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Abstract25

Topographic escarpments are striking geomorphic features shaping the Earth’s surface, often

forming distinct water divides in tectonically stable regions. This study presents a new anal-

ysis of the geomorphic evolution of the Serra Geral Escarpment in the State of Goiás, Central

Brazil, using in situ-produced cosmogenic nuclides. The objective is to quantify Quaternary

denudation rates associated with different geomorphic compartments of this regional-scale

escarpment by measuring the concentrations of 10Be, 26Al, and 36Cl in river-borne sediments

and bedrock outcrops. The results reveal three distinct denudation regimes: the summit

surface of the Western Bahia Plateau (7.4±0.2 m Myr−1), the pediplanation surface at the

toe of the Serra Geral Escarpment (22.6±0.6 m Myr−1), and the steep escarpment slopes

(84.4±3.8 m Myr−1). The significant influence of regolith burial and landslides on isotopic

signatures is highlighted, underscoring the importance of accounting for these processes when

interpreting cosmogenic nuclide data. Estimated escarpment retreat rates range from 30 to

90 m Myr−1 along active segments, while the southern region shows stabilization indicative

of an advanced stage of landscape evolution. These findings demonstrate the complex in-

terplay between geomorphic processes, lithology, and climate in shaping escarpments within

continental interiors. Preliminary geomorphic evidence suggests that escarpment retreat and



pediplanation at the glint’s base may have initiated as early as the upper Miocene. This

study establishes a framework for understanding tropical plateau erosion and offers insights

into the evolution of similar escarpments worldwide.

Keywords: Escarpment, Cosmogenic nuclides, denudation, Brazil26

1. Introduction27

Topographic escarpments are striking landforms that significantly influence landscape28

evolution. Their development is primarily governed by horizontal migration and, in the29

absence of tectonic forcing, is driven by surface processes controlled by climate and lithology30

(Heimsath et al., 2006; Godard et al., 2019). Over time, escarpments retreat horizontally,31

fragment into mesas and buttes, and become dissected by drainage systems (Duszyński et al.,32

2019).33

Migoń and Duszyński (2022) highlighted the role of resistant caprock layers in preserving34

escarpment morphology, while the more erodible underlying strata weather and erode at a35

faster rate, driving parallel retreat (Twidale, 1983; Young and Wray, 2000). Groundwater36

seepage and sapping further accelerate this process, particularly in sedimentary scarplands,37

by promoting cliff undercutting and collapse (Laity and Malin, 1985; Lamb et al., 2006).38

These mechanisms contribute to the development of amphitheaters, scalloped escarpments,39

and extensive valley networks. Fracture-guided underground erosion can also lead to the40

gradual sagging and disintegration of caprock units (Dunne et al., 1990).41

Over the past two decades, extensive research on large-scale passive margin escarpments42

has utilized 39Ar-40Ar dating of supergene oxides (Beauvais et al., 2016; Bonnet et al.,43

2016; Jean et al., 2020), apatite fission track analysis (Japsen et al., 2012b,a; Jelinek et al.,44

2014; Green et al., 2018; Jelinek et al., 2020), and (U-Th)/He thermochronology (Cockburn45

et al., 2000; Persano et al., 2002, 2006). Additionally, studies incorporating in situ-produced46

cosmogenic nuclides (Matmon et al., 2002; Mandal et al., 2015; Linari et al., 2017; Godard47

et al., 2019; Stokes et al., 2023) and numerical modeling approaches (Tucker and Slingerland,48

1994; Gunnell and Fleitout, 1998; van der Beek et al., 2002; Sacek et al., 2012; Braun, 2018;49

Wang and Willett, 2021; Wang et al., 2021) have significantly advanced our understanding50
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of escarpment retreat mechanisms and rates, which can vary widely, from 1 to 10,000 m51

Myr−1, with an average of approximately 600 m Myr−1 (He et al., 2024).52

In Brazil, in situ-produced 10Be concentrations in river-borne sediments have provided53

key insights into the geomorphic evolution of passive margin escarpments, emphasizing the54

roles of climate, topography, and river piracy (Salgado et al., 2016; Gonzalez et al., 2016;55

de Souza et al., 2019; Cherem et al., 2012; de Sordi et al., 2018). For instance, basin-wide56

in situ-produced 10Be concentrations in the Serra do Mar, Southeastern Brazil, indicate57

denudation rates nearly half of those estimated from apatite fission track data, which suggest58

an average rate of roughly 50 m Myr−1 over the past 60 Ma (Hiruma et al., 2010; Salgado59

et al., 2014), indicating a decline in escarpment retreat rates since the breakup of Gondwana60

(e.g., Hackspacher et al., 2004).61

While significant research has focused on passive margin escarpments, quantitative stud-62

ies on the evolution of escarpments in tableland and cuesta landscapes remain limited. (e.g.,63

Duszyński et al., 2024). In arid and semi-arid regions, studies have reported a wide range64

of escarpment retreat rates, with values varying from hundreds to thousands of meters per65

million years, influenced by factors such as climate and surface processes. In temperate66

regions, similar studies have shown retreat rates that vary based on local conditions, with67

some recent work highlighting the role of climatic and glacial-interglacial cycles in shaping68

escarpment dynamics (Sancho et al., 1988; Matmon et al., 2005; Duszyński et al., 2024).69

Brazil is no exception, and despite its remarkable landscape diversity (Vieira et al., 2015),70

quantitative studies on the evolution of topographic escarpments in tableland and cuesta71

landscapes remain limited (Vasconcelos et al., 2019; Barreto et al., 2022). Most existing72

research has focused on the eastern and southeastern coast, particularly along the Atlantic73

Passive Margin Escarpment (see the Octopus database compiled by Codilean et al., 2022).74

However, recent studies have begun to explore other regions, such as the Araripe Plateau in75

Northeast Brazil (de Oliveira et al., 2025), expanding the scope of escarpment research in76

Brazil.77

This study contributes to filling this gap by presenting a new dataset for one of the longest78

and most prominent geomorphic features in Central Brazil: the Serra Geral Escarpment,79
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located in the State of Goiás (Fig. 1). Our objective is to refine Quaternary denudation80

rates associated with different geomorphic compartments of this regional-scale escarpment by81

measuring the concentrations of in situ-produced cosmogenic nuclides (10Be, 26Al, and 36Cl)82

in river-borne sediments and bedrock outcrops. These measurements offer initial constraints83

on the evolution of the Serra Geral Escarpment and raise broader questions about the84

possible impact of landslides and regolith cover on the cosmogenic signal measured in the85

river-borne samples.86

2. Geological and geomorphic contexts87

In the State of Goiás, the Serra Geral Escarpment extends along the boundary between88

the northwestern São Francisco Craton and the Brasília Belt, which is part of the Tocantins89

Province (Fig. 1) and corresponds to Early Palaeoproterozoic igneous rocks of the Transama-90

zomic Cycle and Late Palaeoproterozoic sedimentary rocks of the Araí and Paranoá Groups,91

metamorphosed during the Brazilian Cycle (Schobbenhaus and Brito Neves, 2003). The São92

Francisco Craton is composed of Late Neoproterozoic shallow-sea sedimentary rocks from93

the Bambuí Group, which include clastic and carbonate-dominant formations. These are94

overlain by Late-Cretaceous aeolian sandstone layers of the Urucuia Group, a member of95

the Phanerozoic São Francisco Basin (Campos and Dardenne, 1997), establishing a strati-96

graphic sequence in the region. To the north, the Urucuia Group overlays Late-Palaeozoic97

sedimentary rocks from the Canindé Group, which belongs to the intracratonic Parnaíba98

Basin (Daly et al., 2019). The inclination of the Bambuí Group rocks is weak to the west,99

increasing to the north, with general conformity to relief and main drainage direction (Cam-100

pos and Dardenne, 1997). The karst system within the Bambuí Group includes sinkholes101

and horizontal caves, which regulate sediment transport and water flow, playing a critical102

role in the regional geomorphic dynamics.103

At a regional scale, the geomorphology is clearly controlled by lithostructural factors104

(Fig. 1). In the northwest and west, the igneous rocks correspond to a low-relief area, with105

elevations ranging from 250 to 350 m, known as the Depressão do Alto Tocantins (Upper106

Tocantins Depression). In the southwest, the dissected plateau has higher elevations, ranging107
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from 1200 to 1600 m, and is associated with Proterozoic metasedimentary rocks, forming108

the Complexo Montanhoso Veadeiros-Araí (Veadeiros-Araí Mountainous Complex, see Fig.109

1).110

To the east, extending from north to south, Mesozoic sandstones form a plateau with111

elevations between 700 and 1000 m that gently decrease eastwardly, towards the State of112

Bahia, known as the Chapadão do Oeste Baiano (Western Bahia Plateau, see Fig. 1).113

The central and south-central regions are characterized by low-relief areas, with elevations114

between 350 and 600 m, composed of limestones and calcarenites from the Bambuí Group,115

and known as the Vão do Paranã (Paranã Gap, see Fig. 1). This region exhibits an116

active fluvio-karst system, where chemical erosion of carbonates has created interconnected117

networks of caves and conduits, influencing sediment deposition and hydrology.118

Between the Western Bahia Plateau and the Paranã Gap lies a narrow, N-striking,119

elongated intermediate surface with elevations between 750 and 800 m (Fig.1), referred to120

as Patamares do Chapadão (Plateau Steps, see Fig. 2). This surface is dissected and locally121

capped by pebbles, gravels and cobbles, forming a detrital paleo-pavement truncating the122

Lower Urucuia sandstones, the Bambuí carbonates or the Palaeoproterozoic basement rocks123

(Fig. 1). This regional surface likely originated through pediplanation, synchronous to124

the retreat of the escarpment, and was followed by fluvial dissection, bringing close to the125

surface the caves and caverns that developed within the limestones of the Bambuí Group126

(do Nascimento, 1992; Hussain and Uagoda, 2022). The Angélica fluvial cave system (Fig.127

3G) is a prominent example, highlighting the interplay of vadose and phreatic processes,128

with sedimentary deposits reflecting episodic changes in hydrology and roof collapses.129

The boundary between the Urucuia Formation and the Bambuí Group forms a major130

water divide between the São Francisco River to the east and the Tocantins River to the131

west. This divide coincides with the crest of the escarpment, which reaches an elevation of132

approximately 1000 m (Fig. 2). The escarpment, known as the Serra Geral de Goiás, faces133

westward with a vertical relief ranging from 200 to 400 m. It can be classified as a glint,134

similar to the topographic features like the Ibiapaba Escarpment described by Bastos et al.135

(2024) in Northeastern Brazil.136
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The Western Bahia Plateau gently dips eastward, with a poorly dissected backslope137

shaped by subsequent incision (Fig. 2 and 3). The surface of the plateau is covered by138

reddish to yellowish Oxysoils, typically thicker than 2–3 meters (Jacomine et al., 1976;139

Valladares, 2002), derived from the in-situ weathering of Urucuia sandstone throughout140

the Cenozoic (Kiang and de Paula, 2015). In front of the Serra Geral Escarpment, flat-141

topped elevations bounded by steep slopes on all sides form mesas and buttes, remnants of142

a once more extensive plateau. The scalloped escarpment features numerous recesses and143

re-entrants, separated by promontories, where regressive erosion and landslide processes144

have accentuated localized embayments (Fig. 2). Actually, along the whole Serra Geral145

Escarpment, almost 200 individual recent landslide scars were identified on Google Earth146

imagery, with 60% of them along the section in the region of Posse (Fig. 3).147

3. Cosmogenic nuclides processing and production systematics148

Cosmogenic nuclides form in surface rocks when they are bombarded by secondary cos-149

mic particles, including neutrons and muons, triggering a series of nuclear reactions. Their150

accumulation is governed by the duration of exposure and the efficiency of surface pro-151

cesses. By analyzing rock samples, it is possible to determine denudation rates with high152

spatial precision, focusing on specific hillslopes or bedrock sections. Alternatively, studying153

amalgamated detrital sediment provides insight into the broader erosion and weathering154

dynamics of an entire watershed. This cosmogenic lens offers a unique perspective on sur-155

face denudation, which results from the interplay between mechanical erosion and chemical156

weathering.157

Samples were collected during two field campaigns, one in 2017 (LFi) and the other in158

2019 (LF19_i). To capture representative denudation rates reflecting regional landscape159

evolution, river-borne sediments were sampled from watershed outlets located across three160

distinct geomorphic settings (Fig. 4): on top of the Western Bahia Plateau (Chapada Group),161

along the Serra Geral escarpment (Escarpment Group), and at the toe of the escarpment,162

both before and after the karstic terrain in the Neoproterozoic limestone (Gap Group).163
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Additionally, surface samples were obtained from bedrock outcrops, specifically, Urucuia164

sandstones (LF14) and Bambuí carbonates (LF13), as well as from sandy colluvium deposits165

on the Plateau Steps (LF7 and LF8). All samples were processed at the Laboratoire National166

des Nucléides Cosmogéniques (LN2C, CEREGE, Aix-en-Provence, France), which houses167

the French AMS Facility ASTER (Arnold et al., 2010). Detailed descriptions of the chemical168

and AMS procedures, along with the corresponding analytical results, can be found in the169

supplementary materials provided in Cherem et al. (2025).170

The spatial integration of cosmogenic-derived denudation rates leverages the natural171

mixing of sediments from slope and fluvial processes within a watershed (Brown et al., 1995;172

Bierman and Steig, 1996; Granger et al., 1996). As rivers transport and mix sediments173

originating from hillslopes, they serve as natural integrator of denudation processes across the174

drainage system (Von Blanckenburg, 2005). On hillslopes, cosmogenic nuclides accumulate175

as material moves through the upper meters of rock or regolith, recording the history of176

denudation and integrating both physical erosion and chemical weathering processes. If177

the cosmogenic nuclide concentration has reached secular equilibrium (e.g., Lal, 1991) and178

sediment transport/storage time is negligible, the measurement of cosmogenic concentrations179

in river-borne quartz minerals enables estimation of basin-wide denudation rates (Granger180

et al., 1996; Von Blanckenburg, 2005). In this context, cosmogenic concentrations (N̄) are181

inversely proportional to the long-term, basin-averaged denudation rate (ϵ):182

N̄(ϵ) =
Pn

λ+ ρϵ
Λn

+
Pµs

λ+ ρϵ
Λµs

+
Pµf

λ+ ρϵ
Λµf

=
∑
i

Pi

λ+ ρϵ
Λi

(1)

where λ is the radioactive decay constant of the cosmogenic nuclide (4.99×10−7 yr−1 for183

10Be and 9.67×10−7 yr−1 for 26Al), and Λi represents the attenuation lengths for the cos-184

mic particles beneath the surface. Here, the subscript i refers to the different production185

pathways (for 10Be or 26Al), including neutrons, stopping muons, and fast muons. At the186

watershed scale, Pi is the basin-averaged surface production rate, while ϵ is the basin-wide187

denudation rate. For bedrock samples, Pi is the local production rate and ϵ represents the188

local denudation rate. In our study, we used the attenuation lengths for neutrons (Λn =189
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150 g.cm−2), slow muons (Λµs = 1500 g.cm−2), and fast muons (Λµf = 4320 g.cm−2) from190

Braucher et al. (2011).191

To determine basin-wide surface production rates, and geomorphic shielding due to sur-192

rounding topography, scaling scheme by Stone (2000) and shielding formalism by Dunne193

et al. (1999) were applied to a regional digital elevation grid, extracted from the FABDEM194

database (Hawker et al., 2022), using in-house, Balco et al. (2008)’s MATLAB scripts and195

Topotoolbox (Schwanghart and Scherler, 2014). Sub-relativistic muons being sensitive only196

to the atmospheric thickness, their production rates are determined using the basin-averaged197

elevation, converted into a basin-averaged atmospheric pressure (Stone, 2000), and the for-198

mulation by Braucher et al. (2011).199

In equation (1), ρ (g.cm−3) is the density of the material that is exposed to secondary200

particles, within the upper few meters below the surface. To account for the spatial variabil-201

ity due to contrasting lithologies, we allowed this parameter to vary from 1.7 g.cm−3, for the202

watersheds that drain the regolith skirting the Western Bahia Plateau, to 2.0 g.cm−3, for203

the other watersheds draining mostly the escarpment and the Cretaceous Urucuia Forma-204

tion (Costa Bomfim and Dias Gomes, 2004). Also, because the carbonates from the Bambuí205

Group do not comprise quartz, they do not contribute to the production of in situ 10Be and206

26Al. The areas of the watersheds that are partly draining the Bambuí Group have thus207

being reduced to those of the quartz-bearing rocks (Fig. 4).208

Equation (1) expresses cosmogenic nuclide concentrations under the assumption of a con-209

stant denudation rate over a period long enough to reach secular equilibrium. For spallogenic210

neutrons, this steady-state time is given by (Lal, 1991):211

Teff =
1

λ+ ρϵ
Λn

(2)

However, since the different production pathways contribute independently, the total212

steady-state integration time is obtained by summing the reciprocals of the individual times,213

analogous to the addition of decay constants in parallel processes:214
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1

Ttot
=

1

Tn

+
1

Tµs

+
1

Tµf

(3)

Substituting the individual steady-state time expressions yields:215

Ttot =
1(

λ+ ρϵ
Λn

)
+
(
λ+ ρϵ

Λµs

)
+
(
λ+ ρϵ

Λµf

) (4)

This equation shows that the total steady-state time is determined by the sum of the216

contributions from neutrons and both slow and fast muons, with each process characterized217

by its own attenuation length and sensitivity to surface denudation. The process with the218

smallest time constant, i.e., the term with the largest value of λ+ ρϵ
Λi

, dominates the overall219

steady-state time.220

To evaluate if surface cosmogenic production has achieved the secular equilibrium, pairing221

cosmogenic nuclides with different half-lives, such as 10Be and 26Al, has long been proposed222

(e.g., Lal, 1991). When fluvial sediment is injected into a karst system after being exposed223

to cosmic particles in the source area, productions of 26Al and 10Be are interrupted and224

both nuclide initial concentrations start to decay, according to their respective radioactive225

half-life. In such geomorphic settings, for shielding duration exceeding roughly 200 kyr,226

measurements of the isotopic ratio between 26Al and 10Be (hereafter referred to as the Al-Be227

ratio) provide estimates of burial times and paleo-denudation rates (e.g., Granger et al.,228

2013).229

At the surface, for long exposure durations under a constant denudation rate above230

20 m.Myr−1, the Al-Be ratio is kept close to a value of 6-7 (Balco et al., 2008; Borchers231

et al., 2016). When denudation rates are lower than 10 m.Myr−1, the nuclide 26Al may232

reach secular equilibrium faster than 10Be. Consequently, the surface Al-Be ratio can be233

decreased by up to 50% with respect to the surface value of 6-7 (Lal, 1991; Dunai, 2010).234

In most terrestrial settings, surface denudation is higher than 10 m Myr−1 but apparent235

burial signature can still be observed in the Al-Be ratios (Struck et al., 2018). For example,236

transient sediment storage in the floodplain or in alluvial deposits may combine with slow237

transit through the river system and affect the first-order cosmogenic signal (Romans et al.,238
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2016; Wittmann et al., 2020; Halsted et al., 2024; de Oliveira et al., 2025). Another possibility239

is the decrease of the Al-Be ratios in bedrock and river-borne samples due to an accelerating240

denudation rate on a Pleistocene time scale (Godard et al., 2021, 2024).241

In regions of low denudation rates, residence times within the production layer, compris-242

ing the regolith and saprolite, can approach the half-life of 26Al and 10Be, which can thus243

lead to substantial nuclide losses due to radioactive decay. In addition, over such long time244

spans, dynamic processes such as bioturbation and pedogenesis (e.g., translocation of fine245

particles) may introduce a dynamic burial effect, which would result in sediment that are246

already finger-printed with depleted Al-Be ratios when they are injected into the drainage247

system.248

To account for these complexities, we adopted the formalism proposed by Foster et al.249

(2015), which allows expressing 10Be and 26Al concentrations as a function of the mixed250

layer’s depth (H, in meters) and the denudation rate (ε) for a steady-state mixed soil layer:251

N =

P̄H
εβ

+Nb

1 + λH
εβ

, (5)

where P̄ is the depth-averaged production rate within the soil, incorporating both spallation252

and muogenic production, β is the rock-to-soil density ratio, and Nb is the nuclide concen-253

tration at the bedrock-soil interface, which depends on both H and ε. Given the quartzitic254

nature of the bedrock, quartz enrichment processes between bedrock and soil were not con-255

sidered (Foster et al., 2015). We also considered an average density of 2.4 g cm−3 for the256

sandstone from the Urucuia Formation, and 1.2 g cm−3 for the soil (β = 2).257

In addition, bootstrapping is used to estimate the uncertainty of the mean values of ε258

and H by repeatedly resampling the dataset with replacement. This generates a distribu-259

tion of possible outcomes, from which the standard error and confidence intervals can be260

determined. Bootstrapping is particularly useful when the dataset is small or when the un-261

derlying distribution is unknown, providing a robust, data-driven estimates of parameters’262

uncertainties.263

Finally, to quantify the retreat rate (Vretreat) of the escarpment, we used the following264
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simple relationship:265

Vretreat =
Descarp. −DChap.

tanΘ
(6)

where Descarp. and DChap. are the denudation rates of the escarpment and the plateau, re-266

spectively, and Θ is the escarpment slope angle. This formulation assumes that the plateau267

slope is negligible, which is consistent with Equation 14 of Braun (2018).268

4. Results269

4.1. In situ-produced concentrations and denudation rates270

Accelerator Mass Spectrometry results and conversion of cosmogenic concentrations into271

denudation rates are presented in the supplementary tables provided in Cherem et al. (2025),272

together with relevant information to reproduce our calculations. In situ 10Be concentra-273

tions measured in river-borne sediment from watersheds draining the summit surface of the274

Western Bahia Plateau (Chapada group) are ranging from (4.0±0.1)×105 to (7.7±0.2)×105275

at. g−1 (Fig. 5A), yielding basin-wide denudation rates ranging from 6.3±0.4 to 12.3±0.8276

m Myr−1 (Fig. 4), with a weighted mean of 7.4±0.2 m Myr−1 (Fig. 5B). Samples LF1 and277

LF19_3 were taken from the same outlet in 2017 and 2019 and show a 10Be concentration278

difference that is consistent with the spatial variability observed for the other samples taken279

from the surface of the Western Bahia Plateau.280

The watersheds draining the Plateau Steps to the west (Gap Group) exhibit 10Be con-281

centrations ranging from of (1.5±0.1)×105 to (2.5±0.1)×105 at. g−1 (Fig. 5A), yielding282

denudation rates ranging from 17.2±1.2 to 28.2±1.9 m Myr−1 (Fig. 4), with a weighted283

mean of 22.6±0.6 m Myr−1 (Fig. 5B).284

Within the Escarpment Group, the 10Be concentrations measured in river-borne sediment285

are lower and more variable with values ranging from (1.9±0.1)×104 to (19.6±0.6)×104286

at. g−1 (Fig. 5A), yielding denudation rates between 62.5±4.5 and 250.0±21.9 m Myr−1
287

(Fig. 3), with a weighted mean of 84.4±3.8 m Myr−1 (Fig. 5B). Samples LF9 and LF19_5288
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were taken from the same outlet in 2017 and 2019 and yielded almost identical 10Be con-289

centrations, and thus denudation rates that are not significantly different (Cherem et al.,290

2025).291

Denudation rates derived from surface 10Be concentrations in bedrock and colluvium sam-292

ples are in good agreement with those from the basin-wide, river-borne sediments (Fig. 4).293

Indeed, sampled from the Urucuia sandstones outcropping on top of the Western Bahia294

Plateau, LF14 yields a surface denudation rate of 4.5±0.3 m Myr−1, comparable with the295

lower end member of the catchment-wide denudation rates from the same geomorphic sur-296

face. Sandy samples from the Plateau Steps, at the toe of the escarpment (LF7 and LF8),297

yield surface denudation rates of 19.8±1.4 and 27.3±1.9 m Myr−1, which are also comparable298

to those from the catchments draining the same geomorphic unit (Fig. 4). Finally, the sam-299

ple from an outcrop of Bambuí Limestone in the Paranã Gap (LF13) shows a significantly300

higher denudation rate of 162.1±28.8 m Myr−1 (Fig. 4).301

Integration time scales, calculated from equation (4) indicates that the 10Be-derived302

denudation rates span the last 35-72 and 14-22 kyr for the Chapada and the Gap groups,303

respectively. For the watersheds from the Escarpment Group, the integration time scales304

are much shorter, and on the order of only 2-6 kyr (Cherem et al., 2025).305

4.2. Al-Be ratio measurements306

The 26Al concentrations measured in the same samples than for the 10Be concentrations,307

are comprised between (9.5±1.3)×104 and (5.6±1.9)×106 (Cherem et al., 2025). These308

concentrations yield denudation rates ranging from 8.8±0.6 to 18.3±1.3 m Myr−1 for the309

Chapada group, from 102.1±11.4 to 258.9±35.1 m Myr−1 for the Escarpment group, and310

from 21.2±1.6 to 42.7±3.0 m Myr−1 for the Gap group (Cherem et al., 2025). These con-311

centrations imply Al-Be values ranging from 3.7±0.5 to 7.1±1.0. More specifically, for the312

Chapada Group, all the samples show low Al-Be values between 4.5±0.2 and 5.1±0.2, with313

a weighted mean of 4.8±0.1 (Cherem et al., 2025).314

A classical means to depict cosmogenic Al-Be values is to plot them against measured315

10Be concentrations together with the curves drawn for the simple exposure region with316
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and without erosion (e.g., Lal, 1991), with a normalization based on the production rate of317

nuclides at the sample site (Klein et al., 1986; Granger, 2006). In this graph (Fig. 5C), sam-318

ples plotting along or close the “erosion island”, as defined by Lal (1991), have achieved the319

cosmogenic secular equilibrium whereas those plotting below are characterized by complex320

exposure history. In the dataset, 11 out of 17 basin samples show depleted Al-Be values321

(30-40%), and thus plot significantly below the limiting curves (Fig. 5C).322

With respect to the surface Al-Be production value of 6.61±0.52 (Rixhon et al., 2011),323

these samples are decreased roughly by 30%. For the Gap Group, the Al-Be values are rela-324

tively close to the theoretical surface value, with depletion below 10%, except for one sample325

at 30% (LF19_2). The Escarpment Group shows very variable Al-Be values, with 3 out of326

5 showing depletion on the order of 36% (Cherem et al., 2025). Conversely to their 10Be327

concentrations, samples LF9 and LF19_5 exhibit relatively different 26Al concentrations.328

However, with a Z-score of 1.76, which is below the threshold of 1.96, these two concentra-329

tions are not significantly different at the 95% confidence level. Finally, the three bedrock330

samples exhibit Al-Be values close to the theoretical surface value, and thus indicate secular331

equilibrium.332

In an attempt to estimate equivalent burial durations for the samples located in the333

complex exposure domain, we used the approach proposed by Blard et al. (2019). The origi-334

nality of this approach lies in incorporating the effects of altitude and latitude on cosmogenic335

nuclide production rates, enabling more accurate burial age calculations by accounting for336

pre-burial exposure conditions. Apparent burial durations for the Chapada Group range337

from 0.4±0.1 to 0.6±0.1 Myr (Cherem et al., 2025), with a weighted mean of 0.50±0.03338

Myr. For the Gap Group, burial durations are comprised between 0.2±0.1 and 0.7±0.1,339

for the most apparently buried sample (LF19_2, see Fig. 5C), and with a weighted mean340

of 0.42±0.06 Myr for the three samples with an apparent burial signature. Finally, for the341

watersheds in the Escarpment Group, apparent burial durations are on the order of 0.9±0.2342

Myr (Cherem et al., 2025).343
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5. Discussion344

5.1. Denudation rates and geomorphic units345

Denudation rates measured from the river-borne sediments clearly separate into the three346

groups (Chapada, Escarpment and Gap) that were identified based on geomorphic positions347

and characteristics (Fig. 4). For the Chapada Group, 10Be-derived denudation rates are348

lower than for the two other groups, with a median value of 11 m Myr−1, and a weighted349

mean of 7.4±0.2 m Myr−1 (Fig. 5B). For the Escarpment Group, the 10Be-derived denudation350

rates are higher than for the two other groups, with a median value of 160 m Myr−1, and a351

weighted mean of 84.4±3.8 m Myr−1 (Fig. 5B).352

Watersheds draining the Plateau Steps (Gap Group) are thus characterized by inter-353

mediate denudation rates, with a median value of 24 m Myr−1, and a weighted mean of354

22.6±0.6 m Myr−1 (Fig. 5B). Sample LF12 corresponds to a watershed that could be classi-355

fied in the Escarpment Group. However, it also corresponds to the largest regional embay-356

ment that formed from regressive erosion, almost capturing the drainage network from the357

plateau at this latitude (Fig. 2). In this watershed, most of the slopes are close to the local358

base level made by the Plateau Steps, at the toe of the escarpment. For this reason, LF12359

sample yields a denudation rate that is closer from those determined for the Gap Group360

(Fig. 4).361

5.2. Interpretation of depleted Al-Be ratios362

On the two-nuclides graph, the watershed samples generally plot below the curves and363

thus show an apparent burial signature, with very scattered samples from the Escarpment364

Group and more clustered samples from the Gap and Chapada groups (Fig˙ 4C). With365

the lowest 10Be concentrations, samples from the escarpment are more distributed below366

the “erosion island” defined by the constant exposure and steady-state denudation curves367

(Fig. 4C). For the Escarpment Group, the observed Al-Be depletion may originate from368

material exposed along the escarpment slope and episodically delivered to the drainage369

system through landslides. In these rapidly eroding watersheds, the integration timescale of370

2 to 6 kyr likely reflects the recurrence interval of gravity-driven events along this section of371
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the escarpment. This interpretation is reinforced by the systematic occurrence of a higher372

number of recent landslides in the headwaters of watersheds with the highest denudation373

rates (Fig. 4).374

The group of river samples collected atop of the Western Bahia Plateau are characterized375

by low Al-Be values and high 10Be concentrations. These catchments drain the flat surface376

of the plateau skirted by a regolith derived from the Urucuia Formation (Costa Bomfim and377

Dias Gomes, 2004). Before 1950 and the development of agribusiness, the Western Bahia378

Plateau was extensively covered by a savanna woodland (biome Cerrado), the typical natural379

land cover in Central Brazil. Therefore, we suspect that the depleted Al-Be results from380

vertical mixing under forest of the near-surface thick soil, where the combination of a strong381

bioturbation and slow erosion rates may have led to longer exposure, and depleted Al-Be382

values with respect to the surface production value (Campbell et al., 2022). Indeed, at the383

latitude and elevation of the Western Bahia Plateau, surface Al-Be values should be on the384

order of 6.4-6.8 for constant denudation rates of 5 to 13 m Myr−1, as determined using 10Be385

concentrations. However, due to the differential contributions of neutrons and muons at386

depth, the Al-Be values can drop by 21-27% below a ≈10 m-thick regolith with an average387

density of 1.7 g cm−3. Conversely to the river-borne sediments, the surface sample taken388

from outcrop of Urucuia sandstones atop of the plateau is consistent with a long exposure389

at the surface with a steady denudation rate (Fig. 4C).390

To explain the difference of cosmogenic signal recorded by the surface and the watershed391

samples, we thus invoke that the Al-Be ratios are depleted by a long exposure within the392

regolith that developed atop the Western Bahia Plateau. Using equation (5), ε and H were393

solved through an iterative optimization to match the observed concentrations of 10Be and394

26Al (e.g., Makhubela et al., 2019; Godard et al., 2024).395

The 10Be and 26Al concentrations measured in the watersheds draining the summit sur-396

face of the Western Bahia Plateau are best explained by dynamic burial within a production397

layer 10.6±2.3 m thick (Fig. 6). In this framework, ε = 3.3±0.9 m Myr−1 represents the398

average basin-scale denudation rate, corrected for dynamic burial in the source production399

layer. Interestingly, this modeled value of ε closely aligns with the weighted mean pre-burial400
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erosion rates determined from the measured Al-Be ratios and the burial dating approach401

proposed by Blard et al. (2019). While we cannot entirely exclude the possibility of burial402

during sediment transport (Wittmann et al., 2020; Halsted et al., 2024), we favor the inter-403

pretation of a dynamic burial within the regolith, which acts as the source of the sampled404

fluvial sediments. In our dataset, the depleted Al-Be values observed for some of the water-405

sheds from the Gap Group also suggest that this dynamic burial process may also be active406

within the detrital material overlaying the Plateau Steps.407

The corrected denudation rate represents a conservative lower-end estimate, as our sim-408

ple model does not account for quartz fractionation between the sediments of Urucuia and409

the regolith, nor for near-perfect vertical mixing over roughly ten meters of regolith. They410

are, on average, 2.5 times lower than those derived under the classical assumption of sec-411

ular equilibrium. In addition, the surface sample exhibits secular equilibrium denudation412

rates comparable to the average basin-scale denudation rate, corrected for dynamic burial.413

These findings highlight the importance of considering regolith cover when deriving denuda-414

tion rates from in situ-produced cosmogenic nuclides in river-borne sediment, as well as415

the potential biases introduced when relying solely on 10Be concentrations and the secular416

equilibrium assumption.417

5.3. Escarpment evolution and retreat rates418

Along the northern section (LF10 and LF12) and central section (LF2, LF9, and LF_195),419

the escarpment displays the highest relief, with elevations reaching up to 300 meters, steep420

slopes exceeding 1500 m km−1, and an increased number of landslides (Fig. 4). Samples421

from watershed outlets confined to the escarpment reveal the highest maximum denuda-422

tion rates, derived from 10Be concentrations, with a weighted mean of 88.5±4.0 m Myr−1
423

and a median of 168 m Myr−1 (Fig. 4C). These elevated rates are strongly linked to active424

landslides (Fig. 2), contrasting sharply with the relatively low denudation rate of 24±2 m425

Myr−1 from LF12, located in the largest embayment. The variability in Al-Be ratios high-426

lights the stochastic nature of gravitational processes, which transport material eroded from427

various depths along the escarpment slopes. Indeed, high denudation rates are observed in428
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watersheds where landslides mobilize material from both deep and shallow sources. How-429

ever, these are mainly localized adjustments, suggesting that escarpment retreat is not a430

uniform or rapid process but rather occurs through isolated destabilization events within a431

longer-term landscape adjustment.432

Once embayments form and slopes stabilize, the escarpment evolution aligns with the433

broader regional surface at its base (e.g., LF12 watershed). At this stage, denudation rates434

are controlled by rock outcrops as well as the availability of erodible material. Together with435

the gradual decline of the escarpment to the south, this might be indicative of a late-stage436

escarpment.437

Along the southern section (LF3 and LF11), lower relief (heights below 100 meters),438

gentle slopes (less than 250 m km−1), and less landslides suggest an advanced stage of439

geomorphic evolution, where slope adjustment have significantly stabilized. Al-Be ratios440

close to secular equilibrium and denudation rates around 30 m Myr−1 confirm that mass-441

wasting processes are less dominant. Erosion processes have stabilized across both the442

escarpment and adjacent headwaters, indicating a more mature landscape state.443

In contrast to the northern and central sections, the southern section exhibits a higher444

density of karst features, such as caverns and sinkholes (see their spatial distribution in445

Fig. 2 and 4). This is likely due to the erosion of the Urucuia sandstones, which progres-446

sively exposes the underlying carbonate rocks of the Bambuí Group (Fig.7). Unlike fluvial447

incision and lateral erosion, which typically increase gravitational stresses and promote slope448

instability, karstification processes facilitate subsurface drainage and the gradual removal of449

material through dissolution. This redistribution of mass may help to mitigate gravitational450

stress accumulation along the escarpment face, contributing to its relative stabilization and451

allowing for the enhanced development of karst landforms.452

The relationship between sediment transport through karst systems and depleted Al-453

Be ratios in downstream samples (LF19_1, LF19_2) warrants further investigation. The454

observed depletion in LF3 and LF11, confined to the escarpment slope, suggests that cosmic455

ray exposure on the slope itself may significantly contribute to the Al-Be depletion observed456

in some watersheds from the Gap Group (Fig. 5C).457
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The disparity in maximum denudation rates across the three geomorphic compartments458

serves as a key indicator of escarpment evolution and provides a first-order estimation of the459

retreat rate (Fig. 7). Mesas and buttes in the northern and central segments, alongside the460

Plateau Steps extending along the escarpment strike, further evidence this retreat (Fig. 2).461

In the northern segment, the differential denudation between the Western Bahia Plateau462

(7.4±0.2 m Myr−1) and the escarpment (84.4±3.8 m Myr−1) is approximately 77±4 m463

Myr−1, while in the southern segment, this difference is only 18±2 m Myr−1, indicating a464

slower escarpment retreat (Fig. 7). Although denudation rates are expressed in terms of465

vertical surface lowering per unit time, their geomorphic significance differs between the466

plateau and the escarpment due to differences in slope angle.467

On the plateau, denudation primarily reflects surface lowering through weathering and468

sediment transport, while on the escarpment, higher rates integrate both vertical lowering469

and lateral retreat. Applying equation 6, we estimated retreat rates between 30 and 90 m470

Myr−1 for Θ values ranging from 30° to 60° along the most active segments, whereas retreat471

in the southern segment may be up to five times slower (Fig. 6A).472

Given that the Plateau Steps surface is perched approximately 200 m above the regional473

base level of the Paranã Gap along the central part of the escarpment (Fig. 8), and assuming474

that maximum denudation rates of 23±1 m Myr−1 (Fig. 5B), have persisted over timescales475

longer than the Pleistocene, we estimate that incision of the regional drainage below the476

Plateau Steps may have initiated at least 9.0±0.5 million years ago.477

5.4. Comparison with global trends478

In our dataset, the relationship between basin-wide denudation rates and mean basin479

slopes is weaker compared to other datasets from Brazil and worldwide (Fig. 5D). Watersheds480

within the Escarpment Group exhibit distinct denudation patterns that deviate from global481

trends. Steep escarpments are often subject to localized processes, such as landslides or482

episodic mass wasting, which may not be adequately captured by a simple slope-denudation483

relationship. Additionally, differences in sediment transport dynamics could contribute to484

this divergence, as escarpments may have limited sediment storage capacity, leading to485
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periodic pulses of sediment evacuation rather than a consistent, steady relationship with486

slope.487

On the other hand, watersheds outside the Escarpment Group align more closely with the488

lower end of the global trend, indicating that their denudation rates are relatively subdued489

despite variations in slope. This pattern may reflect the long-term stability of the landscape,490

where low tectonic activity reduces the sensitivity of denudation rates to changes in slope.491

The weaker slope-denudation relationship in our dataset, when compared to global compi-492

lations, suggests that additional factors—such as lithology or sediment connectivity—play493

a more dominant role in shaping denudation rates along the Serra Geral Escarpment.494

Globally, escarpment retreat rates vary widely, influenced by climate, geology, and struc-495

tural characteristics. These rates span a broad range, from as low as 1 m Myr−1 to as high496

as 10,000 m Myr−1, with an average retreat rate of approximately 600 m Myr−1 (He et al.,497

2024). In our study of the Serra Geral escarpment, we estimated retreat rates ranging from498

30 to 90 m Myr−1. These rates are relatively modest compared to those reported in other499

arid or semi-arid regions.500

For instance, studies in Spain based on talus flatiron sequences and 14C dating have501

found retreat rates ranging from 500 to 1050 m Myr−1 (Sancho et al., 1988; Gutiérrez et al.,502

1998; Elorza and Martínez, 2001). In the Negev Desert and the Dead Sea Basin, in situ 10Be503

dating revealed rates ranging from 6-12 m Myr−1 to 400–700 m Myr−1 (Boroda et al., 2011;504

Matmon et al., 2005). Similarly, in temperate regions like central Queensland, Australia, and505

the Colorado Plateau, retreat rates have been reported between 18 and 450 m Myr−1 (Young506

and Wray, 2000; Cole and Mayer, 1982). More recently, Duszyński et al. (2024) reported507

retreat rates as high as 4200 m Myr−1 in Poland, based on 10Be surface exposure dates of508

hillslope boulders, which advocate for variability linked to climatic and glacial-interglacial509

cycles.510

The retreat rates we observed in the Serra Geral are on the lower end of this global511

spectrum, likely due to the unique climatic, lithological, and geomorphic characteristics of512

the region. These estimates represent maximum rates, based on cosmogenic nuclide-derived513

denudation under the assumption of secular equilibrium. If corrections were applied for514
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potential systematic Al-Be depletion, these rates could be even slower. This trend of lower515

retreat rates derived from cosmogenic nuclides is consistent with previous observations (e.g.,516

Braun, 2018), where such rates are often lower than those inferred from other methods,517

such as thermochronology. This discrepancy likely arises from differences in integration518

timescales: while rates derived from cosmogenic concentrations reflect relatively recent de-519

nudation under steady-state assumptions, they do not account for longer-term escarpment520

dynamics, including stream piracy events and escarpment consumption. Nevertheless, our521

findings provide valuable insights into escarpment dynamics in tropical regions, where more522

resistant lithologies and relatively stable climatic conditions likely contribute to slower re-523

treat rates compared to other regions worldwide.524

6. Conclusions525

This study provides an analysis of the geomorphic evolution of the Serra Geral Escarp-526

ment in Central Brazil, utilizing in situ-produced cosmogenic nuclides to quantify denudation527

rates and propose a preliminary quantification of its horizontal retreat. The key findings528

are:529

• Distinct denudation regimes across three geomorphic units: the Chapada Group (5–13530

m Myr−1), the Gap Group (18–30 m Myr−1), and the Escarpment Group (58–272 m531

Myr−1).532

• The influence of regolith burial and landslides on isotopic signatures. Regolith burial533

in the Chapada Group and deep-seated landslides in the Escarpment Group result in534

complex exposure histories, underscoring the importance of considering these processes535

when interpreting cosmogenic nuclide data.536

• Significant differential denudation of about 73-81 m Myr−1 and escarpment retreat537

rates of 30–90 m Myr−1 along active segments. The southern region, marked by slower538

retreat and karstification, demonstrates stabilization indicative of advanced landscape539

evolution.540

20



While isotopic data and modeling provide critical insights into the timing and rates of541

geomorphic processes, it is essential to recognize that progress in geomorphology depends on542

a holistic approach. Field verification and systematic landform mapping, whether through543

fieldwork or remote sensing, remain indispensable for corroborating and refining isotopic544

results. However, by integrating denudation rates with dynamic landscape processes, this545

study establishes a preliminary framework for understanding tropical plateau erosion, cuesta546

retreat, and offers insights into the evolution of similar escarpments worldwide.547
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Figure 1: Location of the Serra Geral Escarpment in Brazil. A. General localization in Brazil (SG: Serra

Geral). B. Main geological units of the studied area and localization of the geological cross sections (I

to IV): (1) Palaeoproterozoic granitoids of Natividade Unit, and orthogneisses of Almas Cavalcante Unit,

and metapelites of Arraias Formation; (2) Mesoproterozoic metasedimentary rocks of Paranoá Group; (3)

Neoproterozoic sedimentary rocks of Bambuí Group; (4) Cretaceous sandstones of Urucuia Group; (5)

Tertiary and Quaternary unconsolidated sediments and surficial covers. D. Sketch geological profiles centered

along the Serra Geral Escarpment, identified as I, II, III, and IV, accordingly to their locations plotted in

the map shown in C. These profiles also locate the main geomorphic units: Paranã Gap, Plateau Step, and

Western Bahia Plateau. keys: (a) Palaeoproterozoic basement; (b) Neoproterozoic sedimentary rocks of

Bambuí Group; (c) Cretaceous sandstones of Urucuia Group; (d) Laterite cover; (e) alluvial cover.
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Figure 2: Geomorphic characteristics of the Serra Geral Escarpment. A. Satellite image centered on the

studied section of the escarpment (Source of images: © CNES/Airbus, Google), showing the general mor-

phology with the strong contrast of land use between the surface of the plateau (Western Bahia Plateau)

and that of the depression (Paranã Gap). Distribution of caves and caverns is from Centro Nacional de

Pesquisas e Conservação de Cavernas (CECAV, 2021). Sinkhole and landslide positions were manually

extracted from satellite imagery on Google Earth. B. Enlargements of the satellite image for selected areas,

showing the main geomorphic features of the escarpment: amphitheaters and embayments with backward

erosion, buttes, mesas, and sinkholes (on the plateau).
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Figure 3: Field photographs illustrating the geomorphic characteristics of the Serra Geral Escarpment. A-

C, General views from the Plateau Steps, showing the prominent cliff sustained by the Urucuia sandstones

(caprock) above the lower scarp. The underlying, more erodible strata weather and erode at a faster rate,

driving the parallel retreat of the escarpment. Along the escarpment, buttes and mesas—remnants of a once

more extensive plateau—are common features. Landslides are frequently observed, indicating active slope

instability and ongoing erosional processes. (D–G) Examples of regional fluvio-karst features sculpted in the

Bambuí limestones and exposed by escarpment retreat. (D) Rio Corrente entrenched within its canyon. (E)

A cave entrance. (F) A waterfall plunging into a cavern (Cachoeira do Funil, Mambaí, Goiás). (G) A large

cavern entrance near Mambaí, highlighting the extensive subterranean drainage network (Caverna Angélica,

Parque Estadual Terra Ronca, Goiás).
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Figure 4: Localization map of cosmogenic nuclide samples and associated denudation rates along the studied segment of

the Serra Geral Escarpment. Red diamonds and black squares locate surface samples on bedrock and colluvium surfaces, and

river-borne sands, respectively. Polygons delimit watersheds selected on the top of the plateau (Chapada group, green), at the

toe of the escarpment (Escarpment group, red) and downstream of the Plateau Steps (Gap Group, blue). All values are given

in m Myr−1, and correspond to in situ-produced 10Be derived denudation rates (secular equilibrium hypothesis), excepted

for LF13 that used in situ-produced 36Cl (Cherem et al., 2025). Keys: 1, Alluvial deposits (Holocene); 2, Detrital-laterite

cover (Pleistocene); 3, Detrital-lateritic cover (Paleogene); 4, Sandstone (Urucuia Group, Cretaceous); 5-8, Carbonate (Bambuí

Group: 5, Três Marias; 6, Paraopeba; 7, Lagoa do Jacaré; 8, Sete Lagoas); 9, metasedimentary carbonate-pelite sequences

(Paranoá Group, Palaeoproterozoic); 10, orthogneiss (Alma Cavalcante, Palaeoproterozoic). Landslides, caves and sinkholes:

same as Fig. 2.
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Figure 5: Results for in situ-produced cosmogenic concentrations. A. 26Al as a function of 10Be concentrations for the

three watershed groups and surface samples. Dotted line: surface Al-Be ratio for denudation rates above 20 m Myr−1. Plain

line: forced to origin regression for the watershed samples. B. Whisker boxes with median values for 26Al and 10Be-derived

denudation rates (m Myr−1), for the three groups of watershed samples. C. Two-nuclides plot for the three groups of watershed

and surface samples. Surface samples, shown in lighter colors and marked by a star, plot along the erosion island as defined

by Lal (1991). This plot was elaborated using the R package TCNtools by Godard (2022). D. Slope (m km−1) – Denudation

(m Myr−1) relationship. The data from Serra Geral de Goiás (E, Escarpment; G, Gap; C, Chapada) are compared to data

from Brasília (B; Siame et al., 2023), Southeastern Brazil (SE; Salgado et al., 2007; Cherem et al., 2012; Barreto et al., 2013;

Rezende et al., 2013; Gonzalez et al., 2016; Salgado et al., 2014, 2016; do Couto et al., 2018; Varajão et al., 2018; de Sordi

et al., 2018; de Souza et al., 2019; Gomes et al., 2022), and the rest of the world (W; Matmon et al., 2003; Safran et al., 2005;

Wittmann et al., 2007; Vanacker et al., 2007; Finnegan et al., 2008; Norton and Vanacker, 2009; Ouimet et al., 2009; Delunel

et al., 2010; Abbühl et al., 2010; Insel et al., 2010; Miller et al., 2013; Scharf et al., 2013; Legrain et al., 2014; Duxbury et al.,

2015; Mandal et al., 2015; Godard et al., 2019; Clementucci et al., 2023).
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Figure 6: Results for the dynamic burial model applied to the river-borne samples from the Chapada group.

A. Production layer thickness (m) as a function the denudation with burial mixing (m Myr−1) for each

sample from the Chapada Group, with 1σ confidence ellipses. B. and C. Probability density functions for

the bootstrapped mean production layer depths and denudation rates with burial mixing, with Gaussian

kernel smoothing and histogram overlays. This model and plots were elaborated using the R package

TCNtools by Godard (2022).
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Figure 7: Schematic cross-section of the studied escarpment section with the weighted mean values for
10Be-derived denudation rates (in m Myr−1). Surface samples are approximately localized along the cross-

section. Dark thick lines indicate the cave network connected to the fluvio-karst. Red thick line underlines the

unconformity between Urucuia and Bambuí groups. Keys: FK, fluvio-karst; c, colluvial material skirting the

Plateau Steps; r, regolith skirting the Western Bahia Plateau; U, Urucuia Formation; BG, Bambuí Group;

N, Neoproterozoic basement.
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Figure 8: River profiles with all the sampled outlets and maximum, basin-wide denudation rates determined

using 10Be concentrations. Dotted lines indicate vertical position of the Plateau steps with respect to the

regional base level. Red and blue lines indicate individual river profiles for the central and the southern

section of the Serra Geral Escarpment, respectively.
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