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The Tatacoa Desert (TD) is a Cenozoic basin between the Central and Eastern Cordilleras in
the southern Colombian Andes. Its sparse vegetation and Badlandsmorphology resemble a
semi-arid environment, despite receiving ~1,300mm of mean annual precipitation. Based
on optically stimulated luminescence dating in two fluvial terraces and drainage
morphometric analysis, we propose that such “aridification” was imposed by a drainage
reorganization during the Late Pleistocene. No river coming from the neighboring mountains
flows into the TD. This makes the Tatacoa rivers unable to balance the evapotranspiration
effect, causing a surficial water deficit. A fluvial terrace (TAT-2) works as a divide between the
Tatacoa catchments and the Cabrera River, the latter coming from the Eastern Cordillera
and bounding the TD towards the north. Paleocurrent measurements on its sedimentary
lithic clasts point to aW-NW-directed flow into the TD. Thus, OSL ages around 74.1 ± 7.0 ka
in this terrace suggest the TD was drained by an Eastern Cordillera catchment during the
Late Pleistocene. At the western end of the TD, a dissected fluvial terrace (TAT-1) lying 80m
above the Magdalena River ages between 6.3 ± 1.5 and 7.7 ± 1.5 ka, representing the
Holocene incision rates of 10.8 ± 0.3mm/y. Coupled OSL data and river longitudinal profile
analysis show a high susceptibility to erosion of the Tatacoa rocks and estimate incision rates
ranging from 2–5mm/y to 10–20mm/y within the TD. The higher rates are concentrated
along knickpoints related to anticlines and thrust faults. Thus, a northward shift of the
Cabrera River and a westward migration of the Magdalena Valley have drastically reduced
the surficial water availability in the Tatacoa and the development of vegetation, increasing
erodibility. Potential climatic and tectonic drivers include 1) terrace accumulation during the
wet periods of Marine Isotope Stage 5A and 1; 2) fault-induced incision of the Magdalena
River in the NW, which would have favored northward migration of tributaries such as the
Cabrera River; and 3) activity on the Baraya thrust fault, which would have prevented rivers
from the Eastern Cordillera to enter the desert.
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1 INTRODUCTION

The Tatacoa Desert (TD) lies between ~3.2 and 2.3°N L in the
Upper Magdalena Valley, a Cenozoic intermontane basin between
the Central and Eastern Cordillera in the Andes of Southern
Colombia (Figure 1). Its highly erodible interbedded sandstone
andmudstone rocks of theMiddleMiocene Honda Group coupled

with a semi-arid environment yield a scenario of Badlands that
attracts tourists worldwide. Interestingly, such a semi-arid
environment that forms a tropical dry forest (Hermelin, 2016)
marked by cactus vegetation, reptiles, and small rodents occurs
despite ~1,300mm of mean annual precipitation (Figure 1C),
which in part is due to intense evapotranspiration, estimated to be
>1,600 mm/y (IDEAM, 2012).

FIGURE 1 | Location and regional context of the Tatacoa Desert: (A) topographicmap showing the location of the study areawithin the Colombian Andes; (B) close-up
view of the Upper Magdalena Valley. The location of a 20 km wide, along-strike swath profile is shown by the green rectangle. A proxy for discharge was estimated by
considering the drainage area, the mean annual precipitation, and the potential evapotranspiration index. The black square is the location of Figure 2; and (C) variation of
vegetation (NDVI index (Supplementary Figure S1) from Copernicus Copernicus Sentinel data, 2021), mean annual temperature, and mean annual precipitation
(Chelsea database—Karger et al. (2017; 2017)) along the Upper Magdalena Valley. The thick black lines indicate the mean values across the swath profile; the gray lines
correspond to theminimum andmaximum values. It is noted that the swath profile is inclined to NNE, the coordinates refer to the thick green line in the center of the rectangle
in (B). See supplementary material for further information on the NDVI and discharge calculation. DEM data from German Aerospace Center-TanDEM-X, 2019.
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A different environment during the Middle Miocene is
recorded by the sedimentary rocks of the Honda Group that
crop out in the area: the TD area was a wet tropical forest inserted
in a fluvial valley with eastward flowing meandering and
anastomosing rivers that were fed by the elevated Central
Cordillera (Guerrero, 1997; Anderson et al., 2016). This
context is supported by the rich fossil archives including
vertebrate fossils typical of freshwater aquatic environments
such as fish, turtles, and crocodiles (Madden et al., 1997), as
well as the fossils of monkeys, bats, and birds, typical of tropical
forests (Kay and Madden, 1997). Thus, the depositional
environment of the Honda Group could be comparable to the
current eastern Colombia foreland Llanos Basin, where large
eastward flowing meandering systems occur under a region in
which annual precipitation exceeds 2000 mm (Guerrero, 1997).
Such environmental shifts must have occurred anytime between
~10 Ma and the recent past. A possible contributing mechanism
for such a change is the uplift of the Eastern Cordillera (EC)
(Mora et al., 2006; Parra et al., 2009; Horton et al., 2010), as this
mountain range retains and diverts part of the moisture from the
lower-altitude easterly winds (Kalnay et al., 1996; Saylor et al.,
2009). In addition, the EC uplift also changed the hydrological
configuration of the Magdalena Basin, isolating it from the
Amazon basin and, hence, leading to the current northward
general flow of the Magdalena River (Guerrero, 1997; Hoorn
et al., 2010; Anderson et al., 2016).

The current general tropical wet–dry climate with savannah-
like vegetation was progressively established along the Upper
Magdalena Valley concomitantly with the Eastern Cordillera.
Notably, in the Tatacoa area, the vegetation becomes sparser,
resembling a completely semi-arid environment, even though the
climatic conditions of the TD do not significantly change from
other areas of the Upper Magdalena Valley (Figure 1C and
Supplementary Figure S1). Therefore, additional explanations
are needed for the local “aridification” of the Tatacoa
environment, here understood as the vegetation type and its
scarcity, as well as the formation of Badlands despite considerable
precipitation. Explanations can include local neotectonics,
lithology, chemical and physical erosion, and drainage system
dynamics. Recently, Dill et al. (2020) explained the evolution and
zonation of the Tatacoa Badlands through a “fight for
dominance” of drainage systems at the edge of the Badlands
due to neotectonics and base level change. This leads to a split of
surface and groundwater fluxes, with implications for the
erosional processes and vegetation distribution, whereby the
Cabrera River concentrates the surface water fed by the
Eastern Cordillera headwaters whilst a hydric deficit
dominates the Tatacoa catchments (Figure 1B). If the TD
erosional dynamics is related to its drainage system
relationship with neighbor catchments, its genesis or longevity
can be investigated by preserved fluvial terraces and the
morphometric relationships between the local catchments.
River terraces occur at different levels along the TD, pointing
to aggradation and incision episodes during Quaternary, but
without available ages. Dated terraces on the Northern Andes
from Peru to Venezuela at the eastern Andean margin point to
incision rates higher than 1 mm/y since Late Pleistocene, related

to the deformation and uplift of the mountain ranges, as well as to
Quaternary climatic changes (Guzman et al., 2013; Veloza et al.,
2015; Baby et al., 2020; Viveen et al., 2020; Viveen et al., 2020). At
the western foothills of the Colombian Eastern Cordillera, few
available data record high episodic massive flux of sediments via
debris flow from the high mountains in the last 38 ky (Hoyos
et al., 2015) and incision rates of 0.07 mm/y estimated by 10Be
depth profile dating in alluvial terraces (Struth et al., 2020). In
addition, morphometric analysis has been used to document a
continuous drainage rearrangement along the Colombian Eastern
Cordillera following its topographic growth (Struth et al., 2016,
2020; Siravo et al., 2021). Based on these regional data and the
hydrological dynamics of TD, we hypothesize that the TD
formation must have resulted from a likely recent (Late
Pleistocene) drainage system reorganization following a shift
to the north of the Cabrera River, which caused a reduction of
the TD drainage area and discharge. Thus, we performed
optically stimulated luminescence dating in two fluvial terraces
and river profile analysis intending to respond to the following
questions: 1. Has there been a significant drainage network
rearrangement surrounding the TD, or it is a long-term
feature? 2. When did this rearrangement happen? 3. What
caused this rearrangement? 4. How has this affected the
environmental change and the landscape evolution of the
tropical dry forest?

2 REGIONAL SETTINGS

The Upper Magdalena Valley (UMV) occupies a 15–40 km
wide structural depression bounded with the Central and
Eastern Cordilleras respectively by the west-dipping La
Plata—Chusma Thrust System to the west and the east-
dipping Baraya Thrust to the east (Guerrero, 1997)
(Figure 1B). At a latitude of 3.2 and 2.3°N , within the
UMV, the Tatacoa Desert (400–500 m a.s.l.) has an area of
~192 km2 which is delimited by the Magdalena River to the W
and NW and by two of its tributaries coming from the Eastern
Cordillera, the Cabrera River to the NE, and the Las Lajas
Creek to the SE-S. The TD developed over the Middle Miocene
sedimentary rocks of the Honda Group (Figure 2). This group
unconformably overlies the Jurassic Saldaña Formation, and
the Lower Cretaceous to Oligocene strata from the Caballos
Formation, and the Villeta and Gualanday Groups (Guerrero,
1997; Montes et al., 2021). The Honda Group has an average
thickness of ~1,250 m and it is subdivided into the Middle
Miocene La Victoria and Villavieja formations. To the south of
the TD, the Honda Group is covered by the Late Miocene to
Pliocene Huila Group (Gigante and Neiva Formations), and by
Pleistocene alluvial fan deposits (Velandia et al., 2001)
(Supplementary Figure S2).

The Honda Group is composed of interlayered fining-upward
sequences of light gray volcanic litharenite, reddish-brown
mudstone, greenish-gray mudstone, and minor conglomerate
(Guerrero, 1997). Sediment accumulation occurred without
major hiatuses between 14.9 and 11.5 Ma (Flynn et al., 1997;
Anderson et al., 2016; Montes et al., 2021), mainly under a
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meandering fluvial system flowing to the east and southeast into
the Amazon basin. The only change to a braided fluvial system is
recorded in the upper La Victoria unit, at the Cerbatana
Conglomerates Bed (CBB), reflecting a sudden increase in
sedimentation rate (Guerrero, 1997; Montes et al., 2021). The
CCB is a ~9 m-thick conglomeratic horizon constituted by coarse
pebbles to cobbles of metaquartzite, igneous rocks, and chert
deposited in a short period between 12.93 ± 0.23 Ma (U-PB
detrital zircon ages—Montes et al., 2021) and 12.512 ± 0.102 Ma
(Flynn et al., 1997) (Figure 2).

Westerly paleocurrents and abundance of volcanic lithic
fragments have been used to infer a major source area for La
Victoria Formation in the Central Cordillera (Guerrero, 1997);
however, as detrital zircons have ages matching those of
magmatic rocks located to the west of the Central Cordillera,
in the Cauca Valley and the Panama–Choco Montes et al., 2021
suggested a lowland passage across the Central Cordillera during
accumulation of the Honda Group. After 12.5 Ma, during the
deposition of the Villavieja Formation, a source area variation has
been suggested based on a shift to easterly paleocurrents

FIGURE 2 | Simplified geological map of the Tatacoa Desert and the location of the fluvial terraces sampled for optically stimulated luminescence dating (TAT-1 and
2). Modified from Gómez et al. (2015) and Montes et al. (2021). Pv is a palleovaley and Gg is the Gorge of the Cabrera River. For a regional overview, a stratigraphic
column of the Upper Magdalena Valley, simplified from Terraza–Melo et al. (2019) is shown in Supplementary Figure S2.
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(Guerrero, 1997) and massive occurrence of U–Pb Precambrian
detrital zircon ages, that could be a characteristic of the Garzón
Massif of the Eastern Cordillera (Anderson et al., 2016). These
changes have been related to the progressive uplift of the Eastern
Cordillera, which sometime after the Late Miocene eventually
closed the basin in its eastern side and lead to the current
northward flow of the Magdalena River (Anderson et al., 2016).

Pre-middle Miocene contractional deformation of the TD area
is documented by the structural relationships of the Andalucia
fault. This NE–SW striking, east verging fault juxtaposes the
Jurassic Saldaña and Cretaceous strata along its hanging wall
against undifferentiated Miocene rocks (Figure 2) (Montes et al.,
2021). A few kilometers farther to the south of the Cabrera River,
deformation is accommodated by folding and the Andalucia fault
is a blind thrust, which points to limited shortening in the last 13
My. Folding of the Honda Group has formed three NE-trending
anticlines in the study area: La Peralta, Cerro Gordo, and La
Becerra anticlines (Montes et al., 2021) (Figure 2). Growth strata
in the La Victoria Formation document that folding was
concomitant with sediment accumulation during the Middle
Miocene. Farther to the east, the east-dipping Baraya Thrust
has uplifted Cretaceous rocks in its hanging wall and put them in
contact against the Miocene strata of the Villavieja and La
Victoria Formations, attesting to major post-Miocene activity
(Figure 2).

Currently, transpressive deformation in the southern sector of
the North Andean Block (NAB) is partitioned between strike-slip
and dip-slip faults, which in the region are mainly distributed in
the La Plata–Chusma Thrust System and the Algeciras Dextral
Strike-Slip Fault System (Veloza et al., 2012; Mora-Páez et al.,
2016). There are no available slip rates in the TD and even at the
scale of the UMV, the rates remain elusive (Diederix et al., 2020).
However, the regional GPS-derived velocity field indicates that
the mean NAB shortening rates (4.3 mm/y) are lower than the
margin-parallel block motion (8.1 mm/y) (Mora-Páez et al.,
2019). Thus, seismicity in the last 3 decades is not only highly
concentrated along with the Algeciras Fault System (Diederix
et al., 2020), but also in the western splay reverse faults that
branch off the Algeciras Fault, as Altamira, Rivera, and Baraya
faults (Supplementary Figure S3) (INGEOMINAS - Servicio
Geologico Colombiano (SGC Colombia, 1993). Within the TD,
earthquake events are distributed around the described NE
anticlines, the Prado Fault, and at a high concentration at
south and southeastern of the TD, around the Magdalena
channel (Supplementary Figure S3). The magnitude of the
TD earthquakes is no higher than 3.5 MI and few events are
deeper than 18 km.

The TD is characterized by Badlands morphology (Dill et al.,
2020) whereby the highly erodible Honda Group strata are freshly
exposed with no intervening regolith and poorly developed soil.
Vegetation is sparse (Figure 1C, Supplementary Figure S1) and
mainly composed of thorn–scrub acacia and wood cactus
(Guerrero, 1997). The TD has an average precipitation of
~1,300 mm per year under a mean annual temperature of
27°C (IDEAM, 2012). Two rainy seasons between March and
May and October and December are interspersed by two dry
seasons between January and February and July and September,

the latter receiving less than 70 mm of precipitation. This bimodal
pattern of rainy and dry seasons results from the north-south
migration of Intertropical Convergence Zone (ITCZ) position
along the year (Poveda et al., 2006). Despite the contrast with
vegetation (Figure 1C and Supplementary Figure S1), these
conditions would make Tatacoa to be classified as tropical wet
and dry or savanna climate (Peel et al., 2007).

3 MATERIALS AND METHODS

3.1 Alluvial Terrace Analyses
3.1.1 Site Description and Sample Collection
Flat unconsolidated alluvial deposits are preserved at hilltops,
marking the highest elevations along the Tatacoa Desert. They are
generally composed of clast boulders within a characteristically
red, muddy/sandy matrix. These deposits are resistant to erosion,
acting as a protection cape to the underlying rock (Montes et al.,
2021). Floating cobbles eroded from the terraces occur covering
the hillslopes below the deposits. At the eastern margin of the
Magdalena River, a set of such terraces stretches parallel to this
river. Here, the TAT-1 terrace is located ~2.5 km from the
Magdalena River, at 460 m a.s.l., that is, 80 m above the river
(Table 1; Figures 2, 4). It consists of a 1-m of gravel-supported
deposit. The clasts are imbricated and variable in size, ranging
mainly from pebble to cobble (Figure 4D). The dip ranges from
17° to 44° (Supplementary Table S5). Two samples (TAT-1A and
TAT-1B) were collected for optically stimulated luminescence
(OSL) dating. They were collected at depths of 0.5 and 1.0 m,
respectively, and a few meters laterally apart from each other.
These sampling points were chosen in places where the clasts are
a little more spaced, and a layer of sand was available to be
sampled.

At the eastern end of the desert, a second sampled terrace
(TAT-2) is locally known as “Mesa Alta”, lying ~2.5 km west of
the Cabrera River (Table 1; Figures 2, 5A,B,I). Although highly
dissected and with irregular geometry, the TAT-2 terrace has a
maximum dimension of ~1.5 km × 1 km, and a flat hilltop of
around 630 m a.s.l, which is 200 m above the course of the
Cabrera River. The deposit is up to 10 m thick (Figures 5J,L),
composed of imbricated clasts with dipping ranging from 4° to 45°

(Supplementary Table S5). Three main layers can be
distinguishable in several parts of Mesa Alta, although with
slight variation in thickness. The first 0.5–1 m from the
surface is a gravel-supported deposit dominated by cobbles.
From 0.5–1 to 1–2 m depths, the gravel-supported deposit
becomes dominated by granules. Below, the basal layer of the

TABLE 1 | Location of dated samples.

Sample Latitude Longitude Elevation (m a.s.l) Depth (m)a

TAT-1A 3.2674 −75.2069 460 0.5
TAT-1B 3.2674 −75.2069 460 1.5
TAT-2A 3.3159 −75.1166 620 1
TAT-2B 3.3157 −75.1161 599 1.5

aDepth below the top.
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deposit, up to 8 m, is a composite by variable size clasts within a
muddy/sandy matrix. In this layer, boulders can reach up to
400 mm. (Fig. 5L). Two sites located 60 m apart were sampled at
depths of 1–1.5 m deep below the terrace top (Figures 5B,D,H).
Both samples are at the top of the matrix-supported layer. TAT-
2A is at 599 m and TAT-2B is at 616 m a.s.l (Table 1).

All the OSL samples were taken by hammering 20-cm-long
aluminum tubes with 6 cm of diameter into the previously
cleaned wall of the terrace. When removed, both ends of the
tube were sealed to prevent light exposure. Also, the bulk
sediment around the OSL sample was collected for dose rate
estimation. In addition, at each site and in neighboring
terraces, provenance analyses were conducted using
paleocurrent determinations through measurements of
imbricate clasts and cross-bedding (DeCelles et al., 1983).
Modal gravel compositions were obtained through the
identification of 50–100 clasts from each terrace, using an
equally spaced grid (Howard, 1993). Controlling points of
neighbor terraces of TAT-1 (C-1 and C-2, Figure 4A) and
another sector of TAT-2 (C-3, Figure 5A) were visited to
complement the field analysis.

3.1.2 Optically Stimulated Luminescence Dating
OSL dating was performed in quartz sand grains. The
preparation of quartz concentrates for equivalent dose (De)
measurements followed standard procedures (Aitken, 1985).
Samples were wet sieved to isolate the 180–250 µm fraction
and treated with H2O2 and HCl (10%) to eliminate organic
matter and carbonates, respectively. Quartz grains
concentration was performed using lithium metatungstate
solutions with densities of 2.62 and 2.75 g/cm3 to separate
quartz from feldspars and heavy minerals, respectively. Quartz
concentrates were then treated with HF at 38% for 40 min to
eliminate the outer rind of quartz grains affected by alpha
irradiation and remnant feldspar. The single-aliquot
regenerative (SAR) dose protocol (Murray and Wintle,
2003) was used for De estimation in quartz grains (protocol
in Supplementary Table S1). Luminescence measurements
were carried out in a Lexsyg Smart reader system (Freiburg
Instruments) equipped with a90Sr/90Y beta source, delivering a
dose rate of 0.116 ± 0.010 Gy/s. Stimulation was made using
blue LEDs (470 ± 20 nm) at 90% maximum power density
(~40 mW/cm2). Quartz OSL emissions were recorded in the
UV spectra through a Hoya U340 detection filter. The OSL
signal was calculated from the first 0.8 s of stimulation, and the
last 10 s were used as background. Feldspar contamination was
checked and tested for infrared stimulated luminescence
signals (Duller, 2003). Only aliquots with recuperation
values below 5%, recycling ratios within 10% of unity, and
natural OSL signals three standard deviations higher than
background were accepted. Dose recovery tests were
performed in aliquots of the TAT 2A sample for preheating
temperatures of 200, 220, and 240°C for a dose of 45 Gy
(Supplementary Table S2). A pulse annealing test (Fan
et al., 2011) for preheating temperatures between 180 and
340°C in steps of 20°C and for a given dose of 26 Gy was applied
to check the thermal stability of the quartz and discard possible

sources of De underestimation. De values of each sample were
then calculated using the Central Age Model and the
Minimum Age Model (CAM and MAM, respectively;
Galbraith and Roberts, 2012).

For radiation dose rate estimation, concentrations of U, Th,
and K were determined through high-resolution gamma-ray
spectrometry using a high purity germanium detector
(Canberra Instruments, relative efficiency of 55% and energy
resolution of 2.1 KeV) encased in an ultralow background shield.
Around 300 g of sediment from each sample were placed in sealed
plastic containers and stored for at least 21 days to allow for radon
rebalancing before gamma-ray spectrometry. U, Th, and K
concentrations were converted to dose rates using factors
proposed by Guérin et al. (2011). Water content was
determined by weighing the sample before and after drying it
in an oven at 60°C for 24 h. The cosmic dose rate contribution was
calculated using the sample depth, elevation, latitude, and
longitude as described by Prescott and Hutton (1994)
(Supplementary Table S3).

3.1.3 OSL-Derived Incision Rates
The amount of incision is defined as the difference between
the mean elevation of the flat top polygon of the terraces and
the mean elevation for a segment of the reference river. This
segment must be long enough to encompass all the lengths of
the terraces, making sure it is representative of the incision of
the river about the terrace. For the TAT-1 terrace, the
reference channel was a ~4.5 km segment of the
Magdalena River, which flows parallel to the terraces
(Figures 2, 4A). For TAT-2, a ~5.5 km-long segment of
the Cabrera River was used as reference (Figures 2, 5A).
Mean elevation of the terraces and the channels were
computed from a TanDEM-X 12 m image German
Aerospace Center-TanDEM-X, 2019, and the error is the
standard deviation. Consideration of the OSL ages used for
estimating the incision rates and the reliability of the rivers
chosen as reference is discussed in session 4.1.

3.2 Drainage Network Morphometric
Analyses
The stream power models for bedrock river incision, given their
simplicity and easy application, have been extensively used to
constrain local conditions as erosion rates, uplift, climate, rock
properties, etc. (Howard, 1994; Whipple and Tucker 1999). The
simplest model states that the elevation change over time (dz/dt)
results from the difference between uplift (U) and incision (E):∣∣∣∣∣∣∣dzdt

∣∣∣∣∣∣∣ � U − E , (1a)
where E is

E � KAm
∣∣∣∣∣∣∣dzdx

∣∣∣∣∣∣∣
n

, (1b)
where A is the drainage area (a proxy for discharge); dz/dx is the
local slope; K is the erosional coefficient (which can include rock
properties and climate condition), and m and n are constants. If a

Frontiers in Earth Science | www.frontiersin.org March 2022 | Volume 10 | Article 8087186

Souza et al. Drainage Reorganization in the Tatacoa Desert

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


river reaches its topographical steady state, dz/dt = 0 and U = E;
then, by solving it for slope,

∣∣∣∣∣∣∣dzdx
∣∣∣∣∣∣∣ � (U

K
)

1
n

A− n
m , (2a)

(U
K
)

1
n � ks , (2b)

ks �
∣∣∣∣∣∣∣dzdx

∣∣∣∣∣∣∣Aθ , (2c)

where ks is the steepness index and m/n is recognized as the
concavity index (θ) (Flint, 1974). Both metrics are extracted from
the regression of dz/dx and A log-plots, and they are broadly used
to estimate the spatial variation of E and U. A reference m/n (θref)
is often used to normalize ks (normalized steepness index—ksn)
(Wobus et al., 2006) so that rivers of different scales can be
compared.

Based on Eqs 1b, 2a the chi analysis (integral method) was first
developed to minimize the effects of the noise in a DEM-derived
slope and area data (Perron and Royden, 2013). It breaks down
the slope (dz/dx) into 2 variables and rearranges Eq. 2a in a way
that elevation (z) at each point of the profile (x) is a function of the
integration of the drainage area (A) in the upstream direction
from an arbitrary base level (zb).

z(x) � zb + ( U
KAm

0

)
1
n

χ, (3a)

χ � ∫
x

xb

( A0

A(x))
m
n

dx. (3b)

For convenience, a reference area (A0) is usually introduced, such
that both sides of Eq. 3a have units of length and the integrand,
referred to as the coordinate chi (χ). (Eq. 3b) is dimensionless. The
integration of only A assumes that U and K are constants in the
profile. Basically, Eq. 3a is a linear function that transforms the river
profile into a straight line. It is noted that the inclination of this line
(Eq. 3a) is a coefficient proportional to the ksn (Eq. 2b).

( U
KAm

0

)
1
n

� ksn
Am

0

� U* . (4)

This coefficient is also recognized as a dimensionless proxy for
U (U*), independent of previous knowledge of K (Goren et al.,
2014; Fox et al., 2015). The U* coefficient can be extracted simply
by regressing elevation data with χ (the called χ-plot), the latter
calculated according to (Eq. 3b). In abstract, if trunk and
tributaries are subjected to the same external factors (U and
K), they should be co-linear in the χ-plot, as the U* (ksn) is
homogeneous. Thus, deviation from a straight line indicates the
variation of U and K in space or transient signals derived from
changes in the base level (zb) (Willett et al., 2014; Fox et al., 2015;
Whipple et al., 2017).

Last, if proven that a certain knickpoint in the river profile
records the upstream propagation of a base level fall or a U
change, the χ is also proportional to time when this change
occurred.

τ (x) � ∫
x

0

dx’

KA(x’)m dz
dx’

n−1, (5a)

χ(x) � Am
0 Kτ(x), (5b)

where τ is the response time for perturbations to propagate from a
river outlet to a point x (Rosenbloom and Anderson, 1994). Eq.
5b assumes that the constant n = 1 (see Eq. 1b) and such that the
incision rate is linear in the local slope (Goren et al., 2014); also, it
places the erosional coefficient (K) out from integration in Eq. 5a,
assuming that it is homogeneous, making χ a K-scaled proxy
for τ.

To extract a drainage network and to compute the χ value we
used the 12 m resolution DEM (German Aerospace Center-
TanDEM-X, 2019). The drainage network was extracted from
standard routines available on Topotoolbox 2 (Schwanghart and
Scherler, 2014). The threshold drainage area was set at 106 m2.
The χ was computed by the chitransform tool from the
Topotoolbox 2.1. The reference base level zb was chosen a few
kilometers downstream of the Magdalena and Cabrera rivers
confluence, in a way that all drainage shares the same outlet point.
We use a reference θref of 0.41 since it was the optimal value that
we found for the Upper Magdalena catchment. This value was
approximated through the mnoptim tool within Topotoolbox
and checked with independent estimates of χ at several m/n
values within a range of 0.0001–1 (Supplementary Table S6 and
Supplementary Figure S6). Finally, A0 is set to 1, thus the slope
coefficient of the χ-plot (U*) equals the ksn index (Eq. 4), such
that, this metric will be referred to as ksn in the following text.
Thus, the ksn was extracted in two ways: 1) the mean ksn of a
catchment or a single channel was calculated by regressing
elevation data with χ; 2) local ksn for channel segments was
calculated from the derivatives of the χ-plot.

3.2.1 Drainage Divide Stability
Contrasting χ-values at the water divide in neighboring
catchments have been interpreted as indicators for drainage
network reorganization and divide migration (Willett et al.,
2014; Yang et al., 2015). In river capture events, the lower-χ
catchment (with higher erosional potential, defined by the ksn
index) acts as an aggressor “stealing” areas from the neighbor
catchments with higher χ values. However, such interpretation
relies on homogeneous uplift and erodibility (U and K in Eqs
2a–2ca–cEqs 2a–2c) (Willett et al., 2014; and; Whipple et al.,
2017). Thus, for a more robust identification of disequilibrium
and divide migration direction, it is recommended the usage of
χ-map together with metrics related directly to the divide relief
(the called Gilbert metrics) (Whipple et al., 2017; Forte and
Whipple, 2018). Here, we use the divide asymmetry index
(DAI), calculated from the DIVIDEobj tool within the
Topotoolbox 2 (Scherler and Schwanghart, 2020a and b).
This tool extracts and orders a drainage divide network;
then, the hillslope relief (HR) is computed as the difference
in elevation between a given point of the divide and the nearest
headwater, defined by a fixed threshold drainage area (106 m2,
the same used to extract the drainage network). The DAI index
is calculated as the difference between HR in a pair of hillslopes
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sharing the same divide (ΔHR), normalized by the across-divide
sum in HR (∑HR).

DAI � ΔHR
∑HR

. (6)

The DAI ranges from 0 (symmetric divide) to 1 (asymmetric).
Besides the asymmetry magnitude, the output includes the
orientation of the divide migration, based on the across-divide
difference of HR.

3.2.2 Incision Rate Spatial Variation
We explored the spatial variation of incision along two internal
catchments in the desert, referred to here as Tatacoa 1 and 2
(Figures 6, 8), and the Las Lajas catchment, which besides
defining the southern boundary of the desert, crosses the main
tectonic structures in the area. The incision is extracted by the
variation of ksn along with the χ profiles. Since the topographic
steady-state (E = U in Eq. 1a) is violated when there is a deviation
of the straight line in the χ—plot (Willett et al., 2014), we prefer to
use the term incision instead of uplift. To have a reference model
for homogeneous sub-catchments, we perform a linear regression
from the χ-values and elevation data to find a polynomial (degree
3–5) that best fits the data (the error is the root-mean-square
deviation), and then the ksn is extracted in equidistant points
from the derivative of the polynomial.

To calibrate the incision rates, one needs to define a coefficient
K (Eqs 5a–5b). For this purpose, we use OSL-derived incision
rates for TAT-1 terrace (Supplementary Table S4); and two ksn
values extracted from χ-plots including: 1) Data of 2 Tatacoa
internal catchments, which are entirely draining the La Victoria
Formation; and 2) Data from the catchments of Las Lajas Creek
lower tributaries, downstream of the Baraya Fault, which mainly
drains the Villavieja Formation and a small part of La Victoria Fm
(Supplementary Figure S7). The selected tributaries exclude
older rocks in the upstream of the Baraya Fault; thus, the K
coefficient should be representative of the rocks of the Honda
Group (Figure 2 and Supplementary Figure S7, Supplementary
Table S7). We assume these catchments have been affected and
adapted to the incision of the Magdalena River, in a way that the
ksn and θref relationship (Eqs 2a–2ca–cEqs 2a–2c, 3a, 3b, 4, 5a,
5b) averages both the equilibrium state and the response to
perturbations of this drainage network. By calculating K (from
Eq. 4), we assume n = 1, such that the incision rate is linear in the
local slope.

4 RESULTS

4.1 Terrace Analysis
4.1.1 OSL Ages
Equivalent doses (De) were estimated by using preheating of
240°C, following dose recovery tests. Three experiments were
performed at this temperature, and they yield a calculated-to-
given dose ratio between 1.04 and 1.06, which were the closest to
unity among the temperatures tested (Supplementary Table S2).
Besides, such a high temperature was chosen to minimize
thermally unstable OSL components. The quartz OSL signal

has a minor decrease until preheated to 240°C
(Supplementary Figure S4), although ~7% of the signal can
be lost between 200° and 240°C. Overall, the quartz aliquots show
fast decaying OSL curves (Figure 3). The TAT-1 samples have a
limited amount of quartz; however, 13 of the 23 aliquots for TAT-
1A and 7 of 11 aliquots for TAT-1B were accepted for equivalent
dose estimation, which are 56 and 64% of the aliquots,
respectively (Table 2). In the quartz-rich TAT-2 deposit, 28 of
40 aliquots (70%) were used for the analysis of the TAT-2A
sample, although these aliquots show OSL signal in saturation
(see below). For the TAT-2B sample, 13 of 40 aliquots (33%) were
suitable for dating. Rejected aliquots were mainly due to recycling
ratios higher than 10% of unity.

The TAT-1A and B samples have a Central Age Model (CAM)
De of 40.7 ± 6.7 Gy and 32.1 ± 5.7 Gy, respectively. Together with
the dose rates of 2.3 ± 0.2 Gy/ky and 3.0 ± 0.3 Gy/ky
(Supplementary Table S3), the calculated CAM ages are
17.8 ± 3.3 ka and 10.7 ± 2.3 ka (Table 2). The ages are
stratigraphically inverted (Table 1), and they do not overlap
within a 1-sigma error. Overdispersion is relatively high (50 and
59%), pointing to partially bleached or post-depositional mixed
sediments, as commonly observed in fluvial deposits experiencing
fast transport and deposition (Murray et al., 2012). Also, the De

distribution in these samples has the modal deflected to the lower
values (Figures 3A,B). Thus, we also calculated the ages using the
Minimum Age Model (MAM) and obtained MAM De values of
17.6 ± 3.2 Gy for TAT-1A and 18.9 ± 4.2 Gy for TAT-2B. The
resulting MAM ages of 7.7 ± 1.5 ka and 6.3 ± 1.5 ka do overlap
within 1-sigma error. Considering the possibility of partial
beaching, the MAM ages will be considered as the most likely
age of deposition.

In the TAT-2A sample, 28 of 40 aliquots yielded De values
over-saturation levels (Figure 3B). Saturation is defined by the
2D0 value, which corresponds to the onset of the saturation dose
level in the dose-response curve (Wintle andMurray, 2006). The
TAT-2A 2D0 values occur between 57 and 318 Gy. Besides, few
aliquots (n = 5) have non-saturated OSL signals, all having De

values lower than 100.0 Gy (Supplementary Figure S5A).
Given the better consistency and representativity of the
saturated group, the saturation point (2D0) for all aliquots
were averaged (169.4 ± 6.0 Gy) to calculate a minimum age
for the sample. Together with the dose rate of 2.3 ± 0.2 Gy/a
(Supplementary Table S3), the minimum age calculated is
74.6 ± 6.1 ka (Table 2). The non-saturated aliquots likely
result from sediment infiltration in the deposit, common in
old gravel deposits with cobbles and boulders, although fading
effect could also be considered. TAT-2B also shows a
disconnected small set (n = 4) of accepted De which would
make the overdispersion to be 68%; under the considerations
made for TAT-2A, they are considered outliers (Figure 3D and
Supplementary Figure S5B). The CAM De and dose rate of
TAT 2B are 161.1 ± 9.9 Gy and 2.2 ± 0.2 Gy/ka (Supplementary
Table S3), respectively, which give a CAM age of 74.1 ± 7.0 ka
(Table 2). The MAM age also was calculated, resulting in 55.0 ±
4.8 ka; however, as there is a strong modal peak near the CAM
De value of ~161 Gy (Figure 3D), which also very closely
correspond to that used for the calculation of the TAT-2A
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minimum age, the CAM is likely to be representative of the
reliable deposition age.

4.1.2. OSL-Derived Incision Rates
To calculate the TAT-1 incision rate, we considered the TAT-1A
MAM age of 7.7 ± 1.5 ka in the uppermost sample of the profile,

which overlaps with the error of the MAM age of the underlying
sample TAT-1B (Table 1, 2 and Figures 4A,B). From a total
incision of 78.4 ± 4 m of the Magdalena River about the TAT-1
terrace, the calculated incision rate is 10.2 ± 2.1 mm/y
(Supplementary Table S4). For the TAT-2 terrace, we took
the TAT-2B CAM age of 74.1 ± 7.0 ka as a reference.

FIGURE 3 |OSL data of the samples: (A) TAT 1A; (B) TAT 1B; (C) TAT 2A; and (D) TAT 2B. Graphs on the left show equivalent dose (De) distributions for the dated
samples, except for (C), where the 2D0 distribution is shown; at the center the dose-response curves for a representative quartz aliquot in each sample; and on the right,
the natural OSL decay curve. The red circles in (D) are outliers aliquots. MAM is the Minimum Age Model and CAM is the Central Age Model; in (C), the average (AVG) is
shown for the 2D0 distribution.
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Although the TAT-2B was sampled deeper in the profile than
TAT-2A, this sample is located at a higher elevation in the terrace,
closer to the flat top. Besides, rather than TAT-2A that yields a
minimum age due to the saturated aliquots, the TAT-2B had
enough accepted aliquots to estimate a CAM age (Table 1 and 2;
Figures 5A,B). With a total incision of 206.4 ± 7.4 m, the TAT-2
incision rate is 2.8 ± 0.3 mm/y (Supplementary Table S4). There
is an increase of up to 3.6 times of TAT-1 about TAT-2 site.

4.1.3 Terrace Characteristics
The TAT-1 terrace is inserted in a context of terraces disposed
along the eastern margin of Magdalena River, deposited on the
clayey to sandy layers of the Villavieja Formation (Figures 2, 4A).
Nevertheless, they are clast rich, ranging in size from granule to
boulders, and polymictic, including abundant volcanic and
sedimentary lithic clasts, as well as some plutonic and
metamorphic rocks (Figures 4B,D). The terraces share the
same topographic level, decreasing the elevation from south to
north smoothly, following the Magdalena River thalweg profile
(Figure 4I). They are dissected by eastern Magdalena tributaries,
some of which come from the Eastern Cordillera, as the Las Lajas
Creek (Figures 2, 4A,H,I). By considering this spatial and
topographical distribution, as well as the recent deposition
(~6–8 ka—Table 2), this set of terraces likely record a paleo-
level of the Magdalena River and its tributaries’ alluvial plain. In
addition, the paleocurrents determinations in TAT-1 point to the
NNW flow direction in accordance with the main direction of
Magdalena River (Figure 1C, Supplementary Table S5). The
clast content of the terraces presents heterogeneity in rock types
(Figures 4B,F,G), which could be representative of the variety of
source areas. Besides the Central and Eastern Cordillera source
areas, the Magdalena River catchment includes exposures of the
upper Miocene Huila and Gigante formations before reaching the
Honda Group rocks (Supplementary Figure S2). Conversely to
the Honda Group, these younger formations can also account for
pebble-sized clasts of sedimentary, metamorphic (sourced from
Garzon Massif), and igneous nature (van der Wiel, 1991).
Although the clast content and diversity are similar in all
visited terraces (Figures 4A,B,F,G), their proportion changes
significantly: sedimentary rocks are dominant at the controlling
point C-2 (Figure 4G), representing 93% of the clasts, whilst
volcanic and subvolcanic becomes dominant at TAT-1
(Figure 4B), representing 60% of the clasts. Sedimentary rocks
are also abundant in TAT-1, constituting ~30% of the clasts. This
difference in proportion likely reflects local contributions. The
dominance of sedimentary rocks in locality C-2 likely results from
the interaction of Magdalena River with the Eastern Cordillera

Rivers flowing on Paleogene to Cretaceous sedimentary layers
(Fuquen and Osorno, 2002) (Supplementary Figure S2). At the
sampling locality TAT-1, the enrichment of volcanic fragments is
likely due to contributions either from the Saldaña Formation
(Ferreira et al., 2002) derived from the Aipe River, coming from
Central Cordillera (Figures 1, 2, 4A and Supplementary Figure
S2), or from the Cerbatana Conglomerate Bed (CCB) (Guerrero,
1997), which crops out a few hundred meters east of the terrace
(Figures 4A,H). The data, together with the OSL ages suggest that
after 5–9 ka ago (Table 2), the alluvial plain of Magdalena River
and its tributaries has changed its position from the TAT-1 site to
the west (Figure 2). Currently, at the southwestern part of the
Tatacoa Desert, the set of terraces to which TAT-1 belongs
separate the driest part of the desert from the Magdalena
alluvial plain (Figure 2).

Farther to the east, the higher, flat terrace (“Mesa
Alta”—TAT-2) lies on the La Victoria Formation. This
terrace is surrounded by low elevation terraces with steeper
slopes, interspersed by the current drainage system (Figures 2,
5A,B). This radial pattern of an incision around the terrace
suggests that the abandonment of TAT-2 occurred from a
channel deactivation instead of a simple incision pulse or
lateral channel migration, as it was for the Magdalena
River. Potential reasons for deactivation can be a river shift
in direction due to the capture or growth of a topographic
barrier by folding (Geach et al., 2015). Besides the OSL sample
sites, a controlling point C-3 in the Mesa Alta was studied for
clast composition and paleocurrent measurement (Figure 5A,
Supplementary Table S5). Unlike the polymictic character of
the Magdalena margin terraces (Figure 4), the clasts of these
deposits are almost entirely composed of sedimentary rocks,
namely, mudstones, quartzarenites, lithoarenites, chert, and
conglomerates; some vein quartz also occurs (Figure 5F).
Although no systematic clast counting has been done in the
Tat-02 site, field inspection of 9 clasts indicated the same
composition as C-3 point (Figure 5D). The lack of volcanic
fragments in the field inspection and the clast counting makes
the possibility of Honda Group rocks reworking to be unlikely.
A direct source area for these rocks is the sedimentary layers of
the Eastern Cordillera. Mudstones, sandstones, and
conglomerates in high variety are ubiquitous in the
Paleogene and Cretaceous units as the Seca, Hondita, and
Caballos formations. Likewise, chert is present in the
Cretaceous Olini group (Fuquen and Osorno, 2002)
(Supplementary Figure S2). Paleocurrent determinations in
TAT-02 and C-3, although slightly dispersed, consistently
point to westward directions toward the Magdalena Valley.

TABLE 2 | Results of optically stimulated luminescence dating.

Sample Aliquots Dose ratea (Gy/ka) CAM De (Gy) MAM De (Gy) OD (%) CAM Age (ka) MAM Age (ka)

TAT-1A 13/23 2.3 ± 0.2 40.7 ± 6.7 17.6 ± 3.2 58.7 17.9 ± 3.3 7.7 ± 1.5
TAT-1B 7/11 3.0 ± 0.3 32.1 ± 5.7 18.9 ± 4.2 49.7 10.7 ± 2.1 6.3 ± 1.5
TAT-2A 28/40 2.3 ± 0.2 169.4 ± 6.0b — — 74.7 ± 6.1b —

TAT-2B 13/40 2.2 ± 0.2 161.8 ± 9.9 120.0 ± 6.2 19.2 74.1 ± 7.0 55.0 ± 4.8

aRadionuclide activity and dose rate result in Supplementary Table S3.
bAge calculated for an average 2D0 value.
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FIGURE 4 |Detail of the TAT-1 sampling site. (A)Digital elevation model (TanDEM-X),12 m; shaded areas are hillslopes higher than 25°. The two small traces (black
lines) across the Magdalena River near the A-A profile delimit the segment used to extract the river mean elevation for incision rates calculation. CCB is the outcropping of
Cerbatana Conglomerate Beds; (B)modal gravel composition for locality TAT-1; (C) paleocurrent direction for TAT-1 (raw data inSupplementary Table S5); (D) picture
with detail of the −1.2 m thick deposit; (E) picture with a view from the NE of the terraces (picture location shown in (A), (F) modal gravel composition for the
controlling point C-1; (G)modal gravel composition for the controlling point C-2; (H) topographic A-A′ profile and a reference river profile; the sample location (yellow dot)
and OSL-ages are shown; and (I) topographic B-B′ profile and a reference river profile, with sample location and OSL-ages shown.
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FIGURE 5 | Detail of the TAT-2 sampling site. (A)Digital elevation model (TanDEM-X, 12 m); shaded areas are hillslopes higher than 25°. The two small traces in the
Cabrera River limit the segment used to extract river mean elevation for the calculation of incision rates; IT is an intermediate terrace level, CG is the Saldaña Formation
rocks outcropping along the Cerro Gordo Anticline (see Figure 2); and Gg is the Cabrera River Gorge; (B) topographic C-C′ profile and a reference river profile, in detail,
sample elevation and OSL-ages, not that the TAT-2A is a minimum age (average 2D0 value). (C) topographic D-D′ profile; (D) modal gravel composition for the
controlling point TAT-2; (E) paleocurrent direction for TAT 2 (raw data in Supplementary Table S5); (F) modal gravel composition for the controlling point C-3; (G)
paleocurrent direction for C-3; (H) aerial image with samples location, source: Google Earth; (I) picture with a view from S of the terrace (location shown in map); (J)
picture with a panoramic view of the controlling point C-3; and (L) picture with detail of the -~7 m thick deposit of the controlling point C-3.
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These directions differ from the N current direction of Cabrera
River and they are similar to the directions observed in Tatacoa
1 and 2 catchments (Figures 5A,E,G), as well as with the
Cabrera River direction before its shift to the north at ~ −75.08
Long. (Figure 5A). This is suggestive of a paleo connection
between Tatacoa and Cabrera catchments. Thus, the source
area, the paleocurrents, and the radial pattern of terrace
abandonment suggest that the “Mesa Alta” landform is a
record of the ancient Cabrera River, which, following the
OSL ages (Table 2; Figure 5B), drained the TD area into
the Magdalena River before 74 ka. The migration to the north
of the Cabrera River, abandoning the TD should be happening
sometime after this age.

4.2 Drainage Network Morphometric
Analysis
Th The χ-value pattern around the TD (Figure 6A) shows
contrasting values at the drainage divide between the Tatacoa
and the Cabrera catchments, with the latter having lower values.
This pattern is observed to the south of the desert, where despite
an increase in the Cabrera χ-values, they are still lower than those
from the Las Lajas catchment (Figure 6A). Thus, the Cabrera
basin appears to act as an aggressor, capturing areas from the
Tatacoa area and Las Lajas catchment.

Alternatively, the χ—values could have been affected by
variable uplift (U) and erodibility (K). In the Tatacoa 2, Las
Lajas, and Cabrera catchments the χ-values change across thrust

FIGURE 6 | (A) χ—map in a TanDEM-X derived composite hill shade and slope image. TD is the Tatacoa Desert; EC is the Eastern Cordillera; and Pv is the paleo
valley; (B) χ-plot of Upper Magdalena catchment, upstream of the Magdalena, and Cabrera confluence. Gray lines correspond to channels from the entire basin data and
colored lines are the thick channels highlighted in (A); and (C) ksn values of the highlighted channels in (B), the numbers correspond to the channels shown in (A).
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faults and anticlines, reflecting likely topographic
compartmentation under differential uplift (Figure 6A). This
is also illustrated by the local ksn (Figure 7), which increases
subtle east of the Cerro Gordo (Tatacoa 2) and La Becerrera (Las
Lajas) anticlines, and significantly east of the Baraya Fault.
Within the Upper Magdalena basin, the Tatacoa rivers
display the flattest pattern in the χ–plot (6B), therefore
having the lowest mean ksn (Figure 6C). On the other end,
the Cabrera River is steeper (Figure 6B), and its tributaries have
progressively high mean ksn as they are located away from the
TD and close to the Eastern Cordillera (Figures 6A,C), which is
also highlighted by the local ksn (Figure 7). The Las Lajas Creek
also follows this trend, whereby its χ-values are deflected
upward toward the east (Figure 6B). The abrupt increase
after coordinate 25 m in the χ axis occurs across the La
Pampa Anticline. In addition, the Paleogene and Cretaceous
rocks crop out around χ ~25 m, instead of the Honda Group,
which occurs dominantly in the flattest downstream sector of
Las Lajas (Figure 2). Thus, the ksn increase to the east seems to

be related to the presence of more deformed and less erodible
rocks from the Eastern Cordillera. In the following sections, we
further evaluate the catchments disequilibrium and the
differential uplift/erodibility hypotheses.

4.2.1 Drainage Divide Stability
A low divide asymmetry index (DAI< 0.2) characterizes the
Tatacoa/Cabrera divide and, contrary to the shown by the χ-
values, the Tatacoa catchments seem to be advancing towards the
Cabrera network (b positions in Figure 8A). This pattern changes
around the preserved alluvial terraces of Mesa Alta (TAT -2,
Figure 8—position a), where the Cabrera catchment advances
against Tatacoa. In fact, the entire central section of the panel
(position a), is a suspended relict block being consumed by
erosion along its edges not only by the Cabrera catchments,
but also by sub-catchments from Tatacoa (see position a1). The
consumption speed of this block must be relativized in relation to
the DAI values, as terraces with greater resistance to erosion
contribute to delay the migration of the divide, which leads to an

FIGURE 7 | Ksn map TanDEM-X hypsometric map. TD is the Tatacoa Desert and EC is the Eastern Cordillera. The height of 450 m is highlighted by labels. This
height is punctuated by a subtle increase in ksn (knickpoints) and outlines the upstream propagation of incision after the Magdalena terraces (e.g. TAT-1) abandonment.
It is noted that in Tatacoa 2 catchment the incision advance is stopped at Cerro Gordo Anticline.
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increase in the relief and preservation of the block (Montes et al.,
2021).

The general low DAI values and the subtle advance of the
Tatacoa against the Cabrera in position b (Figure 8A) mean
that the divide has already reached an equilibrium point after
the Cabrera River changed its course to the north and
abandoned the Tatacoa area (see Section 4.1.3). Thus, in a
context of similarly erodible substrate of the Honda Group, the
preservation of contrasting χ-values among the catchments
favors the hypothesis of differences in uplift rates or change in
erodibility driven by an increase in vegetation in the Cabrera
catchment. Additionally, the higher χ-values in the Tatacoa
catchments may result from changes in their local base level,
defined by the incision of the Magdalena River. If we consider a

westward lateral migration of the Magdalena in the last 6–8 ka
(Table 2; Figure 4), downstream areas have been added to the
Tatacoa catchments, thus making the upstream χ higher. By
recalculating χ and excluding the current western alluvial area
from the Tatacoa catchments (assuming this could represent
the added area), χ-values at the headwater are reduced by
20–28%, making these catchments in equilibrium with the
Cabrera sub-catchments (Supplementary Figure S8).

At the Las Lajas/Cabrera divide (Figure 8B), DAI values
higher than 0.4 are more common, but lower values also
occur. In general, northern catchments seem to gain area
against the Las Lajas basin (positions c and e). Near the center
of the panel (position d), the Baraya Fault constitutes a
topographic barrier that only the Las Lajas Creek could

FIGURE 8 | Across-divide metrics in the drainage divide between the Cabrera catchment and the Tatacoa drainage system (A) and between the Cabrera and the
Las Lajas catchments (B) It is noted that (A) is rotated 110° clockwise. BF is the Baraya Fault. The small letters are reference positions to follow the discussion along with
the text. Themetrics are the divide asymmetry index (DAI), for the divide network; and the χ-values for the drainage network. The arrows point toward the dividemigration
(from the higher relief side into the lower one). (C) The relative position of the divides and main rivers; the divide network is the black line, and the drainage network is
the blue lines. The numbers are reference points to locate the divide position in (A,B).
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cross. This induces a drainage reorganization such that the
tributaries are first reoriented to the Las Lajas Creek whilst
they are progressively attacked by the Cabrera Catchment
(position e). A few kilometers farther to the east, the capture
by the Cabrera catchment has been accomplished, and rivers
shifted toward the north into this river (position f). At this
position, the DAI decreases, and alternating divide migration
direction occurs, suggesting that equilibrium was established.
At the easternmost divide (position g), the Las Lajas
catchment is gaining areas with the highest DAI values.
This, together with the divide migration directions
calculated along the Baraya Fault (position d), point to an
eastward migration of erosion in response to the increased
relief in the footwalls of the westernmost structures of the
Eastern Cordillera. Thus, instead of only the mobility of the
divide, the relief asymmetry across the divide is likely to be
increasing.

The Las Lajas catchment has higher χ-values than Cabrera,
despite the complexity of divide directions. This highlights the
problems in the use of χ as the indicator for divide mobility
without considering other factors that can be affecting this metric
(Whipple et al., 2017; Forte and Whipple, 2018). Following the
rationale presented for the Tatacoa catchments, the higher values
can result from the downstream addition of area due to the

westward migration of the alluvial plain of Magdalena River, and
hence the channels of the Las Lajas catchment need a longer route
to reach the base level (zb).

4.2.2 Incision Along the Tatacoa Desert
The Tatacoa 1 and 2 catchments drain the La Victoria Fm
(Figure 2) and have similar χ—profiles, which slightly diverge
from around 12 m in the χ coordinate (Figure 9B). This
divergence for the Tatacoa 2 channel occurs at the intersection
with the Cerro Gordo Anticline (the red arrow 2, Figures
9A,B,D), which also affect some Tatacoa 1 tributaries at the
boundary between the basins (see the blue dashed arrow 2 in
Figure 9B, pointing to observed Tatacoa 1 data which are closer
to the Tatacoa 2 profile). This shift in the Tatacoa 2 profile is
reflected in its higher incision rates calculated using a nominal
erodibility K = 17.55 × 10−4 ± 3.54 × 10−4 (Supplementary Table
S7), reaching 18 mm/y between 8 and 15 m (Figure 9D). In the
Tatacoa 1 profile, the incision rate increases to 12 mm/y between
15 and 20 m in the χ coordinate, returning to values ~5 mm/y as it
approaches 25 m in the χ coordinate. Unlike in Tatacoa 2, the
incision increase in Tatacoa 1 is not related to a tectonic structure
or a lithological change. Besides, the relict area between χ
coordinates 17 and 25 m, behind a knickpoint, matches the
height of terraces along the Magdalena eastern margin

FIGURE 9 | χ—profiles and incision rates. (A) Sub-catchment’s locations, color-coded for all graphs; The numbers in (A), indicated by arrows in (B–F) are tectonic
structures: (1) Peralta Anticline; (2) Cerro Gordo Anticline; (3) La Becerrera Anticline; (4) Andalucia Fault; (5) Baraya Fault; and (6) La Pampa Anticline; (TH) is the terrace
height of the TAT 1. (B) χ—plot of the internal Tatacoa drainage system, the crosses indicate the DEM-derived χ—plot and the lines of the best-fitted polynomial curve.
(C) χ—plot of the Las Lajas sub-catchments. (D) ksn index, sampled from the derivative of the best-fitted polynomial curve, for the Tatacoa catchments (see
Section 3.2.2). The incision rates were calculated from the K = 17.55 × 10−4 ± 3.54 × 10−4. χ-values were converted into time in the regions unaffected by folds along the
Tatacoa 1 catchment (blue); (E) ksn index of the Las Lajas downstream sub-catchments; and (F) Ksn index of the Las Lajas upstream sub-catchments. Incision rates in
(E) and the (F) were calibrated with the K = 17.55 × 10−4 ± 3.54 × 10−4 (Supplementary Table S7).
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(Figures 4A,I, 7, the arrow TH in Figures 9B,D). Thus, assuming
a knickpoint upstream propagation (Eqs 5a–5b), and taking the
transition between the modern alluvial plain and the La Victoria
Formation as the starting point, an incision pulse should have
started between ~10 and 6 ka (Figure 9D), agreeing with the
aggradation of TAT-1 terrace between ~5 and 9 ka (Figure 4;
Table 2) followed by its abandonment.

The Las Lajas catchment dominantly drains the Villavieja
Formation (Figure 2). The divide between the lower section of
this catchment and the Tatacoa 1 is marked by the Cerbatana
Conglomerate Beds (CCB), which is the boundary layer between
the Villavieja and the underlying La Victoria formations (Figures
2, 9A). The incision rates were calibrated with a nominal
erodibility K = 9.46 × 10−4 ± 1.92 × 10−4 (Supplementary
Table S7). The catchments of Las Lajas downstream
tributaries start with incision peaks between 8 and 10 mm/y,
decreasing upstream to rates lower than 1 mm/y (Figures 9C,E).
This section is populated by preserved alluvial terraces that

become progressively wider to the south (upstream) (Figures
4A, 9A). Thus, whilst the incision along the Las Lajas main
channel followed the Magdalena base level fall (Figure 4I), the
hardness of the Quaternary terraces and CCB delayed the incision
pulse in these tributaries, making it a part of a relict area. It is
noted that the barrier of CCB diverts the Tatacoa 1 catchment
northwards into the Magdalena River (Figure 9A), such that, the
exhumation of CCB would create a low-level divide which
between Tatacoa catchments and Magdalena in this segment.
Therefore, the hardness of CCB and the terraces, together with
denser vegetation along the Las Lajas channels are responsible for
the lower erodibility inferred from the estimated K coefficient
(Supplementary Table S7) for the Las Lajas downstream
catchments.

In the upstream, the Las Lajas catchment is affected by the La
Becerrera Anticline (arrow 3), the Baraya Fault Anticline (arrow
5), and the La Pampa anticline (arrow 6) (Figures 9A,C,E,F).
These structures displace the χ-profile upward, increasing the ksn

FIGURE 10 | Comparison of OSL ages with arboreal pollen percentage in the Fúquene Basin (Colombian Eastern Cordillera at 5.45° N Lat) (Groot et al., 2011), as
an indicator of arboreal vegetation and precipitation; sediment total reflectance (L*) in the Cariaco Basin (Venezuela) (Deplazes et al., 2013), in which low values are
indicative of dark organic, carbon-rich sediments accumulated in wet periods; and δ 18O from NGRIP ice core (Greenland) (Rasmussen et al., 2014). Blue circles are
MAM OSL ages; red circles are CAM ages; and the purple circle is the minimum age for the saturated-aliquots sample (Table 2).
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index of the sub-catchments among these structures, and incision
rates from 10 mm/y to up to 20 mm/y (Figures 9C,E,F). Incision
rates are higher in the footwall of the Baraya Fault, in agreement
with the asymmetry of the drainage divide recorded by the DAI
index (Figure 8, position d). In its hanging wall, the ksn index
decreases until it reaches the Pampa Anticline, where the ksn
increases by a factor of 5–6 (Figure 9E). This ksn increase is
accompanied by the exposure of Paleogene to Cretaceous
sedimentary rocks and an increase in the vegetation cover,
thus a more appropriate K coefficient would need to be
inferred to estimate reliable incision rates.

5 DISCUSSION

5.1 Climatic Change and Terrace
Aggradation
The climate of Colombian Andes is influenced by the
north–south migration of the Intertropical Convergence Zone
(ITCZ) across the equator line (Deplazes et al., 2013; Schneider
et al., 2014). Variation of the ITCZ path along late Quaternary is
related to abrupt millennial climate oscillations, mainly marked
by Heinrich and Dansgaard–Oeschger events (Figure 10)
(Chiang et al., 2003). Therefore, centennial to millennial
rainfall peaks occurred in an antiphase pattern along with
South America according to the ITCZ position (Deplazes
et al., 2013). Although it is difficult to establish straight
climatic correlations among local places at different latitudes
and elevations, the recurrent short-time climatic oscillations
within the long-term trends defined by the marine isotope
stage (MIS) have the effect of triggering relative increases of
discharge. These discharge increases lead to the erosion and
transport of sediments from the high mountain ranges such as
the Central and Eastern Cordilleras to lowlands such as the La
Tatacoa area (Viveen et al., 2020). The most likely ages of
deposition of the dated terraces (Table 2; Figures 4, 5) are
framed within this context since they fall on warm and wet
periods of MIS-1 (TAT-1, 5–9 ka) and the interglacial substage
MIS-5a (TAT 2, 68–81 ka) (Groot et al., 2011; 2014, Deplazes
et al., 2013, Rasmussen et al., 2014) (Figure 9). Within these
depositional ages, the millennial oscillation that could increase
discharge are the Holocene Climatic Optimum within the MIS-1
and the glacial interstadials 19, 20, and 21 within the MIS-5a
(Rasmussen et al., 2014). However, the ~8 m of deposit below the
OSL sampling point in TAT-2 (Table 1, Fig. 5L) and that the
TAT-2A sample yields only a minimum age of around 74.7 ±
6.1 ka do not allow us to restrict the aggradation only to the
MIS—5a interstadials. The Ancient Cabrera River may have
started deposition at the TAT-2 site earlier.

Sea-level fall could be an additional trigger to incision (Dill
et al., 2020). Considering a long-time knickpoint upstream
migration, one can consider the total last glacial fall. From
125 ka to 20 ka, the global sea level fell ~120 m below the
present level (Grant et al., 2012). This is a little more than
half of the total incision within the Tatacoa area (e.g. the
TAT-2 total incision within the last 74 ka is 206.4 ±
7.4 m—Supplementary Table S4). In addition, , the distance

from the desert to the Caribbean Sea (1,200 km) and the
alternation between detachment and transport-limited nature
of the Magdalena River make a knickpoint smoothing along
with its upstream traveling likely. Thus, the sea-level fall seems to
have had only minor effects.

5.2 Tectonic Control on the Drainage
System
In response to the ongoing compression, the sedimentary fill of
the Tatacoa Desert accommodated contractional deformation in
the way of bivergent thrusting along its west and east bounding
faults, as well as through slip along blind faults and attendant
folding (Figure 2). This accommodation is likely reflected in the
occurrence of recent earthquakes around these structures
(Supplementary Figure S3). As a result, there is a general
tilting of the Honda Group to W (Guerreiro, 1997) and a
series of NW–SE trending anticlines and synclines that have
affected the drainage network of Tatacoa during the Quaternary
(Dill et al., 2020).

Examples of such interactions are the displacement of χ-profile
and the increase in incision rates when across tectonic structures,
remarkably within the Las Lajas catchment (Figures 9D,E).
Thrusting along the Baraya Fault of the Cretaceous strata over
the Villavieja Formation (Figure 2) resulted in a topographic barrier
that affected the Las Lajas catchment (Figures 6A, 8B). Since the
tributaries are deflected to the north–south direction due to this
barrier, the Las Lajas trunk channel concentrates all discharge from
the Eastern Cordillera. The intersection of the Baraya Fault trace by
the Las Lajas Creek creates a gorge with 200m of relief. The high
incision rates estimated here imply that this topography
development occurred recently. Incision rates of 10–20mm/y in
Las Lajas Creek at the gorge imply that the excavation of the valley
spanned less than 20 ky (Figure 9). However, the building of this
topography due to a contrast in erodibility between the Honda
Group layers with older rocks across the fault trace calls for a more
conservative estimate. Assuming that the 2.8 ± 0.2 mm/y incision
rate derived from the TAT-2 OSL age (Table 2) could be more
representative of the long-term uplift rates of the western edge of the
Eastern Cordillera, the valley would have been carved in the last
~74 ka. Caution is needed in this estimation since detailed empirical
erosion rates are not available; more safely, a late Pleistocene age can
be defined. Anyway, this implies a very recent topography related to
the activity along with the Baraya Fault activity.

The Cabrera River also crosses the Baraya Fault forming a
gorge with relief of more than 200 m. (Figure 2). In addition, this
river also creates a gorge through the Saldaña Formation volcanic
rocks across the Andalucia Fault (Cg in Figures 2, 5A).
Interestingly, only after overcoming the Saldaña rocks barrier,
the river is diverted to the north, leaving the alluvial terraces
suspended (e.g. TAT-2) a few kilometers to the west of the
channel (Figures 2, 5A). A similar elevation level (630–600 m
a.s.l.) occurs at the TAT-2 terrace and the top of the hill that
delimits the south side of the Cabrera gorge (Figures 2, 5A,C).
According to the paleocurrent measurements and clast counting
data that suggest easterly provenance (Figure 5), an ancient
Cabrera River flowed westward into the Tatacoa area before the
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excavation of this gorge. The shift to the north of the Cabrera River
responds to the incision of the Magdalena River at the north of the
TD, along the Prado Fault. At the confluence between the
Magdalena and Cabrera rivers, the first deviates from the broad
valley filled by the Honda Rocks to cross via gorges of the igneous
rocks of the Saldaña Formation. In this sector, there are suspended
incised dry valleys (Pv in Figures 2, 6) that could be the record of
continuous adaptation of the Cabrera River to the Magdalena
incision. However, to conclude they are abandoned valleys,
further inspection is required since intermittent rivers are
ubiquitous in the area. A dome-like radial drainage system was
established around the TAT-2 terrace after it was abandoned by the
Cabrera River (Figures 2, 5, 6). At least, two incision pulses occurred
as can be inferred by the occurrence of the steeper intermediated
terrace levels (Figures 5A,B). The preservation of a relict
topographic block including TAT-2 and its surrounding
intermediate terraces is limited by the incision of Cabrera River
to the east, and the small exposure of Saldaña Formation along the
Cerro Gordo Anticline to the west (Figure 2, Figure 8A-position a,
and Figure 9A). The activation of the latter would have contributed
to the preservation of this topographic block by concentrating
incision along with the deformation (Figure 9D) and leading to
the exhumation of more resistant rocks, for which, differential
erosion would further amplify the relief in the TD.

The westward migration of the Magdalena floodplain is recorded
by the alluvial terraces that occur along the easternmargin of the river
(Figure 4). The general westward dipping of the Honda Group
associated with regional tilting of the Eastern Cordillera best
explain this migration; however, the Holocene incision rate of
10.8 ± 2.0mm/y of the Magdalena River in the hanging wall of
the Prado Fault stands out. TheMagdalena River incision along Prado
Fault has attracted theCabrera River in its north end, but also attracted
the Tatacoa catchments. Moreover, intermediate terrace levels
between TAT 1 and Magdalena (Figure 4B) suggest episodic base
level changes during the Holocene. Overall, the activation of the
westernmost thrust faults of the Eastern Cordillera affected the
Tatacoa drainage system. Whilst the Eastern Cordillera rivers had
their passage to the desert blocked by a structural topographic barrier,
a series of anticlines and synclines diverted the internal drainage
system. The topographic suspension of the NE sector of Tatacoa (the
block between the Cerro Gordo Anticline and the Cabrera River) and
the incision of the Magdalena River along the Prado Fault drove a
northward shift of the Cabrera River. These events modified the local
landscape and led to a feedback relationship with erosion, as is
analyzed in the next section.

5.3. Drainage Reorganization and
Environmental Changes
The vegetation restriction and formation of the TDBadlands could
be related to the drainage system organization. In the Upper

FIGURE 11 | Evolution scheme of the Tatacoa Desert (TD) drainage
network. (A) Before ~74 ka. (B) Between 74 ka and 5–9 ka. (C) The present
times. The formation of the terraces TAT-1 and TAT-2 is shown following the
incision of the Magdalena River along the Prado Fault (PF). The shift to
the north of Cabrera River and the topographic growth along the Baraya Fault
(BF) reduced the drainage area within the TD, restricting surficial water

(Continued )

FIGURE 11 | availability and vegetation development. (CC) Is the Central
Cordillera; (EC) is the Eastern Cordillera; (CG) is Cerro Gordo; and (CCB) is the
Cerbatana Conglomerate Beds. The numbers are the Badlands zones: (1)
Wadi; (2) Gully; and (3) hill wash/mesa zone.
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Magdalena Valley, evapotranspiration overcomes annual
precipitation (IDEAM, 2012), thus the drainage system plays a
key role in fixing vegetation along its wet floodplain
(Supplementary Figure S1). However, the Tatacoa Desert is
subjected to a peculiar condition where no river coming from
the Eastern Cordillera enters (Figures 1, 2). With less drainage area
and without the wetter mountainous headwaters, the internal
Tatacoa catchments present low discharges unable to balance
the high evapotranspiration effect, causing a surficial hydric
deficit (Figure 1B). The previous data show that such drainage
system configuration is not a long-term condition. Instead, the
drainage network has been readjusted along the Late Pleistocene in
response to ongoing compression and the incision of the
Magdalena River. In a feedback relationship, the loss of
drainage area and discharge in TD prevented vegetation
expansion, which weakened the substratum and led to
enhanced erosion.

Dill et al. (2020) recognized evolution stages of the Tatacoa
desert based on the distribution ofmain typical badland zoning: the
wadi (or “las quebradas”), gully (“arroyos”), and hillwash/mesa
zones; these stages can be defined by the incision pulses delimited
by the terraces OSL-ages. In the wadi zone, a planar surface is cut
by intermittent drainage channels with wide horizontal channel
floors, steep vertical walls that are filled with sand. These are the
channels that integrate the Tatacoa 1 and the lower Tatacoa 2
catchment. In the past, such a zone extended further east and the
Cabrera River and Las Lajas Creek, as well as their tributaries, freely
entered in the desert from the mountains to the east (Figure 11A).
This environment prevails at least until the time of the TAT-2
terrace deposition (at least 74 ka), during the end of the MIS-5
(Deplazes et al., 2013; Groot et al., 2014).

With ongoing compression, the drainage network was induced
to readjustment. The Cabrera River shifted to the north, which
together with topographic growth along the Baraya Fault, led to
the loss of drainage area of the Tatacoa drainage system
(Figure 11B). Thus, the TD area was deprived of its major
discharge contributions from Eastern Cordillera, resulting in
its inability to balance the high evaporation and hampering to
develop and maintain vegetation in its floodplain even during wet
periods. This new rearrangement led to the second stage of Dill
et al. (2020), illustrated by the Gully (“arroyos”) zones along the
Cabrera/Tatacoa divide and the limbs of the internal synclines,
that is, at the edges of the suspended topographic block of the
TAT-2 terrace and the footwall of the Baraya Fault. The westward
tilting of the Honda Group strata may have favored the continuity
of ancient subsurface flow across the desert, even if the surface
flow is now limited. By piping processes, the groundwater flow of
the Cabrera and Las Hajas drainage system is directed to TD
through open joints, leading to hillslope instability and formation
of the gullies. This process was identified by Dill et al. (2020) as
narrowing downward vugs, resulting from the removal of soluble
minerals during episodical to periodical groundwater flow.

The lack of vegetation and hillslope erosion susceptibility
are combined to the own nature of the rocks, with very
soluble salts minerals and expansive clays (Dill et al., 2020).
In a wet–dry tropical climate, these characteristics make the
Honda Group rocks highly erodible during rainfall seasons.

This is reflected in the high value for the K coefficient
calculated for Tatacoa 1 and 2 catchments
(Supplementary Table S7) and the fast increase in ksn
and incision rates when the profiles are perturbed by
external factors, such as incision pulses of the Magdalena
River and the uplift along folds and faults (Figures 7, 9D–F).
In the Tatacoa 1 and 2, catchments’ incision rates along with
the χ-profile increase eastward from ~5 mm/y to >10 mm/y.
The initial rates are higher but closer to those calculated for
the Cabrera River (2.8 ± 0.2 mm/y—Supplementary Table
S4). They are likely towards equilibrium with the regional
long-term uplift rates (Mora–Paez et al., 2019; Pérez
Consuegra et al., 2021), whilst the higher rates are the
responses to the Magdalena River incision pulses along
Holocene. Whilst in Tatacoa 1 the incision wave moves
upstream, in Tatacoa 2 the incision wave propagation was
interrupted by the Cerro Gordo Anticline (CG) (Figures
9A,B,D). This is illustrated by the relict area in TD above
450–460 m a.s.l. (the TH arrow in Figures 9B–E), which is
the lower limit of the Magdalena terraces. This area is
restricted to the most upstream sector of the Tatacoa 1
catchment, whilst in Tatacoa 2, this is demarked by the
CG (Figure 7). The focused incision in the CG has
exhumed the Saldaña Formation (Figures 5A,B), which in
the long-term tend to favor an increase in relief, the growth
of a topographic barrier, and the rearrangement of
catchments, as it was observed along the Baraya Fault
with the Las Lajas catchment.

The Holocene incision pulses of the Magdalena River
dissected mostly the La Victoria Formation, with the CCB
restricting the Tatacoa 1 catchment area (Figures 2, 9A). The
erosional resistance of CCB, together with the alluvial terraces
delayed the incision propagation in the Las Lajas lower
tributaries (Figure 11C), and incisions are lower than
1 mm/y in the relict areas (Figure 9E). This sector between
the CCB and the Magdalena Valley, comprising Quaternary
alluvial terraces and the Villavieja Formation, is the Hill wash/
Mesa zone of Dill et al. (2020). This zone is formed by hillslope
deposits derived from the dissection of the elevated flat
terraces, as the TAT-1 and TAT-2. The alluvial plain of the
Magdalena River is limited by this zone, while farther to the
north, it developed to the east of the Prado Fault (Figure 2). By
restricting the alluvial plain, this configuration also restricts
any eastward expansion of the vegetation, hence marking the
western boundary of the desert.

6 CONCLUSION

The alluvial terraces along the Tatacoa Desert recorded a drainage
reorganization which triggered a pos that resulted in a water deficit
and “aridification” of the landscape in the study area. The northward
shift of the Cabrera River, deviating the Tatacoa Desert (TAT-2
terrace), and the westward migration of the Magdalena riverbed
(TAT-1 terrace) has amplified the aridification effects in an area
lacking any perennial river, which, in turn, restricts the vegetation
development along the floodplains.
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The optically stimulated luminescence dating, and the
drainage system morphometric analysis revealed that such
changes have been occurring during the last ~74 ka and that
they result from a combined effects of tectonics and regional
climatic changes. Contractional deformation accommodated
as thrust and folds affected the drainage system in two ways: 1.
By creating a topographic barrier which limited the passage to
the desert of Eastern Cordillera rivers; 2. By guiding incision
and valley carving along the fault zone. While the ongoing
compression built new topographic compartmentalization,
climatic changes triggered pulses of aggradation and
incision, which made the channels choose easier routes. The
OSL ages indicate that the terraces were deposited during wet
periods of the Marine Isotope Stages 5A (TAT-2) and during
the Holocene Climatic Optimum (TAT-1), likely reflecting an
increase in discharge and sediment production in the
neighboring Central and Eastern cordilleras, due to
enhanced precipitation.

A feedback relationship is then established between the
tectonic drainage system rearrangement, climate, and erosion:
as the sedimentary rocks in Tatacoa have little soil and vegetation
cover, they became highly susceptible to erosion. Thus, the
incision rates respond to external stimulation (e.g., increased
discharge due to the climatic changes, or uplift along folds and
faults) by readily increasing from the incision rates of <1–5 mm/
y, in compass with regional long-term uplift rates, to incision
rates of 10–20 mm/y.
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