonostratigraphic entity of the autochthonous domains;
eastern boundary is marked by the San Jeronimo Fault (Lara et al.,, 2018). Finally, au-
tochthonous continental basements of Colombia's Central and Eastern Cordilleras are mainly
composed of Proterozoic continental metamorphic rocks covered by a thick layer of Paleo-
zoic to Cenozoic, marine to continental, sedimentary rocks deformed and folded during the
Andean Orogeny since Paleogene times (Reyes-Harker et al., 2015). The Central Cordillera
basement is intruded by Upper Cretaceous and Paleogene intrusives (UCPI) (Ortbnez et al.,
2007; Bustamante et al., 2017) (Figurd-2).
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Figure 1-2: Lithotectonic domains and main faults of the northwestern Andes and study
area (modi ed of Cediel et al. (2003); Lara et al. (2018); Jaramillo et al. (2019)).
Black arrows represent the motion vectors relative to South America Plate after
Mora-Paez et al. (2019). PCB: Panana-Choo block, CG: Canas Gordas Do-
main, CW: Early Cretaceous Wedge-Quebradagrande and Arqua Complexes,
UCPI: Upper Cretaceous and Paleogene intrusives, NAB: North Andean block.

The nal collision of PCB after the middle Miocene (13-15 Ma) (Montes et al., 2015) caused
a rapid and generalized topographic construction of the Andes with altitudinal increments
of 7-12 km between 10 and 3 Ma (Kellogg et al., 2019; Mora et al., 2020) and the occurrence
of highly deformed zones up to 40 km wide (e.g., Istmina Deformed Belt) (Duque-Caro,
1990). Acceleration in exhumation rates generates changes in sediment supply patterns
with granulometric variations and modi cations in river systems. Reyes-Harker et al. (2015)
document increased instability inboard the continent, in the inter-Andean Magdalena Valley
and Eastern Cordillera. However, along the western cordillera, the Amag Formation is one
of the sedimentary units that has been able to capture the e ect of these events on uvial
dynamics. According to Silva Tamayo et al. (2008) as uplift along the Cauca depression
continued, a reduction of the accommodation space generated the replacement of meandering
river systems (Lower Member) by braided river systems (Upper Member).
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Additional e ects of the arrival of PCB are also related to renewed coupling and the increased
convergence of the Nazca Plate beneath South America building a modern magmatic arc
mostly exposed south of 5°N. The Combia volcanic complex (9{® Ma) (Jaramillo et al.,
2019) is exposed in the northern margin characterized by an initial eastward migration and
resulting decline. The abrupt disappearance of volcanism in the Andes of South America
at latitudes > 5°N is thought to be related to the attening of the subducting Nazca plate
(Chiarabba et al., 2015; Syracuse et al., 2016; Wagner et al., 2017).

This peculiarity coincides with the longitudinal orientation change de Cauca-Romeral Fault
System from a NNE-SSW to a predominantly N-S direction (Restrepo et al., 2019). Rerez-
Consuegra et al. (2021b) interpret an increase in uplift rate north of the slab tear based
on attributes of the Cauca River pro le steepness increases dramatically and increase in
catchment erosion rates observed in gauge data along the Cauca River. Vargas and Mann
(2013) discuss other changes related to high-grade metallic mineral deposits and morpholog-
ical changes in the Cauca and Magdalena rivers from broad valleys to steeper relief gorges
near the surface projection of the slab. Leon et al. (2018) consider the at-slab subduction
regime in northern Colombia functioned as an additional tectonic mechanism in the recent
uplift pulses.

Subsequently, there is a volcanic silence betweer®¥ Ma (Wagner et al., 2017) disrupted
by renewed magmatism due to slab failure along the Caldas Tear (Vargas and Mann, 2013;
Wagner et al., 2017). The presence of ashes with ag€ Ma tting the present topography

of the terrain in the northern Cordillera Central (Toro, 1999, as cited in Rencdn et al., 2006)
and on the eastern ank of the Cordillera Occidental (Calle and Gonalez, 1982) may be
indicative of an early con guration of the landscape similar to the one we observe today.

The NAB and the PCB constitute the mountainous realm of NW South America (Restrepo

et al., 2019). GPS measurements from the late 1980s and early 1990s to 2007 (GeoRED
Project) show a relative eastward slip of the NAB relative to South America likely re ecting
deformation related to the Panama collision. Mora-Raez et al. (2019) estimate a higher
velocity in the margin-parallel (035) component of 8.1 mm/yr than in the margin-normal
component of 43 mm/yr. In addition, the deformation rate on the parallel component
increases up to 1@ mm/yr north of 7° N latitude probably due to the Panarma arc{North
Andes collision.

Recent topographic growth is a ubiquitous phenomenon in the northern Andes. Some ge-
omorphic features such as deep canyons in the northern Cauca River valley between the
Western and Central Cordilleras may suggest youthful rock uplift and river incision (Mora
et al., 2020). The con guration of blocks, plates, and terrains with collision-escape charac-
teristics is typical. They are made up of diverse lithological compositions, with some areas
in uenced by extrusive and intrusive volcanic activity of di erent ages. The chronostrati-
graphic record in the northern Andes has a di erent genesis and although there are common
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factors shaping these heterogeneous materials today, such as dissection by drainage, slopes,
and erosion within the basin, the morphodynamic response is variable.

1.3 Landscape evolution studies in Colombia

The great tectonic event of the Andean orogeny and its di erent phases can be considered
as the supporting factor in the conformation of the current landscape, with implications
going from the distribution and behavior of the drainage network to the diversi cation of
species or the creation of areas as diverse as the Amazon (Hoorn et al., 2010). Although the
history of the Colombian Andes started towards the end of the Cretaceous, possibly most
of the current geographic and biological con guration has been de ned since the end of the
Neogene.

A sequence of deformational and accretionary events with in uence in the formation of the
northern Andes is related to complex interactions between the Nazca, Caribbean, and South
American plates and Panama-Chom block and the reactivation of ancient fault systems.
This endogenetic activity has provided to several authors to develop long-term landscape
reconstructions using techniques such as paleomagnetism (Page, 1986; Sierra et al., 1995;
Montes et al., 2015; Noriega-Londofo et al., 2022), thermo-kinematic modeling (Zapata
et al., 2021), [ U/Pb] dating (e.g. Montes et al., 2010; Villagpmez et al., 2011), ssion track
and thermochronology (Saenz, 2003; Cardona et al., 2011; Villagomez and Spikings, 2013;
Leon et al., 2018), palynology (Garcia et al., 2011) and thermoluminescence (Garca, 2007).

There are other contributions to landscape evolution from a closer geomorphological ap-
proach that have examined the interaction between tectonics and surface processes. In the
1980s, the Colombian Andes were the object of study in topics related to tectonic activity
and its in uence on pre-feasibility studies of hydropower plants. The work of Page (1986)
condenses the information collected during years of eldwork, based on geomorphological fea-
tures and dating to identify active faults. The reconnaissance of Quaternary deposits (fan
deposits, alluvial deposits, landslide deposits) to evaluate regional tectonic uplift, deforma-
tion, and erosion rates led to the identi cation of erosion surfaces in the Western Cordillera
and Central Cordillera which are preserved in stable terrain with little change over time
(Page, 1986). This work set a precedent in Colombia on the use of landscape features as a
screen that records the dynamics of internal processes with the possibility of increasing the
scope towards the explication of morphodynamic processes.

Studying the evolution of the Colombian Andes involves looking at erosion surfaces as geo-
morphological macro-units. Page (1986) de nes them as undulations with low hills, smooth
slopes, and wide valleys formed at sea level, which are preserved in stable terrain with lit-
tle change over time. These environments stand out in the northern region of the Central



Approach for analyzing landslide and torrential ow susceptibility conditions in relation to
12 landscape evolution in the northern Colombian Andes: Literature review

Cordillera with stepped morphologies, features that re ect di erent tectonic uplift mecha-
nisms and processes (Bustos et al., 2013).

The names assigned to each of the steps or levels vary according to the idea of each author.
The Central Cordillera Page (1986) suggests the presence of four levels while Arias (1995)
de nes three levels (Figurel-3). On the other hand, Toro et al. (2008) suggest the existence
of four di erent levels separated by tectonic elements and related to the tectonic activity
(PRE-A [Pre-Andes], Tectonics, B [Batolito], Sl [LIanos de Cuiva, La Unbn], SlI [Ro Negro]

and the type Other [Origin unknowny).

Figure 1-3: Comparison between nomenclatures in erosion surface levels Page (1986); Arias
(1995).

The erosion surfaces in the Western Cordillera are scarce and less preserved. Page (1986)
reports the erosion surface San Juan located south of the Serrana del Baud and the erosion
surface Tomate and Ro Verde in areas close to Montera. Meanwhile Noriega (2016) delimits
some at summits correlatable with a Pre-A level on the axis of the mountain range and
some others more to the west related to the Mance Plateau.

The Antioqueno Plateau (AP) is the largest set of erosion surfaces in the northern Andes
of South America (Bustos et al., 2013), mainly composed by the Antioquia Batholith, char-
acterized by the formation of thick saprolites (Garcia and Hermelin, 2004). The materials
that compose these geomorphological macro-units have been used as markers of the land-
scape because they have the properties of a fossilizing agent. Some ndings have allowed the
interpretation or recording of contrasting changes in climate as the Last Glacial Maximum,

an erosive period of dry and cold conditions with intermittent rainfall and little vegetation
that provided regional evidence of the stoneline on the highlands (Garca, 2007).

Di erent morphogenesis in the ridges from the high plateaus to the hillsides, canyons, and
valleys generate di erent and characteristic dynamics in each one of them. There, the pres-
ence of landslides and torrential ows as geomorphological processes in uence the evolution
of the landscape. From De Grei et al. (2004), who note how morphodynamic processes
have changed the behavior of the upper Medelln river basin, to Rendn et al. (2006), who
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use the stratigraphy of the slope deposits in the Abura Valley to trace their origin, high-
light morphodynamic processes as changing agents of the landscape and at the same time
essential to understand the series of events that generate them.

1.4 Drainage-Hillslope interaction

Landscapes are the outcome of external perturbations, such as climate or tectonic variability,
and internal dynamics originating from the coupling between the uvial incision and hillslope
response (Glade et al., 2019; Hovius and Stark, 2006). The channel network in active orogens
dictates the pace at which landscapes respond to changes in forcing driven by changes in
baselevel (tectonic, eustatic, or drainage reorganization) and/or in climate state (Kirby and
Whipple, 2012).

Bedrock channels play a key role in landscape evolution. The ability of streams to incise
through bedrock ultimately sets the rate of lowering of a landscape, and therefore mass
removal, in actively rising mountainous regions (Snyder et al., 2003; Kirby and Whipple,
2012). A river a ected by a base-level rise or fall will degrade or aggrade to restore its
equilibrium pro le (Lane, 1954). Rivers in equilibrium conditions owing over homogeneous
lithology develop a typical concave-shaped pro le, with higher gradients in source areas
and smoother gradients near their mouths. This concave-shape pro le is the consequence
of the inverse relation between discharge (that can be approximated by upstream area)
and gradient (that can be approximated by channel slope) (Rerez-Pena et al., 2017; Obaid
and Allen, 2019). Topographic pro les depict long-term landscape equilibrium, whereas
river longitudinal pro les represent the short-term response of the landscape to tectonic,
lithological, and climatic changes. In other words, the river longitudinal pro les are an
approximation for the recent to present-day response to the geological and active process and
climatological variations (Rerez-Pena et al., 2017). The transient response to perturbations
away from equilibrium engenders speci ¢ spatial patterns in channel pro les that can be
used to infer aspects of the forcing (Kirby and Whipple, 2012).

The mechanism of the drainage system and surrounding hillslopes to adjust to an external
disturbance implies a continuous base level change, thus maintaining high vertical erosion
rates (Burbank et al., 1996; Rerez et al., 2009; Whipple et al., 2017). Many bedrock rivers,
however, do not respond to perturbation by the geologically instantaneous lowering of the
channel bed and hillslopes at the rate of surface uplift. Instead, such channels develop one or
more knickpoints, which are steplike steepening in the channel pro le which, as a transient
wave of incision, propagate up through the catchments triggering knickpoints in tributaries
and steepening hillslopes (Bishop, 2007). Other common trigger factors that may cause
knickpoints along the stream channels are lithology change (variation in strata properties)
and the impacts of persistent bedrock landslide and/or rock avalanche dams that block the
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channel pro le at a xed point (Obaid and Allen, 2019).

Large knickpoints may totally change the uvial process and river morphology (Wang et al.,
2012), as the river adjusts to the new boundary conditions resulting in hillslope instabilities
and landsliding (Boulton, 2020). According to Gallen et al. (2011) the increase in potential
energy is stored in hillslopes downstream of the knickpoint increasing rates of mass wasting
that result in a long-term increase in basin denudation ultimately followed by the reduction
of elevations within the basin, this continues until the knickpoint has reached its terminus
in the landscape and the hillslopes have once again equilibrated to the new local baselevel.

Bigi et al. (2006) investigated hillslope response to knickpoint migration using analog sand-
box models, and con rmed a signi cant spatial and temporal relationship between migrating
knickpoints and mass wasting on experimental hillslopes. These authors presented a concep-
tual model in which migrating knickpoints increase mass wasting frequency by undercutting
and destabilizing the toes of adjacent hillslopes. According to Wistuba (2014) landslides can
determine the mode of relief evolution and show that erosion and landsliding are strongly
coupled in the sense that erosion causes landsliding of the slope and, landsliding disturbs the
course of uvial processes in the channel and causes increased erosion, which again triggers
landsliding, thus the slopes move to a state of equilibrium through cyclic landsliding.

Work by Campforts et al. (2020) illustrates that a landscape requires a certain response
time to recover from a landslide event|or a series of landslide events| to evolve back to

a steady-state con guration. Hovius and Stark (2006) found that landslides govern the
evolution of drainage networks in young, growing mountain belts, limit mountain relief and
balance tectonic uxes, and drive the sediment ux to adjacent basins and demonstrated
that landsliding can drive the formation of major valleys in uplifted terrain, and provide the
nuclei for lower-order tributary streams.

Landslides are known to mediate long-term landscape evolution (Korup et al., 2007). By
altering sediment uxes, they fundamentally alter the dynamic equilibrium between hillslopes
and rivers, resulting in long-term implications for landscape evolution (Egholm et al., 2013).
Moreover, large landslides can mobilize su cient material to block drainage networks, cause
signi cant valley- oor aggradation, decrease local relief, and stepped river pro le (Korup
et al., 2010). Ouimet et al. (2007) explore a probabilistic, numerical model to provide a
guantitative framework for evaluating how landslides in uence bedrock river incision and
landscape evolution, they showed that landslide e ects are a by-product of rapid incision
initiated by regional uplift. However, over timescales relevant to landscape evolutior 104
yr), large landslides produce landslide dams that can act as a primary control on channel
morphology and longitudinal river pro les, inhibiting incision and further preventing the
complete adjustment of rivers to regional tectonic, climatic, and lithologic forcing.
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1.5 Methods for researching the landscape evolution: a
geomorphological review

Since about 1990, the eld of long-term landscape evolution has been stimulated by the plate
tectonics revolution and its re-forging of the link between tectonic processes topography,
and surface processes (Bishop, 2007). The development of numerical models with ongoing
increase in computing power, low-temperature thermochronology, and cosmogenic isotope
analysis have been applied in the eld of long-term landscape evolution, associated with
tectonic geomorphology, in order to understand surface processes such as the rates of erosion
and sediment ux.

Although for authors as Egholm et al. (2013) stream-power models do not adequately cap-
ture the role of mobile sediment in uvial erosion and do not always account for the long-
term erosion rate of bedrock landscapes, it is a fact that numerical modeling of mountain
landscapes is most commonly used based on geometrical, morphometric, hydrological, and
vegetation inputs for simulating the future changes of the Earth's surface (Willett et al.,
2001; Wobus et al., 2006; Yang et al., 2015; Sorensen and Yanites, 2019; Beeson and McCoy,
2020). However, these models require input data at the highest possible resolution, challeng-
ing conditions for the study area. Nones (2020) considers that the application of landscape
evolution models to river basins gives the opportunity to have a graphical representation of
the basin evolution enhances the ability of scientists and non-experts to interpret possible
changes of the surface and quantify the consequences of various hypotheses about uvial
dynamics.

Low-temperature thermochronology is one of the techniques to measure rock mass ux over
a range of temporal and spatial scales, in order to estimate the age at which the rock passed
through a predetermined temperature (Restrepo et al., 2019). Noriega et al. (2020) through
this technique identi es di erential surface uplift and reactivation of the Espiritu Santo fault

in the northwestern part of the Central Cordillera. The application of in-situ cosmogenic
nuclides to sediments at a catchment outlet determines catchment-wide erosion rates (Bishop,
2007). Struth (2016) through this method nds contrasting erosion rates between the eastern
and western anks of the Eastern Cordillera. (70 mm/kyr vs. 11 mm/kyr ). These methods
are tools that allow the construction or evaluation of landscape evolution models and in
Colombia, they have been used transversally with morphometric indices to reveal erosional
contrasts in progressive drainage reorganization.

1.5.1 Morphometric indices in geomorphology

River basins are the fundamental geomorphic unit. The use of diverse morphometric in-
dices to survey drainage rearrangement is an outstanding approach applied to multiple mor-
photectonic environments by various authors (Yen-Chieh et al., 2003; Rerez et al., 2009;
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Shahzad and Gloaguen, 2011; Kirby and Whipple, 2012; Flores et al., 2015; Sharma et al.,
2018; Figueiredo et al., 2019). Also, geometric and morphometric characteristics of water-
shed support the methods widely used for the analysis of landscape evolution suggested by
Bishop (2007) in long-term landscape evolution eld: low-temperature thermochronology;
the analysis of in situ terrestrial cosmogenic nuclides and numerical modeling of landscape
evolution.

The morphometric characteristics at the watershed scale may contain important information
regarding its formation and development. The quantitative description of the basin by means
of morphometric parameters can be grouped according to the attributes of the texture of
the drainage network, the geometry of the basin, and the characteristics of the relief. These
results are the rst approach to quantifying the con guration of the basin.

Another group of more robust indices involves regressions, integrals, or calculations along
the length of drainage or accumulated areas in watersheds. Some of these are known as the
(Chi) parameter (Perron and Royden, 2013), the Hack index (Hack, 1957), and the slope-
area plots (Snyder et al., 2000) that allow to point out zones associated with unbalanced

conditions.

The study of longitudinal pro les is the best representation of the geometry of valleys forms.
The present morphology of the main and tributary streams is the result of dierent geo-
morphic processes with varying intensities. These pro les indicate the various stages and
characteristics of the valley forms. Fluvial, lithologic, and tectonic processes dominate the
existing valley forms. The longitudinal pro le is an erosional curve, which can interpret the
surface history and di erent stages of valley development from source to mouth. Therefore,
combined with swath topographic pro les becomes a widely used analysis to explore the long
and short-term landscape responses (Rerez-Pena et al., 2017).

The multi-scale analysis of geomorphic indices derived from digital elevation model (DEM)
data has allowed to understand some aspects of the landscape evolution in di erent envi-
ronments, ranging from coastal environments to high alpine terrains. The central role of
drainages in the con guration of relief facilitates an approach to the morphometric charac-
teristics of their basins. In the eld of morphotectonics, the application of morphometric
indices related to the drainage network has been common because of its capacity to show
changes in the cycle of uvial incision due to deformation events, for example.

Sharma et al. (2018) evaluated active tectonics by using high-resolution DEM based on
geomorphic indices (stream length gradient index, valley oor width-to-height ratio, hypso-
metric integral, drainage basin asymmetry, mountain front sinuosity index, bifurcation ratio,
and basin shape index) in a Himalayan basin. Swath topographic pro les, basin asymme-
try factor (AF), and normalized river long-pro les were used by Corréa et al. (2019) for
validating a neotectonic origin for the dome-like morphologies in a basin in Brazil. Ponza
et al. (2010) quanti ed topography and relief in the Apennine Mountains by means of swath
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pro les, and ksn values that indicate active channel adjustments to tectonic forcing.

A study with a closer approach to link erosive processes as a response to tectonic activity
is presented by Flores et al. (2015) through DEM analysis and lineament interpretations of
Synthetic aperture radar (SAR) images in a basin in Tanzania where they analyze changes
in the base level and statistical moments of the hypsometric curves what provides evidence
for the spatial distribution of gully erosion phenomena associated with tectonic deformation.
On the other hand, Korup et al. (2005) incorporate historic landslide denudation rates, and
landslide density in a regional-scale relief analysis in the western Southern Alps and concerns
variables such as mean basin relief, a modeled stream-power erosion index, and river incision
rates in order to obtain a map of regional erosion and denudation. Tacconi et al. (2016)
explore landslide dams evolution over large areas by analyzing landscape morphometry via
Morphological Obstruction Index and Hydromorphological Dam Stability Index.

In the northern Andes, the study of landscape evolution from the quantitative geomor-
phology component was initiated by Aristizabal and Yokota (2006, 2008), with the aim of
evaluating the dynamics and mechanisms of slopes to understand the current occurrence of
landslides based on the measurement of morphometric features in channel pro les, correla-
tion of alluvial terraces and geochronology of slope deposits in the Aburr'a Valley. Bustos
et al. (2013) in the Antioquia Plateau employs the hypsometric integral and features such as
tilting of erosion surfaces, interruptions by structures, and di erential erosion that allow to
characterize the surfaces and relate their morphology with physical and climatic phenomena
such as: super cial terrain uplift, erosion, river incision and presence of faults.

Garca and Velandia (2020) and Garca et al. (2020) in the northeastern edge of the Central
Cordillera and in the northern part of the Eastern Cordillera explore recent tectonic activity
through the geomorphological analysis including swath pro les, local relief, slope variability,
normalized concavity steepness (ksn), the hypsometric integral (HI), the ratio valley oor
width to valley height (Vf) and normalized river proles and nd along-strike changes in
divide mobility with discrete capture events. A regional analysis in the Central Cordillera
and Western Cordillera implemented by Rerez-Consuegra et al. (2021b) by using local relief,
river steepness, swath pro les, and -index exhibit large-scale drainage reorganization driven
by changes in upper plate deformation.

The central role of rivers in shaping landscapes by the in uence of structural frameworks like
active faults has been measured by quantitative geomorphology tools since the beginning
of the 21st century (e.g. Snyder et al., 2000) up to the present (e.g. Rerez-Consuegra
et al., 2021b). The advance in the development of computational tools focused on landscape
analysis, like GIS software, allows fast and systematic calculations of various types of indices,
as well as the generation and manipulation of graphs and associated maps which have become
standard tools for analyzing drainage network metrics. Some of the programs or software
packages are Tecdem, TopoToolbox, LSD topotools, TAK.
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1.6 Morphodynamics starting from landscape evolution

The understanding of the landscape and the processes that have been acting on it throughout
geologic time has been discussed from di erent approaches and methods. River evolution
over geological timescales is one of the key goals of quantitative geomorphology (Lague,
2014) for the capacity to store information about tectonics, lithology, erosion, and climate,
and how those things have changed through time. The rapid response of drainage systems
to endogenous forces (Seeber and Gornitz, 1983; Snyder et al., 2000; Kirby and Whipple,
2012; Perron and Royden, 2013; Willett et al., 2014; Forte and Whipple, 2018) develop
mechanisms to dissipate disturbance through the generation and migration of knickpoints
a ecting watershed hillslopes (Bigi et al., 2006; Castillo et al., 2013; Glade et al., 2019).
Based on this precedent, the relationship between the evolution of the drainage network
and the presence of landslides has been approached from two complementary perspectives:
landslides are a product of rapid incision-regional uplift (Snyder et al., 2000; Ouimet et al.,
2007; Castillo et al., 2013) and landslides modify the landscape (Hovius and Stark, 2006;
Korup et al., 2010; Dahlquist et al., 2018) for example through landslide dams exert primary
control on channel morphology and longitudinal river pro les (Wistuba, 2014).

In the colombian Andes limited studies on morphometry and landscape evolution have been
carried out during the last years, mainly in the Central and Eastern Cordilleras. Authors
including Aristizabal and Yokota (2006, 2008), Bustos et al. (2013), Gallego (2018), Noriega

et al. (2020), Garca et al. (2020), Struth et al. (2020) and Rerez-Consuegra et al. (2021b)
have used drainage basin geometry and geomorphometric analysis for exploring landscape
and tectonic activity. These studies lead to the conclusion that the Central and Eastern
cordilleras are undergoing processes such as landscape rejuvenation, drainage reorganization,
incisional wave migrating upstream, captures, fault activity, erosion rate variability, and
uplift.

Although these studies nd important changes taking place in the landscape, there is a
lack of focus on the link between the incidence of these processes on the susceptibility of
watersheds to landslide and debris ow events. The use of morphometric indices has been
restricted to tectonic purposes without incorporating morphodynamics as originally initiated

by Aristizbal and Yokota (2006). For this reason, the identi cation of landscape attributes

by means of morphometric indices and their link with the susceptibility to these events is an
interesting research topic. In addition, in the particular geodynamic context of the northern
Andes with the presence of multiple sutures and fault zones, quantitative analysis of channel
morphology can provide insight into the spatial and temporal dynamics of active deformation
(Ponza et al., 2010; Kirby and Whipple, 2012).

Landslides and debris ows are a very common phenomenon in the tropical mountains of
Colombia. There are some areas more susceptible than others according to geological, ge-
omorphological, and hydrological factors. It is essential to understand why those areas are
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more susceptible or have more active morphodynamic processes than others, apparently sim-
ilar. In general, the quantitative relationship between channel steepness and erosion rate is
known but not how the frequency of debris ows in uences that relationship (Kirby and
Whipple, 2012).

Measuring geomorphologic variation in the landscape could be interpreted as applying infor-
mation on the origin and evolution of landforms and materials, the activity and frequency
of processes, and the nature of hazards to predict the nature of system behavior in the
future (Brunsden, 2002). Having a better compression of morphodynamics from morpho-
genesis is important to assess landslide and debris ow susceptibility conditions in relation
to landscape characteristics and evolution, to support hazard assessment, and consequently
to reduce human and economic losses.

1.7 Future directions and conclusions

The Colombian Andes have a complex evolution and morphotectonic con guration marked
by terrain accretion and reactivated regional faults. The morphogenetic diversity of the
materials that make up the landscape gives clues to the morphodynamic variability that can
be expressed by the relief undergoing recent topographic growth. In addition, the presence
of the highlands shows that there are di erent erosion rates in the Central and Western
cordilleras with elevated thresholds.

Landslides and torrential ows are common phenomena in the Colombian Andes that have
generated social and economic impacts throughout history. A landscape is a heterogeneous
terrain composed of a cluster of interacting basins that is repeated in similar form throughout,
with the possibility to simplify heterogeneity to patterns. One of the proposals that emerge

is to understand the susceptibility of watersheds to the development of these phenomena
from a look at larger scales of time and space that involves the study of the evolution of the
landscape.

Fluvial drainage networks are recorders of the forcings that shaped a landscape. Quan-
titative synthesis of watershed characteristics can be achieved by means of morphometric
indices. Limited studies have been carried out in the Colombian Andes involving the use of
morphometric indices in the eld of landscape evolution. The ndings, although they point
out the imbalance and migration of watershed divides in basins over the Central and Eastern
cordilleras, are not related to landslide and torrential ow susceptibility issues, but they are
undoubtedly an important contribution to the understanding of landscape evolution in the
country.

The degree of land susceptibility is determined by factors intrinsic to the terrain. The ne-
cessity for e orts in better insight into susceptibility is part of the sustainable development,
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civil protection plans and civil engineering works due to the increase in the incidence of and
exposure to landslide processes with climate change and population growth. Quantitative ge-
omorphology has the potential to provide the tools to perform these analyses or relationships
between landscape evolution and morphodynamic activity useful for proper land planning.



2 Characterization and identi cation of
morphometric patterns in the northern
Colombian Andes using quantitative
geomorphology techniques.

Abstract

Landscape analysis requires the quanti cation of topographic characteristics. Morphometric
indices are presented as relief descriptors that give each basin, as a unit of analysis, the
possibility of being characterized and classi ed. The application of morphometric indices
in the Colombian Andes has been focused mainly on the Central and Eastern Cordilleras.
Here a large zone in the northern Andes is selected, which includes the Central and Western
Cordillera. A set of 25 morphometric indices were applied to 168 watersheds in order to
identify anomaly patterns in their distribution and thus examine geomorphological features
as part of landscape components. Indices associated with the Drainage Texture and Relief
Characteristics classes are found to best separate groups of watersheds according to their
spatial location, tested through the kernel distribution and Moran's index. Morphomet-
ric di erences are found between the basin drainage located in the Central and Western
Cordillera, as well as direct tributaries of the Cauca river show segregated characteristics
to the data set. Finally, the northern Colombian Andes exhibits an active landscape with
unbalanced watersheds and asymmetric divides.

2.1 Introduction

The Colombian Andes are one of the most representative active orogens in the world consti-
tuted in its northern part by blocks with di erent history and evolution with the prevalence

of Neogene to Quaternary orogenetic activity (Restrepo et al., 2019). Analysis of tecton-
ically active landscapes requires quanti cation of topographic features, documentation of
uplift rates, and geomorphic processes (Burbank et al., 1996). Landscape evolution depends
on endogenetic processes and the modi cation of exogenous agents, which act on the land
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surface at di erent rates and intensities, and over geological time intervals, modeling the ter-
rain. On shorter time scales morphodynamics continue to shape the relief and are responsible
for the current state of the geoforms or terrain units (Leiva et al., 2012).

Morphometric indices are topographic descriptors of the landscape that can be discretized
into river basins, making them the fundamental geomorphic unit. Landscape morphology

re ects the spatial and temporal history of erosion (Hurst et al., 2019). The action of
geological processes and climatic conditions develop geoforms and speci c characteristics
in sets of basins, expressed in geometric attributes or in the drainage network, which can
enhance the occurrence of morphodynamic processes. Understanding the manner and degree
to which topography in active mountain ranges re ects the deformation of the Earth's surface
remains a rst-order goal of tectonic geomorphology (Kirby and Whipple, 2012).

Rivers in the northern Colombian Andes are e ective in sediment production, transport
and deposition and thus in shaping tropical landscapes. Likewise, sediment production and
hillslope form are controlled by mass wasting processes, such as landslides and debris ows
(Mackey, 2009). The quantitative scope of the study of earth surface processes began in the
middle of the 20th century and then at the beginning of the 21st century pioneering works
such as that of Snyder et al. (2000) used DEM to quantify the landscape.

Recent research e orts in the eld of geomorphic analysis have been carried out with a
range of approaches and scopes. Worldwide, in places such as the Himalayas (Kirby and
Whipple, 2001; Sassolas-Serrayet et al., 2018), European Alps (Korup et al., 2005; Radaideh
and Mosar, 2019), Mountain ranges in Taiwan (Whipple et al., 2017; Yen-Chieh et al., 2003),
Tibetan Plateau (Ouimet et al., 2007; Wang et al., 2019) and Sierra Nevada of California
(Montgomery, 2001; Snyder et al., 2003; Wobus et al., 2006; Beeson and McCoy, 2020) studies
of landscape morphometry have been linked to an interest in identifying areas experiencing
rapid tectonic deformation.

In the case of the Colombian Andes, this scope has also been shared. In studies conducted
by Noriega (2016), Gallego (2018), Garca and Velandia (2020), Garca et al. (2020), Struth

et al. (2020), Noriega et al. (2020) and Rerez-Consuegra et al. (2021b) methods such as
hypsometric integral, asymmetry factor, elongation index, analysis of longitudinal pro les,
swath pro les, -elevation plots, across-divide -values, valley-width ratio and normalized
concavity steepness among others, have been used to identify areas that have undergone
recent tectonic deformation, landscape rejuvenation, recent increase in rock and surface
uplift and progressive drainage reorganization in Central Cordillera and Eastern Cordillera
mainly.

The research works of Noriega (2016), Gallego (2018),Garca and Velandia (2020) and Nor-
iega et al. (2020) have been carried out in the Central Cordillera, while Garca et al. (2020)
and Struth et al. (2020) have as study area the Eastern Cordillera. Even though in the
work of Rerez-Consuegra et al. (2021b) the Central and Western Cordillera are involved,
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no discretized morphometric indices are calculated in the tributary basins of the Cauca
River. Therefore, the present work provides a comprehensive geomorphological analysis of
the northern Colombian Andes, extracting information from morphometric indices associated
with multiple basins located in the Central and Western Cordillera.

The main objective of this research is to implement di erent techniques of quantitative
geomorphology in the study area to characterize and identify morphometric anomaly patterns
and thus examine geomorphological features as part of landscape components, in the Central
and Western Cordillera-North zone in the Colombian Andes by morphometric analysis.

2.1.1 Study area

The 68,000 knd of this study area is located in the northern sector of the Central and Western
Cordilleras near their foothills in the Colombian Andes, between latitudes’50' N and 85' N
and between longitudes -780" W and -7£435' W. This study focuses on 168 basins draining
an area towards major basins: the Atrato River in the west, the Cauca River that crosses the
central part of the area and the middle valley of the Magdalena River in the east. For a better
characterization of the area, the upper basins of the San Juan, Siru, and San Jorge rivers are
included (Figure 2-1). It covers totally or partially the departments of Antioquia, Caldas,
Choo, rdoba, and Risaralda. The topography is mountainous and strongly dissected
with steep slopes that are smoothed to the west in the plains of the Atrato River, to the
east in terraces adjacent to the Magdalena River, and the north with the beginning of the
Siru and San Jorge River plains. The relief presents great contrasts with maximum heights
of 3074 m.a.s.| and minimum heights of 45 m.a.sl and relief di erences of up to 1500 m.a.s.l.
The mountainous landscape is made up of diverse forms such as escarpments, canyons, hills,
valleys, plateaus, alluvial plains, and terraces.

The number of watersheds considered in this study that drain into the Atrato River on the
western side of the Western Cordillera is 12 with areas between 69%and 4844 kni. They
are characterized by having very at areas with altitudes that do not exceed 100 m.a.s.l,
although their headwaters are in the highest parts of the study area, such as the Farallones
de Citam and the Frontino Moorland. The number of watersheds that drain towards the
Cauca River on the east side of the Western Cordillera and west side of the Central Cordillera
is 133 with areas between 7 kfmand 1934 knm3. They are characterized by the fact that they
are perpendicular to the course of the Cauca River, with the notable exception of the San
Juan and Arma river basins, whose drainages run parallel to the Cauca River for a large
part of their course. Abrupt elevations and short distances between the watershed and the
mouth of the river cause drainage slopes to drop steeply, favoring the formation of deep
canyons. The Nech River Basin, to which the Abura Valley (AV) and Porce River belong,

is characterized by low relief step plateaus at altitudes above 2000 m.a.s.l; its 6 tributaries
have areas between 247 Khand 5228 kn3. Finally, there are 14 tributaries of the Magdalena
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