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Abstract
A great escarpment at a passive margin is the mountainous area that separates the low-relief high
plateau and the low-relief but low-lying coastal plain. River incision models, such as the streampower incision model, are often used to quantify the relationship between erosion rates and
topographic metrics. Stream-power incision models predict higher erosion rates for steeper river
reaches, while accounting for vertical rock motion due to uplift or denudation. Escarpment rivers
are steep compared to rivers from active-tectonic regions, suggesting high erosion rates on the
escarpment. But slow erosion rates interpreted from cosmogenic nuclide concentrations contradict
the morphology-inferred denudation pattern.
This thesis addresses this central issue by examining denudation rates and topographic
characteristics of the conjugate margins of Madagascar and India which both preserve the great
escarpment topography. The Western Ghats escarpment in India exhibits a morphology consistent
with a steady state retreat. Channel profiles are consistent with the concept of steady retreat in
which the lower coastal plain reach is graded to a low slope sufficient to transport sediment from
the eroding escarpment reach, and the steeper escarpment reach is adjusted to erode the escarpment;
denudation is concentrated at the escarpment. New cosmogenic 10Be-derived erosion rates of the
Madagascar escarpment and river steepness indices are also consistent with concentrated
denudation at the escarpment. To quantify the retreat rate, a model for interpreting cosmogenic
10
Be concentrations as a directional mass flux to characterize non-vertical landscape changes, e.g.
the laterally retreating escarpment is proposed. Provided that secular equilibrium of cosmogenic
nuclides within a catchment is maintained between newly produced nuclides per unit time and
nuclide exportation by erosion, a detrital cosmogenic 10Be concentration can be used to quantify
the mass flux, as a function of its direction. Escarpment retreat rates of the Western Ghats and
Madagascar escarpments inferred from this model vary within a range of 100s m/Ma to 1000s
m/Ma. Retreat rates of two escarpments from conjugate margins are consistent with, or slightly
lower than, a steady retreat rate from the coastline since rifting.
This thesis also explores the coupling between divide migration and escarpment retreat. The
escarpment retreat is typically modelled as a migrating water divide, where the water divide
coincides with the upper end of the escarpment. However, the continental water divide of
Madagascar does not generally coincide with the escarpment, although it runs in parallel.
Morphological features of the escarpment and the inferred stability of the continental water divide
imply that captures of highland rivers are prevalent and are the main driver of divide migration
along the Madagascar continental divide. A 1D numerical model of escarpment river is utilized to
explore factors in controlling the escarpment retreat under various generic divide migration patterns.
Observations from the model support the hypothesis that divide migration patterns control
escarpment retreat patterns through the control of upstream drainage area at the escarpment edge.
A power law dependence of the escarpment retreat rate on upstream drainage area is demonstrated
for the Madagascar-type escarpment.
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Zusammenfassung
Steilstufen an passiven Kontinentalrändern sind die gebirgigen Gebiete, die Hochplateaus von den
Niederungen der Küstenebene trennen. Der Fortbestand solcher Steilstufen über 10-100 millionen
Jahre, kann nicht mit unseren bestehenden Messungen und Verständnis von Abtragunsraten und
Abtragung in einer Landschaft ohne aktive Tektonik in Einklang gebracht werden.
Flusseinschnittmodelle, wie z.B. das "Stream-Power-Einschneidungs-Modell”, werden oft zur
Quantifizierung der Beziehung zwischen Erosionsraten und topographischen Parametern
verwendet. Flusseinschnittsmodelle sagen höhere Erosionsraten für steilere Flussabschnitte voraus,
berücksichtigen dabei aber nur vertikale Gesteinsbewegung aufgrund von Hebung oder Abtragung.
Steil abfallende Flussabschnitte entlang von Steilstufen implizieren daher auch hohe
Abtragungsraten. Diese implizierten hohen Abtragungsraten stehen allerdings im Widerspruch zu
Erosionsraten die mit kosmogenen Nuklidkonzentrationen gemssen werden.
Die vorliegende Arbeit befasst sich mit dieser zentralen Problemstellung, indem sie die
Abtragungsraten und topographischen Merkmale der konjugierten passiven Kontinentalränder
Madagaskars und Indiens untersucht, die beide große Steilstufen bewahrt haben. Die
Charakteristiken einer sich stetig zurückverlagernden Landschaftsstufe zeigen sich in den
Westghats in Indien. Die Flusslängsprofile sind im Einklang mit einer einer stetigen
Rückverlagerung, bei der die obere Küstenebene ein niedriges Gefälle aufweist, dass ausreicht um
Sediment von der erodierenden Steilstufe abzutransportieren, und sich Denudation entlang der
steileren Steilstufe konzentriert. Neu gemessene kosmogene 10Be-Erosionsraten der
madagassischen Steilstufe und die Flussgradienten stimmen ebenfalls mit konzentrierter
Denudation an der Steilstufe überein. Um die Rückverlagerungsraten der Steilstufe zu
quantifizieren, wird in dieser Arbeit ein Modell zur Interpretation von kosmogenen
Nuklidkonzentrationen in einen gerichteten Massenfluss vorgestellt. Dieses dient zur
Charakterisierung von Mustern nicht-vertikaler Abtragung, z.B. wird eine Steilstufe mit
horizontaler Rückverlagerung gezeigt. Unter der Annahme eines säkularen Gleichgewichts
kosmogener Nuklide in einem Einzugsgebiet stellen die gemessenen Konzentrationen aus
Flusssedimenten eine Verdünnung der einzugsgebietsweiten Produktion von Nukliden in
Erosionsmasse dar, die die Richtung und Geschwindigkeit der Oberflächenveränderung aufgrund
räumlich differenzierter Abtragung widerspiegeln. Die Rückverlagrungsraten der Westghats und
der madagassischen Steilstufe, die aus diesem Modell abgeleitet werden, variieren zwischen
hunderten und tausenden Metern pro Million Jahre. Die Rückzugsraten von zwei Steilhängen von
den konjugierten Rändern sind konsistent mit einem stetigen Rückzug der Steilhänge von der
Küstenlinie seit dem Auseinanderbrechen der Kontinente. Global gesehen, sind Steilstufen an
passiven Kontientalrändern im Einklang mit einem horizontalen Rückverlagerungsverhalten.
In dieser Arbeit werden auch die Zusammenhänge zwischen der Migration von Wasserscheiden
und der Rückverlagerung von Steilhängen untersucht. Die Rückverlagerung von Steilstufen wird
normalerweise als migrierende Wasserscheide modelliert, bei der die Wasserscheide entlang des
oberen Ende der Steilstufe verläuft. Die madagassische Steilstufe ist jedoch dadurch
gekennzeichnet, dass die Steilstufe und die Hauptwasserscheide meist nicht beianderliegen. Die
morphologischen Merkmale der Steilstufe der kontinentalen Wasserscheide implizieren, dass die
II

Anzapfung von Hochlandflüssen den Hauptprozess für die Migration der Wasserscheide darstellen.
Ein numerisches 1D-Modell von Steilstufenlängsprofilen wird vorgestellt, um die Faktoren zu
untersuchen, die die Rückverlagerung der Steilstufe bei verschiedenen Migrationsmustern der
Wasserscheide kontrollieren. Die Beobachtungen des Modells unterstützen die Hypothese, dass die
Migrationsmuster der Wasserscheide die Rückverlargungsmuster der Steilstufe, durch die
stromaufwärts gelegenen Einzugsgebietgröße an der Steilstufe kontrollieren. Für den
madagassischen Steilstufentyp zeige ich, dass das Verhältniss der Rückverlagerungssrate der
Steilstufe und der Einzugsgebietgröße einem Potenzgesetz folgen.
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CHAPTER 1
Introduction

Chapter 1 Introduction

1 Great escarpments and landscape evolution of passive
margins
Passive continental margins frequently exhibit a characteristic morphology consisting of a high
escarpment, which separates a low-relief inland high plateau from the low flat coastal plain.
The edge of an escarpment often coincides with a major, even a continental, water divide. The
steep-slopes and high-relief region that separates the plateau and the coast plain often exhibit
local relief of over 1 km, e.g. the Drakensberg escarpment of South Africa, reaching heights of
2.5 km. These great escarpments extend hundreds of kilometres parallel to the coast along rift
margins and are typically found 30-200 km inland from the coastline (Linari et al., 2017;
Persano et al., 2002). Examples of passive margin escarpments and their age of formation
include the Red Sea margin (10-5 Ma), the Western Ghats in India (84 Ma) (Eagles and Hoang,
2014), the Serra do Mar escarpment in Brazil (125 Ma), the Drakensberg escarpment (130 Ma)
in South Africa, the Queensland escarpment in Australia (150 Ma) and Blue Ridge escarpment
in the US (200 Ma) (Matmon et al., 2002).
The absence of active tectonics at old rift margins makes the formation and persistence of highrelief escarpments a long-debated problem. One major dispute is whether an escarpment is
geomorphologically static or dynamic, in the sense of rates of change of erosion, backcutting,
or retreat of the escarpment away from the coast. Most researchers agree that an escarpment
originates from rifting-related processes, forming at the edge of a rift graben, and subsequently
migrates inland to their modern position (Sacek et al., 2012; Tucker and Slingerland, 1994;
Gilchrist and Summerfield, 1990). However, it is still debated whether this happens as a steady
process or occurs rapidly following rifting, slowing or stalling, so that the modern geomorphic
feature is static (Beauvais et al., 2016; Bonnet et al., 2016; Beauvais et al., 2008). Relatively
static escarpments are supported by low erosion rates. Apatite fission track ages (AFT) and (UTh)/He ages on the escarpment-side coastal plain are rarely reported to be significantly younger
than the break-up age (Persano et al., 2006; Persano et al., 2002; Cockburn et al., 2000),
suggesting that escarpments form and retreat rapidly following break-up, but subsequently
slow. Erosion rates from in-situ cosmogenic nuclides concentrations of escarpment-draining
basins are also very low, with rates on the order of 10s of meters per million years (Portenga
and Bierman, 2011), supporting the idea that older escarpments are geomorphically static.
Alternatively, numerical studies of escarpment topography evolution suggest a much more
dynamic and long-lived geomorphic evolution (Braun, 2018; Willett et al., 2018; Sacek et al.,
2012; van der Beek et al., 2002; Kooi and Beaumont, 1994; Tucker and Slingerland, 1994).
Braun (2018) presented a parameterization of erosion and retreat of an escarpment based on
fluvial erosion and diffusion, and showed that this would lead to a constant rate of retreat over
time. Willett et al. (2018) also argued that escarpment processes should evolve to maintain a
constant form for an escarpment with a constant rate of backward retreat, where escarpment

1

Chapter 1 Introduction
slope maintains a balance with rock advection driven by retreat. Given a constant rate of
escarpment retreat and formation during rifting, a retreat rate of order ~1 km/Ma is suggested
from the distance of most escarpments from the coastline (Seidl et al., 1996; Oilier, 1982).
Testing these models is difficult in that measuring the horizontal retreat rate of a geomorphic
feature is quite difficult. Direct evidence for escarpment retreat comes from terrace deposits
found atop the Blue Ridge escarpment crest and beheaded drainages on the plateau side of the
escarpment (Prince et al., 2010). Erosion rates are easier to measure and have been estimated
from sediment budgets measured in the offshore (Campanile et al., 2008) and from
concentrations of cosmogenic radionuclides (e.g. de Souza et al., 2019; Linari et al., 2017;
Salgado et al., 2014). Detrital cosmogenic nuclide (DCN) 10Be-derived erosion rates and
hillslope diffusivity to calculate retreat rates of the southeastern Australian escarpment to be
40-80 mm/ka over the last 100s of thousand years (Godard et al., 2019) by following the
method of Braun (2018).
The lack of post-rift thermochronometric cooling ages and the very low rates of erosion derived
from 10Be concentrations suggest little geomorphic modification of the landscape and only
slow retreat of the escarpment. However, thermochronometry might be inadequate to measure
escarpment retreat. The erosion associated with the relief of even the largest escarpments is too
small to be measured by thermochronometry except at very high geothermal gradients. It is
therefore likely that cooling ages largely reflect diffusive or exhumational cooling associated
with lithospheric cooling following rifting and are insensitive to the subsequent erosion
associated with escarpment retreat. Cosmogenic isotope concentrations also have a problem,
in that escarpment retreat suggests a spatially variable erosion rate so that catchment wide
averages may not be representative of the process rates on the escarpment.

2 Great escarpments at the conjugate margins of Madagascar
and India
2.1 Great escarpments at conjugate margins
Both eastern Madagascar and western India have a great escarpment mountain range that
extends along the coastline for more than 1000 km, separating a high plateau and a coastal
plain that is low-relief, but non-depositional (Fig. 1). The height of the escarpments is similar
such that they are in a range of 600-2500 m above sea level. The great escarpment at western
India which forms the Western Ghats, is a well-recognized passive margin escarpment (Mandal
et al., 2015a; Gunnell and Harbor, 2010; Gunnell and Harbor, 2008; Matmon et al., 2002). But
the eastern Madagascar escarpment has not received the same attention yet.
The rifting prescribes the age limit of the great escarpments on the two conjugate margins. The
rifting between Madagascar and Seychelles-India in Cretaceous created the two conjugate
2
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margins. Although some studies argue a gap between eastern Madagascar and western India
before the break-up (Nguyen et al., 2016; Seton et al., 2012; Ghosh et al, 2004), other studies
reconstruct a direct contact between the two margins from lithological and structural continuity
(Fig. 2, Thompson et al., 2019; Reeves et al., 2016; Gibbons et al., 2013; Ghosh et al., 2004).
The Seychelles continental fragment separated northern Madagascar from the northern
Western Ghats, but is mostly to the north of our study area (Torsvik et al., 2013). The rifting
history of the margins can be dated from related geological events. The Deccan basalt province
is dated to ~65 Ma (Collier et al., 2008) and is regarded as post-rift. The oldest magnetic
anomaly in the Indian Ocean is the Chron 34 (~84 Ma, Eagles and Hoang, 2014); this marks
the drift phase, following the rift phase. The prevailing magmatism on the eastern coast of
Madagascar is dated back to ~(83 Ma, 92 Ma) (Torsvik et al., 1998). Gibbons et al. (2013)
argues the initial rifting could have started from a dextral strike-slip motion between eastern
Madagascar and western India (~ 120 Ma). The age of the two great escarpments could thus
be as old as 120 Ma and is certainly older than 84 Ma.

Figure 1 Topography of the conjugate margins of (a) eastern Madagascar and (b) western India.
Topography is from the 90 m SRTM digital elevation model (Jarvis et al., 2008).
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Figure 2 Reconstruction of the margins and geology of eastern Madagascar and western India
(Thompson et al., 2019).

2.2 Landscape evolution of the great escarpments
2.2.1 Western Ghats in India
Existing thermochronology cooling ages at western India reveals different exhumation
histories for the coastal plain and the hinterland plateau. Apatite fission track (AFT) and
Apatite (U-Th-Sm)/He (AHe) ages at the plateau are all older than 150 Ma which is in contrast
with the low-lying coastal plain where younger ages <65 Ma are sporadically found (Fig. 3a,
Mandal et al., 2015b). This pattern of cooling ages reflects a cooling peak in the coastal area
that accompanied rifting in the late Cretaceous, whereas the adjacent plateau exhibits slow
cooling from ~200 Ma to the present day (Gunnell et al., 2003; Mandal et al., 2015b). A total
of ~ 1-1.5 km of exhumation is estimated at the coastal area since the Madagascar-India rifting
(Mandal et al., 2015b). The thermochronology data reveal that western India has been relatively
tectonically quiescent since rifting. However, the exhumation on the coastal plain is too small
to resolve a retreating escarpment or a wearing down of the coastal plain because both
processes now occur at a normal thermal gradient (Braun and van der Beek, 2004).
The thermochronometric cooling ages reveal a slowly eroding landscape of Western Ghats
after the rifting heat receded. In-situ chemical weathering of the low-relief coastal plain near
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the city Goa and the inland Karnataka plateau has formed thick laterite profile at western India
(Bonnet et al., 2016). 40Ar-39Ar dating of supergene K-Mn oxides in the laterite yields ages as
old as 47 Ma on the coastal plain and 53 Ma on the plateau (Bonnet et al., 2016; Beauvais et
al., 2016). The ages of a laterite profile indicates the time of exposure of the surface during
laterite formation. The laterite ages are consistent with the thermochronology ages that imply
slow erosion. The thick laterite profile on the coastal plain and its relatively younger age
compared with the nearby plateau laterite are not inconsistent with retreat of the escarpment,
provided erosion is focused on the escarpment with almost no erosion of the coastal plain.
Ideally, there should be a younging of the laterite from the coastline towards the escarpment.
Millennial-scale erosion rates inferred from cosmogenic nuclide 10Be concentrations reveal
concentrated erosion at the steep escarpment in the Western Ghats. The coastal plain and the
plateau are eroding at rates of ~ 5- 20 m/Ma, which are lower than the escarpment where the
erosion rates are ~ 30-100 m/Ma (Mandal et al., 2015a). Such a pattern of erosion would result
in retreat of the escarpment front into the plateau. Morphological features of river network and
valleys indicate headward erosion rivers that are incising into the escarpment front (Gunnell
and Harbor, 2010). The escarpment is likely retreating, but whether this occurs as continuous
migration or by discrete propagation by river capture from the plateau is not well established
(Gunnell and Harbor, 2008; Gunnell and Harbor, 2010).
In general, the Western Ghats has been a slowly eroding landscape after the rifting. The great
escarpment likely has been retreating inferred from spatially differentiated erosion rates across
geomorphic zones and morphological features. However, the rates of retreat and the
morphological response to the retreat remain unclear.
2.2.2 Great escarpment at eastern Madagascar
Thermochronological ages at eastern Madagascar reveal an exhumation history and pattern
similar to that of western India. AFT and AHe ages from the high Malagasy plateau are older
than 188 Ma (Fig. 3b). Old ages (>200 Ma) are also common on the eastern coastal plain,
although some younger ages (<100 Ma) are also found (Fig. 3b). Thermochronometric ages at
the plateau are consistent with the erosion and deposition-induced flexural uplift that proceeded
with the rifting of western Madagascar and Africa (Emmel et al., 2012). The younger ages
found on the eastern coastal plain reflect the Cretaceous rifting-related normal fault activity
(Emmel et al., 2012). Emmel et al. (2012) proposed that the first order topography of
Madagascar was established subsequent to ~200 Ma. This timing was questioned by
Stephenson (2019a), who found that the latest cooling event was Cenozoic based on AHe ages
and modeling of their cooling history. The Cenozoic cooling event is interpreted to be the result
of differentially uplift of central and eastern Madagascar and formed the stepped topography
at the eastern margin (Stephenson, 2019a).

5
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Although many topographic features are shared between the conjugate margins of India and
Madagascar, the stepped topography at eastern Madagascar is only recognized as a passive
margin escarpment from the study of Gunnell and Harbor (2008). Unlike the Western Ghats
where there is a general consensus that it is a retreating escarpment landscape, studies of the
great escarpment in eastern Madagascar mostly refer to the landscape as the response of recent
uplift, based on river profile inversion (Stephenson, 2019a; Roberts et al., 2012) or as
exhibiting progressive uplift, based on interpretation of planation surfaces (Delaunay, 2018).
In the peneplain model, the plateau-coastal plain topography established its pattern at eastern
Madagascar from the Madagascar-India rifting. The flexural isostatic uplift and westwardtilting in Eocene-Oligocene continued to uplift the plateau and the coastal plain but erosion has
kept the coastal plain low-lying and maintained the stepped topography pattern. The river
inversion model predicts the current high plateau arises from a low-lying surface since ~30 Ma
(Stephenson, 2019a) or ~15 Ma (Roberts et al., 2012) at accelerated uplift rates with the
maximum uplift rate of ~80m/Ma found at the near modern time (Stephenson, 2019a). The
Neogene ~ Oligocene uplift from river profile inversion is argued to be supported by
Pleistocene coral reef terraces that are found at the southernmost and the northernmost of
Madagascar island (Fig. 3b, Stephenson, 2019b; Roberts et al., 2012). The river inversioninferred uplift in the Neogene seems to be consistent with the AHe-inferred Cenozoic cooling
event (Stephenson, 2019a). Only a few 10Be-inferred erosion rates are reported in Madagascar.
The 10Be-inferred erosion rates are ~5-15 m/Ma (Cox et al., 2009), which are significantly
lower than the river inversion-inferred uplift rates at the same region on the plateau.

Figure 3 (a) In-situ AFT and AHe ages of western India (Mandal et al., 2015b). (b) In-situ AFT
ages of the Precambrian basement in Madagascar. AFT data is compiled by Emmel et al. (2012).
Thick red lines indicate Pleistocene coral reef terraces (Stephenson et al., 2019b).
6
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3 Research goal and thesis structures
The broad goal of this thesis is to understand the evolution mechanisms and the rates of change
of the great escarpments at passive margins. The fundamental question is: are escarpments
retreating, and, if so, at what rate? The escarpment of Madagascar will be the primary focus,
with some secondary work on its conjugate, the Western Ghats of India. This thesis is divided
into three major chapters. Chapter 2 proposes a model for interpreting detrital cosmogenic
nuclide concentrations as a directionally dependent mass flux, in order to characterise
landscape evolution where the dominant landform change is horizontal. We test this model by
calculating escarpment retreat rates for the Western Ghats Escarpment in India, using published
cosmogenic nuclide concentrations. Chapter 3 focuses on the erosion rates and retreat rates of
the Madagascar escarpment. New detrital cosmogenic 10Be concentrations from the escarpment
are reported and interpreted. Chapter 4 explores the morphological characteristics of the
Madagascar escarpment, with a secondary study of the Western Ghats, in terms of the divide
stability, morphology and potential mechanisms of evolution. Controls on the divide mobility
and escarpment retreat are studied with a 1D numerical model. Model results are examined for
the Madagascar escarpment and the Western Ghats. Finally, Chapter 5 provides a synthesis
and concluding remarks on the thesis, as well as future work directions.

4 River sediment samples and data from collaborators
This thesis involves a collaboration with the China Geological Survey (Shenyang Section).
River sediment samples of Madagascar for 10Be analysis in this thesis were collected by these
collaborators. I conducted the laboratory work of quartz separation, acid etching, column
chemistry and the preparation of BeO for the measurement of 10Be/9Be ratio by AMS. The
collaborators from China Geological Survey also shared their major elements data of bulk river
sediment samples, from which I studied the chemical weathering intensity of Madagascar in
the thesis. The collaborators also provided field photos of land surface and erosional
phenomenon which are discussed in the thesis on related topics.
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Abstract
Evolution of high-relief great escarpments at passive margins remains debated, as the tectonics
of a passive margin remains inactive since rifting. A major debate is whether the landscape is
characterised by a retreating escarpment or slow denudation of the landscape. We examined
the river profiles of the Western Ghats escarpment of India, and found that the morphology of
the escarpment rivers exhibit the conditions for a retreating escarpment model. We propose
here that detrital cosmogenic nuclide concentrations can be interpreted as a directionallydependent mass flux to characterize patterns of non-vertical landscape evolution, e.g. an
escarpment characterized by horizontal retreat. We present two methods for converting
cosmogenic nuclide concentrations into escarpment retreat rates and calculate the retreat rates
of escarpments with published cosmogenic 10Be concentrations. Globally, escarpment retreat
rates inferred from this study vary within a range of 100s m/Ma to 1000s m/Ma. We show that
the retreat rates of the Western Ghats are consistent with a steady retreating escarpment from
the coastline since rifting. Globally, escarpments at passive margins are generally consistent
with a long-term retreat pattern of landscape evolution.

1. Introduction
High-relief escarpments along rifted continental margins pose a stark morphologic contrast
with their neighbouring low-relief plateau and coastal plain. The typical dimensions of an
escarpment, with 1 to 2 km of height and 5 to 20 kms of extent normal to the escarpment imply
enough drainage area that a well-developed river network is present and dominates the
geomorphic processes. Normal scaling relationships between slope or river channel steepness
imply that the escarpment should erode at high rates, so the observed rates of erosion, which
are low, are surprising. Furthermore, asymmetry in morphology and erosion rate should drive
landward migration of the escarpment.
In this Chapter, we present a new, systematic method for interpreting detrital cosmogenic
isotope concentrations in terms of horizontal retreat rates of an escarpment. The method is
conceptually based on the models of Braun (2018) and Willett et al. (2018), who argue that an
escarpment should evolve into a morphology that drives retreat at a constant rate. We
demonstrate that these conditions are exhibited by the Western Ghats escarpment in India,
which shows channel profiles consistent with the concept of a steady, retreating escarpment
with occasional river capture from the upper plateau. Under conditions of steady horizontal
escarpment retreat, we demonstrate that in-situ detrital cosmogenic nuclides concentrations can
be interpreted directly in terms of an average horizontal retreat rate of a catchment. We present
two methods for the calculation of horizontal retreat rates and demonstrate these methods using
published detrital 10Be concentrations from the Western Ghats, with a final application to data
distributed globally.
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2. Model for Escarpment Retreat
2.1 Concept of escarpment retreat
One can consider two evolution scenarios in terms of river incision: downcutting of the
topography with a stationary escarpment (Gunnell and Fleitout, 1998) and backcutting or
retreat of the escarpment with migration of the water divide (Tucker and Slingerland, 1994)
(Fig. 1). The downcutting model can be driven by base level fall or it can involve a decrease in
relief with a fixed base level. Consider a catchment that comprises channel reaches on the
escarpment front and in the plain below. In the stationary escarpment and water divide scenario,
the position of the elemental catchment remains stationary. Assuming that erosion rates on the
plateau are negligible, the surface of the catchment will downcut only if the escarpment front
becomes steeper and shorter. Without a change in the coastal elevation, erosion is focused on
the escarpment. In the retreating escarpment scenario, the escarpment front retreats towards the
inland plateau. Headward erosion of escarpment rivers drives retreat of the escarpment,
widening the coastal plain and enlarging the escarpment-draining basins, although the overall
height and morphology of the escarpment can remain constant, neglecting the increase in
elevation at the base of the escarpment as the coastal plain increases in length (Willett et al.,
2018).
These models can be described in terms of a surface moving in either a vertical or horizontal
direction with respect to its underlying rock (Fig. 1). Although, as argued by Gunnell and
Harbor (2010), the geometry of an escarpment cannot remain strictly self-similar or uniform
during its evolution in geological timescales, we assume that morphologic changes are small
and an instantaneous erosion or retreat velocity is characteristic of the average change over
longer timescales. For vertical erosion, this is essentially the assumption made in treating
cosmogenic isotope concentrations, converting concentration to catchment averaged erosion
rate. Here we propose that the retreat velocity should be treated in the same manner,
representing it as a horizontal motion of the catchment surface. In this case, the change of the
surface can be characterised by a vector in which the magnitude represents the retreat velocity
and the direction represents the retreat direction, taken with respect to the solid earth.
An important component of escarpment retreat models is flexural compensation of eroded mass
at and below the escarpment, which differentially uplifts the region, helping to localize the
water divide at the escarpment edge (Braun, 2018). This is not inconsistent with the idea of
steady motion of an escarpment catchment as the isostatic uplift migrates with the escarpment,
maintaining the constant height.
There are important implications for the analysis and interpretation of cosmogenic isotope
concentrations, dependent on these end-member landscape evolution models, and we will
explore these implications in this Chapter.
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Fig. 1 Conceptual diagram showing two scenarios of escarpment evolution: a retreating escarpment or
a down-cutting escarpment with stationary water divide. The grey surface denotes the surface of an
elemental escarpment-draining catchment. Inset is the mathematical representative of the two scenarios
as motion relative to the rock. ∆𝑡 denotes the unit time, v denotes retreat rate, e denotes a vertical
erosion rate, red arrows indicate the horizontal retreat vector and black arrows indicate the vertical
erosion vector.

2.2 Southern Western Ghats
2.2.1 Geological and morphological features
The escarpment on the west margin of India is a well-recognised escarpment. It extends parallel
to the coast for 1500 km and defines the mountainous region of the Western Ghats (Fig. 2).
The western margin of India rifted from Madagascar at ~84 Ma (Eagles and Hoang, 2014),
with a secondary rifting from the Seychelles affecting the northernmost margin. The Western
Ghats retain relief of 1000 m to 2600 m. The escarpment is heterogeneous in terms of bedrock
geology and morphology from north to south. The northern Western Ghats (21˚N – 16˚N) lies
on the Deccan igneous province (the Deccan Traps), whilst the southern Western Ghats (16˚N
– 10˚N) is located in the Archean-Proterozoic metamorphic shield. The sinuosity of the
escarpment divide varies, with a higher sinuosity of 2.73 in the northern Western Ghats and a
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value of 2.2 for the southern Western Ghats (Matmon et al., 2002). The southern Western Ghats
escarpment (abbr. as SWG escarpment hereafter) is 30 km to 90 km from the coast line (Fig.
2). For convenience, rivers draining through the escarpment that flow into the Arabian Sea are
referred to as escarpment rivers; rivers draining in the opposite direction and draining through
the plateau are referred to as plateau rivers. The SWG escarpment usually coincides with the
continental water divide, but in some areas, the water divide is located inland from the
morphologic escarpment. Although the history of the river topologic structure is not known,
most of the morphologically flat regions currently draining to the west are small in area and
are consistent with relatively recent capture of these drainages from east-directed to westdirected. Consequently, some escarpment-draining basins may have gained drainage area from
the plateau, and we distinguish between rivers that have a headwater divide on top of the
escarpment from those that include drainage area from the plateau (e.g. basin A and basin B in
Fig. 2).
Escarpment rivers in the SWG are bedrock rivers cutting into the Precambrian metamorphic
rocks. The morphology of the rivers draining the escarpment differ primarily due to their
initiation on the escarpment or landward of the escarpment on the plateau (Fig. 3). Rivers
initiating on the escarpment are characterised by a long, low-slope reach on the coastal plain
and abrupt steepening at the escarpment front (Fig. 3a). This is particularly evident in
transformed χ-elevation river profiles, which normalize the river profiles for drainage area
(Perron and Royden, 2013). A typical χ-elevation profile of these escarpment front-initiated
rivers is composed of two near-linear segments: the coastal plain reach and the short and steeper
escarpment-draining reach (Fig. 3b). This characteristic χ-elevation profile indicates the
transient state of the escarpment topography, and is consistent with the model of a moving
escarpment with all erosion focused on the escarpment face (Willett et al., 2018). For plateauinitiated rivers, the channel profile and χ profile have an additional low-slope ‘tail’ at low
drainage area, representing the reach on the plateau (Fig. 3c, 3d).
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Fig. 2 (a) Topographic map of the southern Western Ghats escarpment in India (location is indicated in
the inset figure). Topography is from the 90 m SRTM digital elevation model (Jarvis et al., 2008). In
the inset figure, the Deccan igneous province is indicated. The black dashed line denotes the escarpment
defining the Western Ghats, and we take the southern limit of the Deccan Traps as the boundary between
the northern and southern segments. The 10Be sample locations of Mandal et al. (2015b) are indicated
by white circles. (b) Cosmogenic 10Be-derived erosion rates. Erosion rate is recalculated from published
concentrations following the method of Lupker et al. (2012).
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Fig. 3 River profiles and corresponding transformed χ profiles in the south Western Ghats. Locations
of these rivers are indicated in Fig. 2a. Rivers are extracted from 90 m SRTM data and use a threshold
drainage area of 1 km2. The χ value of rivers is calculated using a base level of the sea level, concavity
of 0.45 and precipitation is not included. a-b) Profiles of escarpment rivers that initiate from the
escarpment front. c-d) Profiles of escarpment rivers that initiate from the plateau interior and drain
through the escarpment.

2.2.2 Methods of river profile analysis
In order to calculate a scaled river profile, it is necessary to assume or estimate the concavity
of the profile (Perron and Royden, 2013). We evaluated the slope-area scaling of escarpmentdraining rivers. The channel slope and drainage area data are extracted with the MATLABbased software TopoToolBox 2, developed by Schwanghart and Scherler (2014). Slope-area
data from digital elevation models (DEMs) are usually too noisy to justify the concavity and
steepness. We calculated the average slope and drainage area over predefined river segments.
River segments are defined with a length of 1 km but break at confluences, so that not all
segments are 1 km long. 1 s of standard deviation of slope and area is also calculated over a
segment. Least square linear regressions were calculated for the log transformed data, limiting
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the regression to the steep upper reach by using a threshold slope and drainage area. We set a
search window for threshold slope and drainage area: slope-(0.01 0.05) and drainage area-(1
km2 5000 km2) (red-dashed line box in Fig. 4b).
We found concavities of 0.3 to 0.6 for the SWG rivers, which is typical for bedrock rivers
(Snyder et al., 2000). We used a mean value of 0.42 for the concavity, in order to calculate the
normalized steepness index for each of the major escarpment rivers. Conventionally,
normalized steepness index is taken as a metric of erosion rate (Kirby and Whipple, 2012).
However, for an escarpment, uplift rate is likely to be limited to the isostatic response to erosion,
and the erosion rate should be reflective rather of the erosion associated with the escarpment
retreat. Willett et al. (2018) analysed this problem and demonstrated that the slope-area scaling
for a river retreating in a direction opposite to its flow should scale according to:
1

𝑚
𝑣 𝑛−1
𝑆𝑙 = − % ( 𝐴! −𝑛−1
𝐾

𝑛>1

(1)

where v is the retreat rate, Sl is the local channel slope and it is negative in the direction
downstream, Ad is the upstream drainage area and K is the erodibility constant, m and n are
positive empirical constants. The steepness of a channel following this scaling would be:
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This relationship implies a lower concavity (m/n-1) than rivers in equilibrium with vertical
uplift, so it is interesting that the concavities we find are close to global averages. This suggests
that the assumptions made by Willett et al. (2018) of a steady, 1-D river normal to the
escarpment with continuous area gain at the channel head might not be appropriate. Sinuous,
branching rivers in a transient state due to discrete area capture might fit that model on average,
but not in specific cases. The slope-area scaling (Fig. 4c) also shows the segmented form as in
the channel profiles (Fig. 4b).
2.2.3 Escarpment retreat from river profile analysis
The segmented form of the escarpment-draining rivers is consistent with models of escarpment
retreat with a lower reach on the coastal plain, where the gradient is sufficient to transport
eroded sediment, but is not incising bedrock. On the upper reach, incision rates are high, but
have a pattern that results in horizontal retreat of the escarpment as well as the drainage divide.
The steepness derived from slope-drainage area plots or from the normalized channel profiles
show a constant value for the escarpment reaches, consistent with a constant rate of erosion,
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but also consistent with a constant horizontal retreat rate (Willett et al., 2018). Furthermore,
river profiles have the same form, but the lengths of the various reaches are highly variable,
even scaled into χ space. This suggests that the kinked profile form is not the result of a
temporal change in uplift rate common to all rivers, in which case the χ scaling would collapse
the profiles onto a common form. Rather they are consistent with an escarpment retreat model
in which the lower reach is graded to a low slope sufficient to transport sediment from the
eroding escarpment reach, and the steep segment is adjusted to erode the escarpment (Willett
et al., 2018), with variation in the steepness and rate of retreat.
Concentrated erosion at the steeper escarpment-front reaches is evident from the normalised
channel steepness index. Following the steepness calculation method as described above, and
taking only the normalised steepness of the upper, steep, escarpment channel reaches in
Western Ghats, we can compare these data to the empirical global scaling relationship between
channel steepness and basin-averaged erosion rate (Fig. 5). Values of channel steepness from
the Western Ghats are amongst the highest in the world at the observed erosion rates. Although
the bedrock is relatively erosion resistant, rainfall is also relatively high, so there is no obvious
reason for these high values in a region with no active tectonic uplift.
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Fig. 4 (a) The Chaliyar River catchment in Western Ghats, India. Red squares indicate transition points
from coastal plain to escarpment channel. Outlet of the drainage basin is at the coast of the Arabian Sea.
Channels are extracted from the DEM using a threshold drainage area of 0.5 km2 (approximately 6 DEM
grid cells). (b) The Elevation-χ profiles of channels shown in (a). Grey circles indicate coastal plain
channels; open red circles are escarpment points. χ is calculated using a concavity of 0.38. (c) Channel
slope-drainage area plot in log space. 1 σ standard uncertainty is indicated by grey bars. Red circles are
escarpment data that are used for regression. Grey points are the coastal plain data. The thick black line
is the predicted regression. The box marked in the red-dashed line is the range for searching of the
threshold point between coastal plain and escarpment (see methods).
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Fig. 5 Normalised channel steepness index and cosmogenic 10Be-derived basin-averaged erosion rate
from Southern Western Ghats (red-lined triangles) with comparison to a compilation of global data by
Kirby and Whipple (2012) (grey colored dots).

2.3 Erosional flux and rock velocity from cosmogenic isotope concentrations
2.3.1 Catchment average erosion rates from cosmogenic nuclide concentration
Production of in-situ cosmogenic radionuclides (CRNs) at and near the Earth’s surface is a
function of the flux of cosmic ray particles at the appropriate energy level (Lal and Chen, 2005).
Commonly used in geological studies is the simplified form by approximating the overall
cosmic ray into collimated ray hitting on the target: for a flat surface well exposed to cosmic
rays, the production rate of a radionuclide at some physical depth z (m) interior of the surface
&

decays exponentially at a constant rate ' (cm-1) as cosmic rays traverse the target mass (Lal,
1991):
𝜌
𝑃(𝑥, 𝑦, 𝑧) = 𝑃( (𝑥, 𝑦)𝑒𝑥𝑝 %− 𝑧(
𝛬
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where ρ (gram/cm3) is the density of the target, and Λ (gram/cm2) is free path absorption length.
A single exponential represents only production of nuclide by spallation. For production of
nuclides by capture of slow muons and by fast muons, we would need to consider the additional
terms. We include the production of nuclides due to muons within our calculations, but
illustrate production using only spallation for simplicity. The penetration distance is in a
general direction, but for incidence on the Earth’s surface, z is taken as downward. Volume
mass is converted into weight mass with target density 𝜌. Consider a target mass, volume of
the mass is given by 𝑑𝑥, 𝑑𝑦 and z, density is given by 𝜌 (gram/cm3). A representative volume
for the increment of mass dMass (gram) is given by:
𝑑𝑀𝑎𝑠𝑠 = 𝜌𝑑𝑥𝑑𝑦𝑑𝑧

(4)

where we assume that flux is in the z direction and dz is large enough that the cosmic ray flux
is fully attenuated. The bulk production of nuclide atoms within the target mass per unit time
M (atoms/year) is an integration of the production rate 𝑃(𝑧) at depth z through mass:
!
!
𝜌
𝑀 = / 𝑃(𝑥, 𝑦, 𝑧)𝑑𝑀𝑎𝑠𝑠 = / 𝑃" (𝑥, 𝑦)𝑒𝑥𝑝 6− 𝑧9 𝜌𝑑𝑥𝑑𝑦𝑑𝑧
𝛬
"
"

(5)

For the case of a single exponential (Eqn. (3)), the bulk production of nuclide atoms M
(atoms/year) is obtained by integration over depth, giving:
𝑀 = 𝛬𝑃( (𝑥, 𝑦)𝑑𝑥𝑑𝑦

(6)

With surface erosion at a steady rate of e, the concentration of a CRN will reach a steady value
at both the surface and at depth. This equilibrium will occur with or without considering the
radioactive decay of the CRN. At erosion rates, radioactive decay becomes negligible. At a
geographic location (𝑥, 𝑦) where the production rate at the earth's surface is 𝑃( (𝑥, 𝑦) ,
cosmogenic nuclides build up in the target mineral during the time of exhumation. The
concentration of CRN in the mineral grain at the surface is (Granger et al., 2013):
𝐶( = 𝑃( (𝑥, 𝑦)𝛬/(𝑒𝜌)

(7)

where C0 is given as atoms/g in target minerals.
For a detrital measurement of CRN concentration within river sediment at the mouth of a
catchment, these quantities must be averaged over the full upstream catchment area.
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Cosmogenic nuclide concentration of river sediment at the outlet is the basin-averaged
concentration and represents the integrated production of CRNs and the integrated erosion rate
(Granger et al., 2013):
𝐶 = 𝑃( Λ/(𝑒𝜌)

(8)

where the underbars represent integration over the catchment surface (𝑆), which has total area,
A (Lupker et al., 2012), so that each quantity is an integral:

(9)

(10)

Estimation of catchment-wide erosion rate is done by solving for e in Eqn. (8), given a
measurement of C. Complications arise from the calculation of production rates, inclusion of
muon production, radioactive decay, and topographic shielding. Muon production was
discussed above and involves only adding additional production terms, which are also
integrable. The surface production rate can be estimated from scaling relationships for altitude
(or atmosphere pressure), geographic location (latitude and longitude), taking into account
production pathway (from neutron spallation, capture of muons and fast muons), or irradiation
geometry (Heisinger et al., 2002a; Heisinger et al., 2002b; Masarik et al., 2000; Stone, 2000;
Lal, 1991).
Shielding of cosmic rays on an individual surface is a function of the surrounding topography
on the skyline, as well as by local slope effects. Cosmic ray shielding generally reduces surface
production rate P( (x, y) but extends the free path attenuation length by the change of irradiation
geometry (Dunne et al., 1999). DiBiase (2018) evaluated the counter-effects of shielding on
catchment-wide production rate (via spallation) and attenuation length, although he found that
the combined shielding effect on surface production rate (via spallation) and free path
attenuation length is negligible when the valley surface slope is less than 30 degrees (DiBiase,
2018). In general, shielding calculations for detrital CRN data are not very important as most
shielding is local, i.e. within the catchment area, and therefore sums to zero during integration.
Radioactive decay is only a factor if erosion rates are low, but can be an issue also with spatially
variable erosion rates, as we will discuss later.
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This conventional calculation of basin-averaged erosion rates from CRN concentrations is
widely used in many geological studies, and can be done using standard software algorithms
(e.g. CRONUS) (Balco et al. 2008) to calculate the basin-averaged erosion rate.
2.3.2 Mass Fluxes
Detrital CRN concentrations as expressed above can be thought of as representing a balance
between two fluxes. The flux of cosmic rays into a catchment determines the total production
in the basin as given by Eqn. (9). With a steady state, this production is balanced by the export
of the CRN within eroded sediment. The flux of sediment out of the basin determines the mass
through which the CRN is distributed and thus the concentration. Concentration can be
expressed in terms of the total production over a time interval divided by the total volume of
sediment produced over that time interval:

(11)

where Mc is the total production of CRN mass over the catchment with dimensions of
moles/time, and Vrock is the volume of rock converted to sediment and exported from the
catchment. This has dimensions of volume per time, and can also be expressed as the integral
of the erosion rate over the surface of the catchment, S. Erosion rate in this context can be
regarded as a flux, as it is a volume of rock produced per square area per unit time.
This concept can be generalized if we think of the rock within the Earth as moving at a constant
velocity, 𝐹" , with respect to the surface. The flux of rock, Vrock, through the surface is the
scalar (dot) product of the vector 𝐹" and the vector normal to the Earth’s surface, S :
LLLL⃗
𝑉𝑟𝑜𝑐𝑘 = 𝐹
" ∙𝑆

(12)

If the vector 𝐹" is vertical, we refer to 𝐹" as erosion rate and the projected area of S as the
catchment area, A, and we revert to Eqn. (8). However, in general, there is no reason for 𝐹" to
be vertical. In particular, for the problem of escarpment retreat, the land surface might be better
regarded as moving horizontally with respect to the underlying rock (Fig. 1). In this case, we
LLL⃗" as horizontal, but the rock flux is still calculated from the scalar product of 𝐹" and
can take 𝐹
the normal to S. The general form of Eqn. (11) for the rock velocity in any direction becomes:
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(13)

The concentration of a CRN in sediment is still the ratio of the production of CRN and the
dilution into a flux of sediment, but the flux can be generated by a velocity in any direction,
and requires that the catchment surface be projected into a plane normal to the direction of
motion. For example, Fig. 6 shows a catchment surface together with its projection onto two
planes, one horizontal and one vertical. The projection of the surface onto a horizontal plane
produces a surface with an area of Av, which we would recognize as the usual catchment area,
as calculated from a DEM, for example, noting that this quantity is also a projection. The
projection onto a vertical plane has a different shape and area, denoted as Ah. In either case,
LLL⃗" , from a CRN concentration and the
Eqn. (13) holds and we could infer a velocity, 𝐹
appropriately projected area. If we assume the velocity is vertical, LLL⃗
𝐹" is equal to the
LLL⃗" is horizontal, we would infer a horizontal
conventional erosion rate, e. If we assume that 𝐹
retreat rate of the landscape at a velocity, v (Fig. 6).
It is important to note that changing the assumed direction of the rock with respect to the surface
does not change any of the basic physical processes. Production of a CRN is unaffected as it is
still produced within the same depth range, Λ, and is determined exclusively by the area,
elevation and geometry of the catchment. Provided the assumption of steady state holds, the
total production over the catchment is equal to total export, and this calculation is independent
of the direction of rock motion or the path of integration. A concentration measurement is thus
constraining the flux of rock, and it is only convention that regards this flux as characteristic
of a downward motion of the surface. The conventional analysis of detrital CRNs accounts for
spatial variation of erosion rate within a catchment, recognizing that it is the integral of those
rates that is constrained by CRN concentration, e.g. Eqn. 10.
Escarpment retreat or other non-vertical motion of the earth’s surface can be regarded as being
simply a product of spatially variable surface lowering. To illustrate this point, consider the
example shown in Fig. 7. A land surface is represented by a one-dimensional profile
represented by an exponential function. This surface is back-cutting or retreating to the right,
maintaining its form. That motion can be represented by a vertical erosion rate that is variable
in space (Fig. 7b), or by a horizontal back-cutting at a constant rate, v, (Fig. 7c). Each
mathematical description results in the same change in the surface of the Earth with time, the
same flux of rock (Appendix 1), the same catchment integrated concentration of detrital CRNs.
The physical erosion processes would be the same; rock is eroded and removed by gravity
processes which operate downslope, and the path through the production zone would have the
same vertical component with respect to the surface, and so would produce the same surface
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concentration (Fig. 7d). By changing the assumed direction of the rock flux, we are simply
characterizing the change in the land surface with a different metric. We characterize it in terms
of a mean horizontal motion, rather than as a mean vertical motion.
In two dimensions, the concept of horizontal motion of the Earth’s surface with respect to the
underlying rock is somewhat more complicated. The complex geometry (Fig. 7d) of any
catchment surface implies that there will never be perfect horizontal motion of that surface.
Any given catchment has surfaces that dip in all directions (Fig. 7d), so pure, uniform, steady
horizontal motion of a catchment is impossible. However, much as the catchment-averaged
erosion rate is an average of a spatially variable quantity, the horizontal velocity can also be
regarded as an average. Fig. 7e shows a catchment from the Western Ghats draining the great
escarpment. Although the drainage dips dominantly to the SW, there are both channel reaches
and hillslopes that dip north or east. If erosion rates in this catchment are higher in the steep
escarpment regions in the NE, individual slopes might retreat in any direction or not at all, but
the catchment as a whole will expand to the NE, thereby “retreating” in this direction. The
“average horizontal velocity” describes the regional motion of the surface by averaging all the
individual slope changes. By parameterizing the problem in terms of a horizontal velocity of
the surface with respect to its underlying rock, rather than a vertical erosion rate, we do not
change any assumptions regarding geomorphic processes, or cosmogenic nuclide production
and transport, but we do characterize the change in the landscape with a more representative
metric.
One complication to mention is that catchments with highly variable vertical erosion rates
might need to account for radioactive decay of a CRN. Even if the mean erosion rate is large,
if there are parts of the catchment with low erosion rates, implied for example in Fig. 7b, these
areas might need to include a correction for radioactive decay.
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Fig. 6 Depiction of the flux of mass through the surface of a drainage basin from the coastal escarpment
of the Western Ghats, India. Basin position is indicated as basin D in Fig. 2. Spatial surface of drainage
basin and its projection in the vertical and a horizontal direction. Projected areas are Av and Ah,
respectively. Thick white lines denote channels extracted from the DEM for a minimum drainage area
of 1 km2.
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Fig. 7 Relationship between mass flux through a surface and the velocity for a retreating escarpment.
(a) Land surface, assumed to be exponential in form, retreating into a pre-existing highland at constant
velocity, v. The surface lowering at any point is given as e. (b) Surface lowering rate as a function of
distance. (c) Horizontal velocity as a function of elevation. Velocity is constant in both elevation and
distance. Area under the curves (grey) in (a), (b) and (c) represents the flux and is equal in all cases. (d)
CRN production zone below a dipping surface. Rock motion in either vertical or horizontal direction
brings particles to the surface with an integrated production. For a constant flux, v and e scale so that
the time of passage through the production zone is independent of direction, so surface concentration
is the same for all directions. (e) Elevation of a typical catchment in the Western Ghats with rose
diagrams showing frequency of direction and magnitude of slope for channels (upper) and hillslopes
(lower).

2.3.3 Mass flux in the horizontal direction
In this section, we derive expressions for catchment-wide cosmogenic nuclide production and
concentration for arbitrary local rock motion direction. We present two methods for the
calculation of mass flux and velocity from the measured detrital concentration and the
catchment-wide nuclide production.
In the analysis above, we showed that the measured concentration of 10Be in a sediment reflects
the total integrated production in mass/time in the upstream catchment, divided by the rate of
conversion of rock by erosion into sediment, expressed as a rock mass flux. A measured 10Be
concentration gives a unique value for the rock mass flux, but not for the direction of velocity
of the rock with respect to the surface. For the escarpment problem, the flux can be converted
to a velocity by assuming horizontal rock motion. The calculation of velocity is not
straightforward, given the complex shape of any given catchment as well as uncertainty
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regarding the azimuthal direction of the rock velocity. We need to convert mass flux to a
velocity in the appropriate direction normal to the escarpment, using an area projected normal
to that direction. We present two methods for doing the flux to velocity conversion here.
(1) Basin Projection Method
Consider a representative escarpment-draining basin (e.g. the basin in Fig. 6), if the erosion is
completely efficient along the escarpment face, the escarpment would form a planar surface
retreating horizontally, leaving a flat featureless coastal plain. However, erosion is not
completely efficient and although the channel profiles (Fig. 3) show localized relief onto the
escarpment face, lateral variations are significant and catchments show considerable variability
in morphology and presumably, erosion rate. Topography between the coast and the
escarpment is evidence that the escarpment erosion is not perfectly efficient at removing
material, and implies that erosion is active throughout the catchment in order to compensate
for this inefficiency. The assumption in the calculation of an average is that inefficiencies in
escarpment erosion are balanced by the continued erosion of remnant topography in the
lowlands below the escarpment. During a unit time period, the mass of rock that is removed
from the basin surface can be calculated from the retreat rate v and the area of the catchment
projected onto a vertical plane. The retreat vector, v, is normal to the vertical plane. Here we
use 𝐴) to denote the projected area, and the conventional horizontal area is given as 𝐴* (Fig.
6). For a given flux, we have the relationship:
𝑒𝐴+ = 𝑣𝐴) = 𝑉,-./

(14)

Eqn. (14) expresses the relationship between velocity direction and projected area; if the mass
flux is non-vertical (e.g. the retreat rate), then the area should be the projection of the catchment
surface onto the plane which is orthogonal to the mass flux (Fig. 6). The projection should be
an orthographic projection: projection of a DEM-based catchment surface onto a plane which
is orthogonal to the projection direction gives a cluster of scattered points. The projected area
is given by the enclosed area of the outline that encloses these scatter points on the projection
plane.
(2) Local Scalar Product Method
In method (1), we project the entire basin onto a vertical plane. As an alternative, we can also
project individual elemental surfaces, for example as defined by pixels of a DEM, onto a
vertical plane. The dot product of the rock velocity and the catchment surface S in Eqn. (9)
can be calculated by the sum of the scalar product of all elemental surfaces with the mass flux
vector:
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LLL⃗" ∙ LLLL⃗𝐴
𝐹" ∙ 𝑆 ≈ Q 𝐹
𝑛/ / = |𝐹" | Q
/

/

LLL⃗"
𝐹
∙ LLLL⃗𝐴
𝑛
⌈𝐹" ⌉ / /

(15)

Where 𝑛
LLLL⃗/ and 𝐴/ are the unit normal and the surface area of an elemental surface k in the
catchment surface S. Eqn. (15) states that the volume of eroded rock is the summation of the
scalar product of elemental surfaces with the mass flux vector, and equivalently, a summation
of local mass flux from elemental surfaces (Fig. 8). The effective area is calculated from
LLLL⃗
summation of the scalar product of the unit vector in the same direction of 𝐹
" and elemental
surfaces (Eqn. (15)).
With a complex catchment surface, and a horizontal velocity, there are many local surfaces
which dip towards the direction of rock motion. Mathematically, when the elemental surface
LLL⃗" ∙ (𝑛
dips in the opposite direction of the catchment-wide mass flux, the local mass flux 𝐹
LLLL⃗𝐴
/ /)
takes a negative value (blue values in Fig. 8). These local negative values do not imply negative
mass flux, but rather represent the multiple times that a vector in one direction can cross the
surface, S. Any local topographic high or transverse valley implies multiple intersections of a
vector with the surface, so the negative dot-products are compensated for by the multiple
positive values.

Fig. 8 Local mass flux of elemental surfaces of an escarpment-draining basin in Western Ghats. Basin
location is indicated as Basin D in Fig. 2 and is also shown in Fig. 6. The basin surface is discretized
into elemental surfaces and colour-coded with the relative magnitude of the local mass flux, normalized
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to the catchment-averaged mass flux. Thick white lines are channels extracted from the DEM for a
minimum area of 1 km2.

(3) Azimuth of horizontal mass flux for escarpment retreat
In both the Basin Projection and Local Scalar Product methods, it is necessary to select a
direction for the velocity or mass flux vector. For the escarpment retreat problem, we can
assume that this is purely horizontal, but with an unknown azimuth. It is practical to sweep
through a range of horizontal directions to determine the range of velocities associated with a
range of directions. We limit the possible range of directions by considering the major channels
in the catchment. We pick channels that drain through the escarpment but do not appear to be
recent captures. Orientations of these channel segments provide an estimate of the escarpment
retreat directions. We then sweep through all possible azimuths within this range. This is easily
visualized by plotting the resulting vector magnitudes as a function of directional azimuth.
An example of this calculation using each of these methods is shown in Fig. 9. The example
basin is from the Western Ghats with 10Be data published by Mandal et al. (2015b). In each
case, we swept through a range of azimuths from N20W to N85E. Inferred horizontal velocities
range from 180 m/Ma to 380 m/Ma, depending on azimuth.
The Local Scalar Product method has the characteristic that the inferred velocity increases
rapidly as the direction rotates towards parallel with the catchment flow direction. This is an
artefact of the ability of a scalar product to take negative values. A typical catchment has a
bowl-shaped geometry, open at the outlet, but as the basin is rotated, the horizontal view
eventually sees only the side of the bowl, and with further rotation, would provide a view of
only the back of the basin. Through this rotation, the effective area thus goes to zero or even
negative, so that the flux goes to infinity for these values.

Fig. 9 Escarpment retreat rate as a function of azimuth of a horizontal mass flux vector using (a) the
Basin Projection Method; (b) the Local Scalar Product Method. Basin is from the Western Ghats with
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location indicated as Basin D in Fig. 2. Measured 10Be concentration is 172426 (±8125) atoms/g and
corresponds to a mean vertical erosion rate of 15.5 m/Ma. The azimuth of red lines denotes the assumed
escarpment retreat direction, and the length of the radial vector is the consequent retreat rate for that
direction and the measured 10Be concentration. Black dots are orientations of characteristic tributaries
of the escarpment-draining channels of this basin.

3. Application to the Western Ghats
3.1 Southern Western Ghats escarpment retreat rates
As a demonstration as to how CRN data can be used to constrain the geomorphic evolution of
a great escarpment, we use the cosmogenic 10Be data reported by Mandal et al. (2015b)
combined with our geomorphic analysis and proposed method of analysis in terms of horizontal
flux. We have reprocessed the data of Mandal et al. (2015b) for internal consistency, following
the method and scaling relationships used in the method of Lupker et al. (2012) where the
cosmogenic production rate is calculated in a pixel-wise manner in comparison with the
CRONUS method by Balco et al. (2008). Conventional erosion rates are also recalculated from
the published DCN concentrations following the method of Lupker et al. (2012).
Mandal et al (2015b) report an average erosion rate of all escarpment-draining basins in
southern Western Ghats to be 48.6 ± 20.9 m/Ma, which is low, but can be contrasted to the
even lower erosion rates on the plateau to the east (~10 m/Ma). The reported differential
erosion rates, as well as the differential steepness across the continental drainage divide should
drive the water divide to migrate towards the plateau (Braun, 2018; Mandal et al., 2015a).
We evaluated all catchments draining the escarpment for which there are reported detrital 10Be
data (Fig. 2). Each catchment was evaluated using each of the two methods described above;
the radial plots summarizing the results are given with results summarized in Table (1). Fig.
10 shows an additional three examples of basins in the analysis. In each case, the major rivers
were used to find a test range of azimuths. In all cases, catchments with erosion rates on the
order of 10s of meters per million years transform into horizontal retreat rates of several
hundred meters or a few kilometers per million years. This reflects the smaller area through
which the same mass flux must pass, under the assumption of horizontal flux.
The two methods yield broadly consistent results (Table 1). However, the Local Scalar Product
method is much more sensitive to azimuth. It always shows a distinct minimum value of
velocity, but velocity increases rapidly for other azimuths of velocity. For oddly shaped basins
or for flux azimuths oblique to the dominant river direction, there is a strong influence from
the negative values from the sides of a basin, and inferred velocities become large and deviate
from those obtained from the Basin Projection method.
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The basin geometry can play quite a large role in the inferred retreat rate. Fig. 10, basin (a1)
shows an almost symmetrical basin, with a clear flow direction. The retreat rate is between 500
and 600 m/Ma and only weakly dependent on azimuth for the Basin Projection Method. The
Local Scalar Product Method gives a similar result for the most likely retreat direction of N80E,
but deviates quickly for other azimuths. In particular, a more northerly azimuth gives very high
retreat rates, because high topography on the south margin of the basin provides many negative
pixels, reducing the projected area and thus increasing the flux. Fig. 10, basin (c1) is strongly
asymmetric, with high topography (above ~800 m) in the NE. Here, the escarpment is clearly
normal to the flow direction of the escarpment rivers (~ N30E). The Basin Projection Method
gives retreat rates between 500 and 600 m/Ma, with a small variance over the likely retreating
azimuth. Similar to basin (a1), the higher topography on the plateau (above ~2000 m) provides
many negative pixels, leading to high estimated velocities at northeastward azimuths. Fig. 10,
basin (b1) is extremely asymmetric. Retreat rates from the Basin Projection Method are
however only weakly dependent on azimuth, suggesting a mean retreat rate of ~1100 m/Ma.
The plateau is flat, although the shape is asymmetric, thus its projected area is minor at any
azimuth from the Basin Projection Method. The Local Scalar Product Method gives much
larger retreat rates. Retreat direction of the escarpment is difficult to estimate from the flow
directions as there are two major escarpment valleys oriented obliquely to each other. Surfaces
of the four valley flanks intermittently give negative fluxes through rotation of various
directions, leading to larger variability, but generally larger retreat rates.
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Fig. 10 Example basins from the Western Ghats showing the retreat rate as a function of azimuth of a
horizontal mass flux vector using (a2, b2, c2) the Basin Projection Method; (a3, b3, c3) the Local Scalar
Product Method. The azimuth of the red lines denotes the assumed escarpment retreat direction, and
the length of the radial vector is the consequent retreat rate for that direction and the measured 10Be
concentration. Black dots are orientations of characteristic tributaries of the escarpment-draining
channels of this basin.

In order to compare basins within the Western Ghats, we selected a common retreat direction
and calculated retreat rates for all basins in this direction. We selected a direction that is normal
to the regional coast line. The coast is estimated to be trending at N158W. In the direction
normal to the coast line, escarpment retreat rates calculated from both methods vary from 171
m/Ma to 2427 m/Ma and are shown in map view in Fig. 9. There is a significant correlation
between the sinuosity of the escarpment and the inferred retreat rates. For example, the large
embayment at 13N latitude corresponds to the highest retreat rates. Escarpment segments
closest to the coast have the lowest current retreat rates.
The absolute value of the retreat rates is close to the expected retreat rate expected from steady
retreat of the escarpment from the coast to its present location since the time of rifting of the
margin (Fig. 12). The age of rifting of India from Madagascar is constrained to be between 120
Ma and 100 Ma (Thompson et al., 2019). The important event for the formation of the
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escarpment is the initial continental rifting that would have formed the new water divides at
the crest of escarpments on each margin, so an earlier age is preferred. This event might have
even predated other indications of rifting. The majority of retreat rates from 10Be are lower than
the post-rift average, although there are examples of higher rates. The lower rates suggest that
the escarpment retreat rate may have been higher in the early post-rift period. Alternatively,
the retreat rate might have fluctuated in response to capture of rivers on the plateau surface, so
that most observations are of a slower, background retreat rate that is periodically punctuated
by more rapid retreat as a portion of the plateau area is captured.

Fig. 11 Escarpment retreat rates in the normal direction of the reference coastal line on the topography
base map of southern Western Ghats. Rates from (a) the Local Scalar Product method and (b) from the
Basin Projection method. Arrows represent the escarpment retreat vector: the azimuth denotes the
retreat direction while the length denotes the retreat rate in that direction. The scale of arrow length
used to represent retreat rate are the same in the two sub figures. The black dashed line indicates the
coast trend. The topography is from the 90m SRTM DEM (Jarvis et al., 2008).
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Fig. 12 Inferred retreat rate of Western Ghats escarpment basins from detrital 10Be concentrations
against current distance from the coastline. Retreat rates of the escarpment are calculated using the
Basin Projection method with azimuth taken as N57E. Age of rifting is constrained by various events
as indicated and is expected to be at older than these constraints.

We also investigated the relationship between channel steepness and escarpment retreat rate
(Fig. 13). First, we note that steepness is correlated with relief or total height of the escarpment
(Fig. 14). Such a relationship was predicted by Willett et al. (2018) for escarpments retreating
at a constant velocity; steepness would need to increase with height in order to maintain the
higher velocity associated with higher remnant topography. We also plot the predicted
relationship between steepness and retreat rate from Eqn. (2) for two values of slope exponent,
n and erodibility, K. A wide range of K would be necessary to explain the full scatter, but as
mentioned above, it is possible that there are transients in the retreat rates associated with
plateau river capture that are not accounted for in these data.
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Fig. 13 Channel steepness against escarpment retreat rates for catchments in the western Ghats. Retreat
rates of the escarpment are calculated using the Basin Projection method with azimuth taken as N57E.
Short solid lines indicate 1 σ uncertainty of retreat rates. Dashed lines are model prediction of steepness
and retreat rates from Eqn. (2) for a range of the slope exponent n and K where the dimensions of K are
#!.#$%&.#$'
$%

.

3.2 Global escarpment retreat rates
To investigate the more general applicability of the ideas of horizontal flux, we compiled
published DCN 10Be concentrations from other passive margin escarpments around the world
(Table 1 and references cited therein). Drainage basins were extracted from 90 m SRTM
(Jarvis et al., 2008) and analysed for steepness, and both methods for calculating flux and
retreat rate. The steepness of the basins varies and is well correlated with total height of the
escarpment (Fig. 14), supporting the idea that they have evolved into equilibrium with steady
retreat (Willett et al., 2018). We calculated escarpment retreat rates in the direction taken to be
normal to the regional escarpment. Retreat rates vary between sites, ranging from 113 m/Ma
to 1577 m/Ma using the Basin Projection Method (Fig. 15, Supplementary Table 1). Retreat
rates calculated from the Basin projection method and the Local Scalar Product method are
reasonably close to each other over a limited azimuthal direction (Table 1).
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Fig. 14 Relationship between channel steepness and escarpment height for a global compilation of
escarpments with detrital 10Be data (Table 1 and references cited therein). The channel steepness is
calculated from regression of slope-area plots using a uniform concavity of 0.42. Correlation is
consistent with the theory that morphology has evolved to erode pre-existing topography at a constant
rate of retreat.
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13.7960
13.5069
13.2432
13.2100
13.0480
12.9638
12.9295
12.8833
12.7566
12.7098
12.4804
12.4466
12.2815
11.9043
11.8677
11.7651
11.4120
11.3913
11.4070
11.3473
11.2890
11.1503
10.9917
13.4731

Lat. ( )

o

CS_20
CS_21
CS_03

35.6253
35.5848
36.4683

Blue Ridge Mts., Appalachians

Western Ghats, India
SIN1440
SIN1380
SIN1435
SIN1433
SIN1432
SIN1369
SIN1368
SIN1367
SIN1362
SIN1361
SIN1430
SIN1427
SIN1429
SIN1419
SIN1421
SIN1416
SIN1350
SIN1351
SIN1331
SIN1332
SIN1330
SIN1407
SIN1348
SIN1379

Published Basin
(a)

-82.1761
-82.1606
-80.8305

74.8034
75.0212
75.0966
75.1062
75.2141
75.3649
75.4067
75.4181
75.4401
75.4695
75.5794
75.4186
75.3675
75.7418
75.8892
75.7500
76.0106
76.0130
76.2507
76.2947
76.3074
76.3591
76.4440
75.0358

Lon. ( )

o

211000
251000
373000

172426
133454
102250
90233
70145
77251
70502
73573
80104
90315
69430
94374
97093
106563
107228
109089
74345
71843
82246
110089
86695
84821
84696
198955

Concentration

6570
5160
9010

8125
9211
5223
5261
4074
6585
5028
8296.5
5184
6672
5001
5389
4932
6034
5571
6025
6593
8383
7018
7370
9867
4828
7081
18234

Error(±)

Cosmogenic 10Be
concentration(atoms/g) (b)

439
454
373

44
83
72
72
104
77
78
107
86
91
153
167
42
76
196
69
37
31
45
35
62
85
65
90

Sample
elevation
(m)

894
881
886

827
704
909
995
1285
1178
1226
1178
1093
1002
1200
1100
1158
1043
784
920
1512
1234
1194
1513
2405
1238
1480
848

Escarpment
elevation(m)

N
N
N

Y
Y
N
N
N
N
N
N
Y
Y
N
N
N
N
Y
N
N
N
Y
Y
N
N
Y
Y

Whether
plateau
area>15%
(c)

13
11
10

12
12
15
12
14
12
13
15
11
12
16
18
18
12
17
20
15
21
15
13
20
21
17
13

Mean
slope(o)
(d)

2
2
2

6
7
8
4
7
6
4
9
4
4
6
4
8
3
13
17
13
24
9
6
27
20
16
7

Slope>30o
(%) (e)

29.00
22.70
14.50

19.67
29.17
39.10
41.57
60.78
55.53
64.80
64.19
59.14
48.33
66.68
47.87
41.08
32.47
41.72
37.04
64.24
76.26
64.08
48.57
77.32
48.74
69.46
20.70

Rate

2.20
1.70
1.10

1.63
2.83
3.22
3.61
5.21
5.98
6.20
7.29
5.38
4.76
6.44
4.13
3.36
2.80
3.47
3.16
7.09
10.36
6.92
4.57
10.35
4.17
7.42
2.45

Uncertainty
(±)

Published erosion rate
(m/Ma)
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22.11
17.48
11.55

15.53
20.35
29.50
31.15
45.38
37.14
43.42
41.21
40.46
32.81
49.82
36.95
31.10
24.43
32.50
28.48
42.31
53.75
44.77
34.77
53.32
36.79
49.79
15.19

Rate

2.53
2.10
1.31

2.35
3.14
4.23
4.49
6.20
5.93
6.28
6.89
5.77
4.93
7.15
5.16
4.47
3.83
4.52
4.01
6.55
8.81
6.47
4.78
8.05
5.18
7.05
2.41

+34%

2.57
1.92
1.34

2.31
3.23
4.27
4.94
6.70
6.08
6.99
7.61
6.05
5.16
7.70
5.21
4.48
3.72
4.60
4.26
7.05
9.37
7.22
4.89
9.40
5.37
7.63
2.59

-34%

Conventional erosion rate
(m/Ma) (f)
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Lat. ( )

o

-36.7359
-36.7093
-36.6350
-36.6139
-36.5978
-36.5973

SIN1440
SIN1380
SIN1435
SIN1433

Western Ghats, India

Published Basin
(a)

34.5
34.8
45.2
44.5

Steepness
(m0.84)

32.2
44.2
46.2
48.6

Distance
to coastline
(km)(g)

28.6000
29.7000

Drakensberg Mts., South Africa
Umzimvubu
-30.4667
Tugela1
-29.3500

145.6890
145.6710

-50.2178
-48.7730
-48.7522

-16.9480
-16.8730

-26.9360
-25.3435
-25.3235

5.1 Carneiro river
O4
O5

Serro do Mar, Brazil

Aus_North0_0
Aus_North0_1

Lon. ( )

o

149.7035
149.6852
149.5770
149.5023
149.4782
149.4788

Escarpment, Northeastern Australia

BG_15
BG_16
BG_17
BG_25
BG_26
BG_27

Escarpment, Southeastern Australia

Published Basin
(a)

30.7
53.0
50.6
68.1

Direction
(h)

762000
285000

79264
197000
218000

74661
499372

148300
153500
145300
181300
100200
121300

25000
7300

6537
9850
10900

1489
8204

8300
9900
12900
13000
11000
9300

Error(±)

1361
1657

562
12
8

39
21

85
79
186
229
359
336

2505
2149

1254
1140
1560

585.71
555.66

890.2
835.2
960.4
1018.5
1037.7
1071

Escarpment
elevation(m)

N
Y

N
N
N

Y
Y

Y
N
N
Y
Y
Y

Whether
plateau
area>15%
(c)
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Sample
elevation
(m)

210
174
243
218

Rate

32
27
35
31

+34%

31
28
35
35

-34%

Local Scalar Product Method

213
153
200
293

Rate

32
24
29
42

+34%

32
24
29
46

-34%

Basin Projection Method

Retreat rate of minimum dot retreat direction (m/Ma)

Concentration

Cosmogenic 10Be
concentration(atoms/g) (b)
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10
12

19
15
19

18
15

9
8
10
10
10
9

57
57
57
57

11.60
37.30

58.80
17.00
20.10

50.02
6.49

31.60
24.00
28.10
30.90
59.00
51.60

Rate

0.38
0.96

7.60
1.13
0.71

3.23
0.50

3.60
2.90
3.80
3.80
8.80
6.50

Uncertainty
(±)

Published erosion rate
(m/Ma)

10.57
35.18

58.63
16.63
18.14

42.88
6.04

30.41
23.55
27.30
29.38
57.84
49.01

Rate

1.15
3.60

8.02
2.30
2.30

5.66
0.80

3.79
3.12
3.76
3.73
8.00
6.06

+34%

233
175
245
223

Rate

35
27
35
32

+34%

35
28
35
35

-34%

Local Scalar Product Method

182
158
194
248

Rate

28
24
28
36

+34%

27
25
28
39

-34%

Basin Projection Method

1.07
3.55

8.42
2.29
2.34

5.71
0.83

3.80
3.21
4.23
3.82
9.58
6.36

-34%

Conventional erosion rate
(m/Ma) (f)

Retreat rate of regional escarpment retreat direction (m/Ma)

2
3

11
12
18

11
6

1
1
2
2
1
3

Slope>30o
(%) (e)

Direction
(h)

Mean
slope(o)
(d)
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52.5
53.0
59.8
52.6
55.8
54.1
53.5
52.8
59.6
52.3
34.7
49.7
83.6
89.5
70.7
58.5
101.8
74.1
66.7
40.8

Steepness
(m0.84)

29.2
27.0
22.9

379.0
379.0
367.0

55.6
69.4
79.7
83.6
86.3
79.3
65.9
48.0
47.6
34.2
47.5
32.8
43.0
45.2
57.7
75.0
83.1
67.8
69.7
47.5

Distance
to coastline
(km)(g)

BG_15
BG_16
BG_17
BG_25

NA
30.1
37.7
61.2

45.4
50.6
57.6
62.9

Escarpment, Southeastern Australia

CS_20
CS_21
CS_03

Blue Ridge Mts., Appalachians

SIN1432
SIN1369
SIN1368
SIN1367
SIN1362
SIN1361
SIN1430
SIN1427
SIN1429
SIN1419
SIN1421
SIN1416
SIN1350
SIN1351
SIN1331
SIN1332
SIN1330
SIN1407
SIN1348
SIN1379

Published Basin
(a)

252.7
240.0
246.0
247.3

254.6
238.0
315.4

19.0
14.2
54.4
359.1
56.5
104.1
92.5
143.3
59.4
71.9
131.5
76.3
58.0
86.3
271.5
72.4
102.7
62.6
29.7
102.4

Direction
(h)

928
429
286
386

505
360
323

290
739
951
857
1847
914
788
535
478
576
921
527
375
358
989
579
478
193
402
292

Rate

116
57
39
49

58
43
37

40
118
138
143
263
137
113
75
69
90
128
74
58
59
143
80
72
27
57
46

+34%

116
59
44
50

59
40
37

43
121
153
158
276
144
122
75
69
88
130
79
62
62
160
82
84
28
62
50

-34%

884
433
353
400

386
295
239

350
474
707
461
1157
1054
496
454
352
440
329
258
338
502
756
589
499
198
364
283

Rate

110
57
49
51

44
35
27

48
76
102
77
165
158
71
64
51
69
46
36
52
82
109
81
75
28
52
45

+34%

111
59
55
52

45
32
28

88
29
56
48

52
78
114
85
173
166
77
64
51
67
47
39
56
88
122

-34%

Retreat rate of minimum dot retreat direction (m/Ma)
Local Scalar Product Method
Basin Projection Method
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270
270
270
270

325
325
325

57
57
57
57
57
57
57
57
57
57
57
57
57
57
57
57
57
57
57
57

973
491
313
418

1503
3035
329

334
1007
952
1655
1847
1340
964
6964
478
1083
503
557
375
404
-1208
656
683
195
451
417

121
65
43
53

169
355
39

46
161
138
277
263
201
138
972
69
170
70
78
58
66
195
90
103
27
64
66

122
67
48
54

171
344
37

49
165
153
306
276
211
149
982
69
165
71
83
62
70
175
92
120
28
69
71

1584
780
894
777

292
314
242

268
526
718
469
1158
917
440
291
350
494
313
261
333
421
581
643
636
192
337
230

197
103
123
99

33
37
28

37
84
104
78
165
138
63
41
50
77
44
37
52
69
84
88
96
27
48
36

199
106
138
101

33
36
27

40
86
116
87
173
144
68
41
50
75
44
39
56
73
94
90
112
28
52
39

Retreat rate of regional escarpment retreat direction (m/Ma)
Local Scalar Product Method
Basin Projection Method
Direction
(h)
Rate
+34%
-34%
Rate
+34%
-34%
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NA
70.2

Steepness
(m0.84)

66.7
67.1

Distance
to coastline
(km)(g)

230.0
67.3
62.7

45.8
50.2
70.2

53.7
NA

313.0
248.2

291.4
304.0
307.2

226.0
178.6

269.0
337.2

Direction
(h)

545
922

699
115
130

601
56

853
1203

Rate

59
94

95
16
16

79
7

118
149

+34%

55
93

101
16
17

80
8

142
156

-34%

378
538

633
109
115

417
55

1106
883

Rate

41
55

86
15
15

55
7

153
108

+34%

38
54

91
15
15

56
8

184
115

-34%

Retreat rate of minimum dot retreat direction (m/Ma)
Local Scalar Product Method
Basin Projection Method

315
315

233
233
233

233
233

270
270

543
2404

1301
381
508

605
96

853
3004

59
245

177
52
64

79
13

118
371

55
243

188
52
66

81
13

142
390

376
714

713
208
172

418
48

1374
1578

41
73

97
29
22

55
6

190
193

38
72

103
29
22

56
7

228
206

Retreat rate of regional escarpment retreat direction (m/Ma)
Local Scalar Product Method
Basin Projection Method
Direction
(h)
Rate
+34%
-34%
Rate
+34%
-34%

(a) Basin name is from published DCN 10Be sample name.
(b) Escarpments and corresponding citations of DCN 10Be concentration data are: Western Ghats escarpment, India (Mandal et al., 2015b), Serra do Mar
escarpment, Brazil (de Sordi et al., 2018; Salgado et al., 2014), Blue Ridge escarpment, US (Linari et al., 2017), Drakensberg, South Africa (Erica Erlanger
Master Thesis)
(c) Y-yes, N-no
(d) Slope is calculated from TopoToolBox function gradient8.m of surface pixels.
(e) The percentage of surface pixels steeper than 30o, the slope is calculated from TopoToolBox function gradient8.m of surface pixels.
(f) For internal consistency, conventional erosion rates are recalculated from reported 10Be concentrations following method of Lupker et al. (2012). The
uncertainty of ±34% are propagated from the measured error of 10Be concentration.
(g) Distance is calculated using a referential retreating direction that is perpendicular to the regional escarpment.
(h) The angle is defined as clockwise from the geographic North (0o).

Umzimvubu
Tugela1

205.9
172.9

15.9
10.8

NA
NA

Drakensberg Mts., South Africa

Aus_North0_0
Aus_North0_1
Serro do Mar, Brazil
5.1 Carneiro river
O4
O5

Escarpment, Northeastern Australia

BG_26
BG_27

Published Basin
(a)
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4. Discussion
4.1 Methods for converting flux to velocity
The fundamental principle of calculation of a horizontal escarpment retreat rate is that the
concentration of 10Be in sediment is proportional to a flux of rock from the Earth. Cosmogenic
10
Be concentration provides a measure of the flux of rock from the earth, but this is not an
erosion rate in the sense of a vertical velocity. It requires measurement of the surface area,
projected onto a horizontal plane, in order to convert the flux into a vertical velocity, which is
defined to be the erosion rate. The calculation of a horizontal retreat rate is an identical process.
A direction must be selected and the surface of the catchment projected onto a plane
perpendicular to this direction. The horizontal retreat rate depends on the effective area of a
basin in the migration direction. We present two methods to calculate the effective area. The
Basin Projection method calculates the projected shadow area of the overall basin surface and
the Local scalar product method calculates the effective area by summation of dot-product of
local elemental surfaces. If an escarpment were a perfect, uniform plane, these methods would
give identical predictions, but for real landscapes, deviations of the land surface from a single
plane result in differences in the velocity calculation, based on how the normal to the surface
is calculated.
4.1.1 Remnant topography in an escarpment-draining basin
Within a given escarpment-draining basin, the dependence of retreat rate on retreat direction
(e.g. Fig. 9) comes directly from the geometry of the basin surface. Isolated buttes and internal
topography, for example, forming water divides between tributaries define a type of remnant
topography due to inefficient historical retreat of the escarpment. Buttes are generally regarded
to be part of the ancient escarpment, but now are erosion residuals because they are more
resistant to erosion (Gunnell and Harbor, 2010). Their existence attests to some inefficiency in
the past escarpment erosion, such that a portion of the high topography is not removed as the
escarpment passed by. If the erosional efficiency of the escarpment is variable along strike, we
would expect the low efficiency segments of the escarpment to begin to lag behind adjacent
segments. In the extreme case these will become isolated from the escarpment forming a butte.
An important question for our analysis is how does this impact the 10Be concentrations and
inferred retreat rates?
By calculating the mean retreat rate, we are implicitly assuming that anomalously slow
retreating escarpment segments, including incipient buttes, are balanced by segments with
higher retreat rates. In fact, this is the definition of an average retreat rate. As with vertical
erosion rate calculations, spatial variation will not impact the mean unless it has an extreme
variation that affects the assumptions regarding production or radioactive decay. This is also
valid for the formation of remnant topography. For example, a butte forms because part of the
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escarpment was eroding at a retreat rate slower than the average. After a butte has formed as
an isolated topographic feature, it continues to erode, thus contributing sediment (and 10Be
atoms) to the net total of the basin. The principle of the average rate is that the extra sediment
coming from the butte balances the “missing” sediment that does not arrive from a sloweroding escarpment segment. Provided the rate of remnant topography formation remains
constant, that is the variance of retreat rate on the escarpment remains constant, and the basin
is large enough to average this process, the remnant topography in a basin is a relevant
contributor to the correct average 10Be concentration and retreat rate.
The internal divide of tributaries on the coastal plain can also be regarded as inefficient erosion
of the escarpment. Erosion of these internal water divides of small basins that don’t reach the
escarpment might be comparable as that on the current escarpment front. We account sediments
from these internal water divides into the overall sediment flux forming the retreating
landscape. Similar to the buttes problem, our method although artificially exaggerates the
instant escarpment retreat rate for “imperfect” basins, but it compensates the effect of
temporally faster retreat of the historical escarpment that has created this remnant topography.
4.1.2 Retreat direction
As described above, in some geological settings, landscape change might be more efficiently
described in terms of a non-vertical velocity. The mass flux direction characterises the overall
surface change due to spatially-variable rock motion in a catchment. Although we focus on
escarpment-draining basins, tectonic motion on low-angle faults also results in horizontal rock
motion with respect to the surface of erosion. Mass flux in such settings is non-vertical and
might be better described as horizontal.
Pure horizontal mass flux as an end-member flux direction (the other end-member is purely
vertical) still has its azimuthal direction to be determined. Both of our two methods for
calculating a purely horizontal mass flux have an important azimuthal dependence. The Local
Scalar Product method is more sensitive to the flux direction compared with the Basin
Projection method. This is because the Basin Projection method considers more of the mean
shape and relief of the topography while the Local Scalar Product method includes the detailed
surface topology of the topography. A real basin has surfaces dipping in all directions but some
dominant directions might show up (e.g. the basin on Fig. 7e). Retreat rates of these dominant
azimuths from the two methods are consistent with each. Retreat rates deviate from these stable
rates very quickly as the azimuth starts to have important angles with the dominant azimuths
in the Local Scalar Product method. The Basin Projection method displays mild azimuthal
sensitivity.
From the radial plot of retreat rates of an escarpment-draining basin, there is a minimum retreat
rate among the retreat retreats on all likely retreat directions from the Local Scalar Product
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method (Fig. 9b). This minimum retreating direction is not necessarily the most likely
retreating direction. Fig. 10 For the escarpment-draining basin c1, the minimum retreat rate
from the Local Scalar Product method is strictly towards the east, although the major
escarpment-draining rivers and valleys are mostly N30E oriented, which imply an instant shortterm retreating direction. A rift margin escarpment is sinuous, in the sense that its average longterm retreating direction can be different from the locally instantaneous retreating direction.
The Western Ghats in our study area, for example, is regionally retreating towards N57E,
although with many of the local escarpment-draining basins retreating at various directions.
For retreat directions that are perpendicular to the strike of the escarpment segment locally or
regionally, the retreat rates calculated from the local scalar product method and the Basin
Projection method are both reasonable depending on the scale of the studied problem. So, the
method that is used to calculate the flux should consistent with the studied problem, especially
in tectonically active areas where there is a lot of local relief, but the mean topography reflects
the first-order tectonics.

4.2 Long term retreat rates
Retreat rates on the local normal to escarpment directions from our methods are on the order
of 100 m/Ma to 1 km/Ma. The retreat rates are horizontal, but the dominant physical process
is still vertical incision of rivers (Fig. 7 a, b, c). As we use DCN 10Be concentrations for retreat
rate calculations, these retreat rates are valid through the vertical erosion of one attenuation
length of rock (Fig. 7d). So, the conventional erosion rates are used for the calculation of the
integration time. A retreating landscape is characterised with spatially variable erosion rates
(Fig. 7 b), where the highest erosion rate determines the integration timescale of DCN 10Bederived rate. Globally, the basin-averaged erosion rate of escarpment-draining basins is 10s100s m/Ma. A highest reported erosion rate of 100s m/Ma is preferred for an integration time
calculation that gives ~103 years, which means the escarpment retreat rates are valid through
on thousand-year timescales. This timescale is very short compared to the potential time for
escarpment retreat since rifting.
Previous escarpment studies use the current coastline and the rifting age as reference positions
and times, which give an average retreat rate of 100s~1000s m/Ma since rifting or continent
break up (see Braun 2018 for a review). The reference position in theory should be the exact
original position where the escarpment was formed or a position with known age where the
escarpment was during retreat. Here, we use the current baselevel of bedrock escarpment rivers
as the reference for our compilation of global escarpments: for most escarpments, sea level is
the baselevel, so the reference is the coastline. However, for the Blue Ridge escarpment, the
escarpment rivers become depositional after they flow across the Piedmont region and enter
into the coastal plain, so the boundary between the Piedmont and the coastal plain is used as
the reference for the Blue Ridge escarpment. Average retreat rates of global escarpments are
in the same range of magnitude as of the DCN 10Be-inferred retreat rates, which is 100s-1000s
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m/Ma (Fig. 15). The majority of points fall into the range of a factor of 3. Small escarpment
basins have a higher probability of reflecting local effects, e.g. resistant lithology, structural or
metamorphic fabrics. DCN 10Be-inferred retreat rate of these small basins can’t represent the
long-term retreat of the regional escarpment. Taking these small basins out of the analysis, the
Western Ghats has a long-term retreat rate well represented by the DCN 10Be-inferred rate; the
Blue Ridge escarpment is under represented by the 10Be-inferred rate; the escarpment of
southeastern Australia is over represented; and the Serra do Mar and the Drakensberg
escarpment have too few data points, although existing few data well-represent the long-term
retreat rate.
Offshore sedimentations records illustrate that the erosion rate of escarpment-passive margins
is episodic, indicating non-steady retreat of the escarpment since rifting. The offshore Konkan
and Kerala Basin abutting the Western Ghats record two pulses of intensive sedimentation: a
Paleocene phase and a Pliocene phase (Campanile et al., 2008). The Santos basin offshore of
the Serra do Mar coastal mountain range of southern Brazil also records non-steady
sedimentation rates and intermittent post rift volcanism (Schattner et al., 2020). The
unsteadiness of escarpment retreat is also demonstrated by numerical models that show the
escarpment was retreating much faster, due to the uplift from the geothermal diffusion during
rifting (Sacek et al., 2012). Convective mantle flow is a common postrifting cause of nonsteady escarpment retreat. The southerneastern Australian escarpment is currently retreating
faster than its long-term average rate, coinciding with the westward tilting of the margin due
to dynamic uplift, which began in the late Miocene and is still ongoing (Czarnota et al., 2013).
The dynamic uplift of South Africa, however, is too old to influence the current escarpment
retreat, as it was in the Cretaceous (Braun et al., 2014). The 10Be-inferred retreat rates therefore
represent its long-term retreat rate. The Blue Ridge has undergone uplift in the Paleogene to
Miocene by dynamic subduction-induced isostatic rebound of differential denudation (Liu
2014). It’s not clear whether this long-time scale of uplift has dramatically accelerated the
average retreat rate of the Blue Ridge escarpment, making the DCN 10Be-inferred retreat rate
2-3 fold slower than the long-term average rate.
Short-term geomorphic processes, e.g. river captures or deep landslides, have transient effects
on measured DCN 10Be concentration, and ultimately on the 10Be-derived retreat rates. Despite
the uncertainties and unsteadiness, in general, DCN 10Be-derived retreat rates provide likely
retreat rates of an escarpment in geological history since rifting.
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Fig. 15 Average retreat rate against DCN 10Be concentration derived-retreat rate with 1 σ uncertainty
of global escarpments. The 10Be-derived retreat rate is from the Basin Projection method. Continental
rifting age (in the legend) is used to calculate average retreat rates by dividing the distance to reference
position. Each round dot represents an escarpment-draining basin. The dashed black line is the 1:1 line.
A factor of 2, 3, 4 and 5 are indicated with different grades of shadow. Basins smaller than 50 km2 are
indicated with open red circles. See Table 1 for the data.

4.3 Effect of flexural isostatic rebound on 10Be-inferred retreat rate
Retreat of the escarpment generates a isostatic response to the erosion where the uplift centers
at the escarpment front and spreads over a wavelength that encompasses the nearby plateau
and lowland coastal plain if that response is flexural (Fig. 16). The flexural uplift not only pins
the divide to the plateau edge, maintaining the shape of the escarpment (Braun, 2018), it also
generates a vertical erosional mass flux on the lowland, if the uplift is eroded. Approximately
half of the flexural uplift occurs on the plateau side of the escarpment and is thus accounted for
in the horizontal retreat calculation, but uplift of the coastal plain is not and represents an error
in our calculation. Theoretically, the isostatic vertical mass on the coastal plain would result in
an overestimate of escarpment retreat rate. The significance of the flexural uplift at coastal
plains on inferred escarpment retreat rate is determined by the flexural uplift amplitude and the
wavelength. The flexural strength of the lithosphere determines the uplift such that a strong
lithosphere (parameterized by a higher value of effective elastic thickness Te) generates lower
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amplitude uplift at a wider spatial scale (Fig. 16). The flexural uplift of a weak lithosphere (e.g.
Te~5 km) is significantly larger than a strong lithosphere (e.g. Te~50-100 km). The maximum
effect, even at small flexural rigidity is under a 20% effect; at large rigidity, it is well under
10%. At a mature passive margin, the lithosphere flexural strength is likely intermediate with
effective elastic thickness of Te spans in a range of a few 10s km (Audet and Bürgmann, 2011).

Fig. 16 A one dimensional model of the flexural response to constant escarpment retreat into a fixed
height of plateau for various lithospheric flexural strength (effective elastic thickness Te). The
escarpment retreats at a constant rate of 1 km/Ma into the high plateau where the height (2 km) and
shape of the escarpment is maintained by the flexural isostatic uplift. Blue lines show the computed
surface topography at 20 Ma intervals during escarpment retreat. The flexural uplift forms a bulge on
the coastal plain after the escarpment sweeps through it. The flexural uplift rate is shown with magenta
lines. The isostatic flexural rebound is calculated following Braun (2018) and used the same values for
related parameters.

5. Conclusions
We presented that spatially differential erosion rates in an escarpment can mathematically be
characterised by a directional horizontal mass flux of which the vector direction is the
escarpment retreat direction and the rate is the retreat rate. We demonstrated that the
morphology of escarpment river profiles of Western Ghats in India has adjusted to a steady
retreating escarpment.
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We proposed for the first time that the cosmogenic nuclide concentration measured from river
sediment is a dilution of the secular equilibrium production of nuclides of a catchment into the
erosional mass. The concentration can be interpreted into a catchment-averaged horizontal
mass flux to characterise non-vertical landscape evolution in a large scale, e.g. a retreating
escarpment at passive margins. We presented two methods to calculate a horizontal mass flux
from measured DCN 10Be concentrations. Retreat rates of global escarpments calculated with
the two methods are in the range of 100s m/Ma up to 1000s m/Ma. The DCN 10Be-inferred
retreat rates of Western Ghats, India are consistent with a steady retreating escarpment from
the coastline since rifting. Globally, escarpments at passive margins are generally consistent
with a long term retreating pattern of landscape evolution but local drainage reorganizations or
mantle dynamics could bring transients and variations to the temporal change of retreat rates.

Appendix 1 Erosional mass flux expressed by a horizontal flux
Erosion rate 𝑒(𝑥) varies spatially across the landscape:
𝑧0 − 0 (0 ≤ 𝑥 ≤ ∆𝑥)
𝑒(𝑥) = U 𝑧0 − 𝑧, (∆𝑥 ≤ 𝑥 ≤ 𝑋Z)
𝑍1 − 𝑧, (𝑋Z ≤ 𝑥 ≤ 𝑋Z + ∆𝑥)
The erosional mass flux is the integral of the erosion rate over the space:
23 4∆6

𝑀𝑎𝑠𝑠 𝑓𝑙𝑢𝑥 = a

𝑒(𝑥)𝑑𝑥

(

To expand the integral:

23

∆6

𝑀𝑎𝑠𝑠 𝑓𝑙𝑢𝑥 = a exp(𝐵𝑥) 𝑑𝑥 + a ((1 − exp (−𝐵∆𝑥)) exp(𝐵𝑥))𝑑𝑥
(

23 4∆6

+a

23

∆6

(𝑋Z − exp (𝐵𝑥 − 𝐵∆𝑥))𝑑𝑥

Calculation of the definite integral gives:
𝑀𝑎𝑠𝑠 𝐹𝑙𝑢𝑥 = 𝑍1 ∆𝑥
The retreat rate is spatially constant:
𝑣(𝑥, 𝑧) = ∆𝑥
Retreating of the surface result in a horizontal flux of :
7!

7!

𝐹𝑙𝑢𝑥′ = a 𝑣(𝑧)𝑑𝑧 = a ∆𝑥𝑑𝑧 = 𝑍1 ∆𝑥
(

(

47

Chapter 2 Escarpment retreat rates from cosmogenic nuclides
So that:

𝐹𝑙𝑢𝑥 8 = 𝑀𝑎𝑠𝑠 𝐹𝑙𝑢𝑥 = 𝑍1 ∆𝑥

The erosional mass flux from spatially differentiated erosion rates e(x) can be characterized
with a uniform horizontal vector v.
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Abstract
The eastern margin of Madagascar has a prominent relief change from the flat coastal plain to
the low-relief high plateau, characterizing a typical great escarpment topography at a passive
margin. Similar topography at other passive margins is characterized as a retreating escarpment
landscape. A quantification of the spatial distribution of erosion rates is necessary to understand
the rate of landscape evolution. Long-term exhumation rates from low-temperature
thermochronology data indicate quiescent tectonics since the late Mesozoic. We present here
catchment-averaged erosion rates from detrital cosmogenic nuclide 10Be concentrations,
systematically covering distinct morphological zones of the escarpment. Erosion rates are
differentiated across the escarpment, where the high plateau and the coastal plain are slowly
eroding with an average rate of 9.7 m/Ma, and the escarpment basins are eroding faster with
an average rate of 16.6 m/Ma. The Alaotra-Ankay Graben related basins have the highest
erosion rate with an average rate of 27 m/Ma. The spatial patterns of erosion rates indicate a
retreating escarpment landscape. Retreat rates calculated from the same 10Be concentrations
are from 132 m/Ma to 2037 m/Ma. The rapidly retreating escarpment of Madagascar is
consistent with the model of a steady retreating escarpment from the coastline since rifting,
similar to the Western Ghats escarpment on its conjugate margin on the India Peninsula.

1 Introduction
Madagascar is located east of the Africa continent, separated by the Mozambique Channel (Fig.
1a). The continental water divide of Madagascar follows the longitudinal axis of the island.
Rivers east of the divide flow into the Indian Ocean. Rivers west of the divide traverse the
central high plateau and flow into the Mozambique Channel (Fig. 1b). Eastward-flowing rivers
are shorter (<150 km) than westward flowing rivers (>300 km). Unlike the west margin where
the central high plateau gradually flattens into the coastal plain, the east margin is characterised
by a great escarpment where the relief abruptly increases from the flat coastal plain to the high
flat plateau. The similar topography of the western margin of India, the Western Ghats, is wellrecognized as a retreating great escarpment, but Madagascar has not received the same
attention. In fact, several studies of the Madagascar topography interpret the high-relief, steep
escarpment zone to be river knickpoints formed by recent uplift (Roberts et al., 2012;
Stephenson, 2019a).
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Fig. 1 (a) The geographic setting of Madagascar. The black dashed box indicates the study area. (b)
SRTM-90 meter digital elevation model (Jarvis et al., 2008) of Madagascar showing the continental
water divide, major rivers and cosmogenic nuclide 10Be basins in this research. Light blue lines are
rivers with drainage areas bigger than 400 km2. Black polygons are sampled 10Be catchments. 10Be
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sampling locations are shown with circles. Basin type is color-coded: red is a highland basin, blue is
escarpment-draining basin and green is coastal plain basin in this study. White filled diamonds are 10Be
samples from Cox et al. (2009). Numbers refer to sample ID used in the main text and associated table.
Thick white lines are simplified normal faults from Kusky et al. (2010).

In order to quantify the evolution of a great escarpment, rates of erosion are needed as well as
a determination of their relationship to morphology. Apatite fission track ages (AFT) and (UTh)/He ages on the coastal plain of the eastern margin of Madagascar are between 68 Ma to
400 Ma (Emmel et al., 2012), rarely significantly younger than the break-up age. Cooling ages
are prevalently older on the central high plateau than on the eastern coastal plain (Emmel et al.,
2012). These old ages from thermochronology data are unable to distinguish between a
retreating escarpment scenario or a static, or downcutting topography since rifting. Globally,
this is typical that thermochronometry is unable to resolve erosion rates with the precision
needed to constrain landscape evolution models. Short-term erosion rates are slow (~10 m/Ma)
on the high plateau according to sparsely published erosion rates from detrital cosmogenic
nuclide (DCN) 10Be concentrations (Cox et al., 2009), similar to reported erosion rates for the
plateau hinterland of other passive margins (e.g. the Deccan plateau hinterland of the Western
Ghats (Mandal et al., 2015); the plateau of the southeastern Australia escarpment (Godard et
al., 2019).
This study for the first time systematically investigates the erosion rates of morphologically
distinct zones of the Madagascar escarpment from detrital cosmogenic nuclide 10Be
concentrations. The landscape rates of change are compared to the morphology to infer process
and the retreat rates of the Madagascar escarpment are calculated and compared with the
escarpment of Western Ghats, India.

2 Study area
2.1 Geological features
The geology of Madagascar can be simplified into three domains: the central and east of the
island is dominated by a Precambrian shield; the west is mostly rifting-related sedimentary
sequences from late Carboniferous to Cretaceous. There are Cretaceous and Neogene volcanic
provinces distributed across the island (Fig. 2a). The continental island of Madagascar was at
the center of the Gondwana supercontinent and was surrounded by the ancient Africa continent
and the great continent Seychelles-India (Wit, 2003). The separation of Madagascar from
Africa started from the late Carboniferous based on syn-rift sediments found in the southern
western margin of Madagascar. The rifting between Madagascar and Seychelles-India could
have started between 120-97 Ma from the basaltic intrusion dykes at the eastern margin of
Madagascar (Ratheesh-Kumar et al., 2015). Final separation is dated to the late Cretaceous
from volcanic provinces and the oldest seafloor magnetic anomaly in Indian Ocean, the Chron
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34 (~84 Ma) (Eagles and Hoang, 2014), or the Deccan volcanic province eruption at the
western margin of the India peninsula (~65 Ma) (Collier et al., 2008). This study focuses on
the mountain belt at the eastern margin of Madagascar and the central high plateau.
The study area consists of three topographic domains: the low-lying coastal plain on the eastern
margin, the highlands of the central plateau, and the high-relief, steep escarpment separating
the two. Although the escarpment extends for the entire length of the island, in the study area,
it is most clearly defined for ~500 km (Lat. 19o S-24o S) (Fig. 1). The coastal plain- escarpmenthigh plateau landscape is also found in other passive margins, e.g. the Western Ghats of India
that form the conjugate margin to Madagascar (Mandal et al., 2015), the Serra do Mar in
southern Brazil (Salgado et al., 2016), as well as in the southeastern margin of Australia
(Godard et al., 2019). The central plateau in the Antananarivo area is 1300-2800 m high. In the
south, the central plateau in the Ihosy area is 550-1300 m high (Fig. 1). Precambrian
metamorphic and granite dominate the central plateau, the escarpment, and the coastal plain.
Cretaceous volcanic rock mantles the coastline (Fig. 2a).

Fig. 2 (a) Simplified lithology of Madagascar after the geological map from Roig et al. (2012) and
lithology description from Tucker et al. (2012). (b) Average annual precipitation of Madagascar from
2014 to 2018. Raw data is from IMERGHH version 6.0. The IMERGHH version 6.0 data were provided
by the NASA/Goddard Space Flight Center and PPS, which develop and compute the dataset as a
contribution to GPM project and archived at the NASA GES DISC. Available at:
https://pmm.nasa.gov/data-access/downloads/gpm (last access: 30.03.20).
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2.2 Climate and hydrological setting
Madagascar is mostly in a tropical climate regime, but the precipitation and temperature are
subject to altitude, monsoon, and proximity to the coastline. The monsoon wind comes from
the Indian Ocean and blows southeastward to Madagascar (Scroxton et al., 2017). The annual
precipitation decreases from east to west, and also from north to south (Fig. 2b). In the study
area, the eastern coastal plain and the escarpment is wet year-round, due to the orographic
effect. Annual rainfall in the northern portion of the high plateau is mostly from the summer
monsoon during November to April, whereas the southern part of the central high plateau is
subtropical and dry (Nassor and Jury, 1998). Polar wander studies have reconstructed the
paleolatitude of Madagascar to be between 30oS to 40oS at Chron 34 (Schettino and Scotese,
2005). The northward drift of Madagascar pulled it out of subtropical latitudes to the present
tropical zone during the Cenozoic (Ohba et al., 2016).

2.3 Uplift history since late Cretaceous
Madagascar has shown very limited tectonic and volcanic activity since Cretaceous rifting.
Neogene to Quaternary volcanoes have erupted in the central high plateau and at the
northernmost extent of the island (Fig. 2a, Bardintzeff et al. (2010)); the Alaotra-Ankay Graben
has been active since the Miocene (Fig. 1, Kusky et al. (2010)); and focal mechanisms of
earthquakes indicate that northeast to east-west extension prevails in seismically active regions
of the central plateau and that most of the earthquakes are within the depth of 20-30 km
(Rindraharisaona et al., 2013). Effects of these Cenozoic tectonic activities on the exhumation
of basement rock are rather local or not significant enough to be constrained by
thermochronology techniques (Emmel et al., 2012).
The potential for Cenozoic uplift of Madagascar is still debated. Delaunay (2018) divided the
step-wise erosional surface of Madagascar into 5 major groups of peneplains. The oldest
peneplain group dates to 145 Ma on the central plateau and the youngest group (Pliocene to
Quaternary) is the coastal plain found along the eastern and western margins. Their peneplain
study interpreted two major uplift episodes of the central plateau, i.e. from the late Cretaceous
to early Paleogene (94-66 Ma) and from the Oligocene to Miocene (34-5Ma), and westward
tilting during 34-5 Ma. The high-standing central plateau is also proposed to be the flexural
rebound of the thick sediments along the west coast and from the offshore basin during ~300–
65 Ma (Emmel et al., 2012).
Roberts et al. (2012) and Stephenson (2019a) use a river inversion model, fitting a spatial and
time variant Cenozoic uplift function across Madagascar. The great escarpment at the east
margin is regarded as a knickzone reflecting a major change in uplift rate , not yet equilibrated
within the drainage basins and river profiles. The model assumes fixed drainage area and
therefore does not include migrating water divides. Their river inversion models predict a
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maximum of 2.5 km of Neogene uplift at the central plateau and a few hundred meters of uplift
at the east coast.
The high central plateau is in a state of isostatic equilibrium, except in the northernmost part
of the island where the relatively high topography can’t be purely supported by its crustal
thickness (Andriampenomanana et al., 2017). The northernmost part of Madagascar is
characterised by slow shear-wave velocities in the uppermost mantle (Andriampenomanana et
al., 2017; Pratt et al., 2017). The low shear-wave area coincides with the Neogene to
Pleistocene volcanism. Upwelling, hotter mantle in the northernmost part of Madagascar is
also interpreted to be responsible for Pleistocene uplift of the nearby coastal region, where
uplifted coral reefs and marine terrace deposits are found (Stephenson et al., 2019b).

2.4 Morphology
The steep and high-relief belt that is located between the low-lying, low-relief coastal plain
and the low-relief high plateau can be regarded as a passive margin escarpment (Gunnell and
Harbor, 2010). A passive margin with a great escarpment is usually characterized by rapid
elevation gains of hundreds of meters to over one kilometer over a relatively short distance,
forming the prominent asymmetric topography (Matmon et al., 2002). In Madagascar, the
escarpment has a relief of 700-2000 m. Morphologically, the Madagascar escarpment has
similar morphology to the Western Ghats, a well-recognized great escarpment along the
western margin of the India Peninsula, (Gunnell and Harbor, 2008). In Madagascar, north of
Lat. 19.5o S, the active Alaotra-Ankay Graben has affected the morphology of the escarpment
(Gunnell and Harbor, 2008). From Lat. 19.5o S to 24o S, rivers east of the divide frequently
follow the late Proterozoic-gneissic foliations, which are subparallel to the escarpment and
brittle fractures that are oblique to the escarpment (Schreurs et al., 2009). Local “inselbergs”
are also common on the central plateau of Madagascar and are related to hard lithologies
(Delaunay, 2018). High remnant escarpments, referred to as “buttes” by Gunnell and Harbor
(2010), are prevalent at Lat. 19.5oS to 21.5oS (Fig. 1). The coastal plain adjacent to this
escarpment segment gently dips towards the Indian ocean (Fig. 3b). The escarpment south of
Lat. 21.5oS is lower in elevation and the “buttes” are also lower than these in the northern
escarpment segment (Fig. 3a).
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Fig. 3 (a) and (b) Swath profiles across the continental water divide showing the asymmetric topography
and orographic precipitation across the divide. Position of the swaths are indicated in Figure 1. Swath
window is 30 km wide.

3 Methodology of interpreting DCN 10Be concentration
An important means of determining landscape evolution patterns and rates is by establishing
rates of surface change. In this study, we use detrital cosmogenic nuclides (DCN) 10Be
concentrations to calculate conventional erosion rates as well as applying the recently proposed
method for determining escarpment retreat rates of Madagascar (Chapter 2).
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3.1 Sampling strategy and analytical procedures for river sediments
We measured catchment-wide erosion rates with in-situ produced cosmogenic 10Be
concentrations from 29 river sand samples. River sand samples were collected from active
channels in basins on the two sides of the continental water divide and cover most of the
escarpment area (Fig. 1). According to the geomorphic features, we divide 10Be basins into
three types of catchments (Fig. 1). If the outlet is within the central plateau, the basin is a
highland basin. Rivers in an escarpment-draining basin initiate from the highland and flow
across the steep escarpment, and may or may not include part of the coastal plain. If rivers in a
basin are purely on the lowland, it is a coastal plain basin. Escarpment and coastal basins are
in the tropical rainforest area and are less likely to be affected by anthropogenic processes.
Plateau basins close to the city Antananarivo were sampled upstream of the city (Sample 24
and 25 in Fig. 1). Sampled 10Be basins are between 16 and 17478 km2 in area.
To help assure that samples are representative of the whole catchment, river sediment from
active channels were amalgamated from samples collected for 200-500 meter along the channel.
Sediments were sieved into different grain size fractions. Grain size fraction 250-500 𝜇𝑚 and
125-250 𝜇𝑚 was used for quartz purification. Quartz was purified from sieved sediments
following methods of Lupker et al. (2012): magnetic separation, dissolution in mixed H2SiF6
and HCl, then three to five rounds of HF of etchings to remove meteoric Be. Be was purified
following established protocols by Ochs (1996). Purified quartz was dissolved with HF
together with ~0.3 mg of a commercial carrier solution (Scharlau). Be was purified by removal
of other elements through cation and anion chromatography. BeOH was precipitated and
transformed into BeO at 1000oC. Targets for accelerator mass spectrometry (AMS)
measurements were prepared and 10Be/9Be ratios were measured at the ETH Zurich Tandy
facility (Christl et al., 2013). The measured 10Be/9Be ratio was normalized to the S2007N
standard with a nominal 10Be/9Be ratio of 28.1 (±0.76) × 10-12 (Christl et al., 2013) which is in
accordance with 10Be half-life 𝑡!/# of 1.387 (±0.012) × 106 years (Chmeleff et al., 2010). An
average 10Be/9Be blank ratio of 8.1 (±0.70) × 10−15 was subtracted from the measurements.
Uncertainty of blank corrections were also used to correct the uncertainty of measurements.
After corrections of blank and blank uncertainties, the 10Be/9Be ratio of each measurement was
converted to 10Be concentration in atoms per gram of quartz. These concentration data are
directly used in calculations of erosional mass flux.

3.2 Mass flux calculation
In Chapter 2 we proposed a model for interpreting detrital cosmogenic nuclide concentrations
as a directional mass flux. Assuming secular equilibrium of cosmogenic nuclide production
and export, the measured detrital cosmogenic nuclide concentration is a dilution of the nuclides
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by erosion mass. Here we use this model to calculate both the conventional erosion rate (i.e.
vertical mass flux) and the retreat rate (i.e. horizontal mass flux) from 10Be concentrations:

''''⃗
$𝐹
$ $𝐴%&& =

∬' 𝛬𝑃( (𝑥, 𝑦)𝑑𝑥𝑑𝑦
𝜌𝐶

(1)

''''⃗
''''⃗
Where the $𝐹
$ $ is the magnitude of the mass flux 𝐹$ . 𝐴%&& is the effective area of the
catchment surface for the assumed catchment-wide direction of the mass flux: if the mass flux
''''⃗
''''⃗
𝐹
$ is vertical, the effective area 𝐴%&& is the basin area; if 𝐹$ is horizontal, a projected area for
the basin surface onto a vertical plane should be used in Equation (1). 𝜌 (gram/cm3) is the
density of the target, 𝛬 (gram/cm2) is the free path absorption length, 𝑃( (𝑥, 𝑦) (atoms gram1
year-1) is the production rate of the cosmogenic nuclide at the surface of any given geographic
location (𝑥, 𝑦), 𝑆 is the basin surface, and 𝐶 (atoms/gram) is the measured concentration of insitu cosmogenic nuclides. Uncertainties of measured cosmogenic nuclide concentrations are
propagated into the mass flux calculations. A continuous catchment surface 𝑆 can be
approximated by discretized elemental surfaces from a digital elevation model (DEM). The
calculation of the surface integral in Equation (1) is approximated by the summation of
discretized elemental surfaces 𝑘 of the catchment surface:

∬' 𝛬𝑃( (𝑥, 𝑦)𝑑𝑥𝑑𝑦 = 8 𝛬𝑃() ∆𝑥∆𝑦
)

(2)

where 𝑃() is the production rate of cosmogenic nuclides at the surface for a given elemental
surface 𝑘. In situ cosmogenic 10Be has three production pathways: neutrons, slow muons and
fast muons. In practice, the production nuclides from the three pathways are summed together
to represent the overall cosmogenic production 𝑃() (Lupker et al., 2012):
)
𝛬𝑃() = 8 𝛬* 𝑃(*
*

(3)

)
where 𝛬* and 𝑃(*
are the free path absorption length and surface production rate of the pathway
neutrons, slow muons and fast muons respectively. Equation (1) to (3) are built on the
assumption that radioactive decay can be neglected, which should be true as long as the
''''⃗
condition $𝐹
$ $𝜌/𝛬* ≫ 𝜆 is met (von Blanckenburg, 2006) where 𝜆 = 𝑙𝑛 (2) /𝑡!/# ≈ 1.38 ×

10+, 𝑦𝑟 +! for 10Be (Chmeleff et al., 2010). The effective attenuation length of neutrons, slow
muons and fast muons of 10Be is 160, 1500 and 4320 𝑔/𝑐𝑚# respectively (Braucher et al.,
)
2011). To calculate the surface production rates 𝑃(*
of different pathways, the 10Be production
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rate due to neutrons, slow muons and fast muons were scaled for latitude and local altitude
(Stone, 2000). The sea level high latitude (SLHL) production rate of 3.97(±0.1) atoms/g/yr
(Balco et al., 2008) is used, following the methodology of Lupker et al. (2012). We did not
apply any topographic shielding correction (DiBiase, 2018).

3.3 Partition of the erosional mass for geomorphic zones
Although the continental water divide closely parallels the escarpment edge in Madagascar, it
rarely directly coincides (Fig.1). It is unclear if this morphology represents the steady form of
the escarpment which is retreating while maintaining that form, or if the plateau reach
represents a transient feature, for example as the remnant of a recent river capture event. If the
former is true, the horizontal flux calculation would be correct, but if the latter is the case, it is
possible that the plateau is downcutting in a transient mode that could affect 10Be
concentrations. If the divide is far from the escarpment, e.g. basin 13 in Fig. 1, the erosional
mass flux of this escarpment-draining basin could come from both the downcutting of the
plateau and the backcutting of the escarpment. We can partition the flux between the two as a
correction to the purely horizontal retreat rate. We assume that a catchment has a high plateau
area 𝐴- with an erosion rate of ep. The retreating escarpment is characterized by a mass flux
rate of v through a vertical plane with area, 𝐴. . The overall mass from measured DCN 10Be
concentration 𝐶 in Equation (1) is a partition of mass between the plateau erosion and the
escarpment retreat:

𝑒- 𝐴- + 𝑣𝐴. =

∬' 𝛬𝑃( (𝑥, 𝑦)𝑑𝑥𝑑𝑦
𝜌𝐶

(4)

In order to use Equation (4) to correct for the retreat rate v, the plateau erosion rate ep must be
constrained independently to solve the equation.

4 Erosion rates of Madagascar: central plateau and east margin
4.1 Erosion rates of Madagascar
We calculated conventional erosion rates from measurement of 29 DCN 10Be concentrations.
DCN 10Be concentrations from Cox et al. (2009) are also included, but recalculated according
to a common protocol. Basins in our area can be divided into two groups: the active grabenrelated basins and the great escarpment-related basins. The highest erosion rates in our study
area are found in basins affected by graben extension. Erosion rates of the graben-related basins
are between 23.1-34.3 m/Ma. For the escarpment system, the north-south trending continental
water divide and the escarpment define four geomorphic zones: the highland west of the divide,
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the highland east of the divide, the escarpment, and the lowland plain (Table 1). Erosion rates
are generally lower on the plateau and on the coastal plain, and are higher if the catchment
includes the escarpment (Fig. 4, Table 1). Erosion rates for highland plateau basins are between
5.8-12.1 m/Ma. Plateau basins that are relatively far away from the Alaotra-Ankay Graben
(basin 8, 18, 19 and 22) are eroding at similar rates, falling in a narrow range of 7.4-10.3 m/Ma.
Erosion rates for escarpment basins within Lat. 20° S - 22° S are between 13.1-26.0 m/Ma.
Escarpment basins on the southernmost end (south of Lat. 22° S) have lower erosion rates of
8.7-14.2 m/Ma. One coastal plain basin of Madagascar has an erosion rate of 6.4 m/Ma.
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Fig. 4 Erosion rates of Madagascar from detrital cosmogenic 10Be. Erosion rates are lower west of
continental water divide, for basins entirely on the plateau, or entirely on the eastern coastal plain.
Higher rates are found for the escarpment-draining catchments. Erosion rates of 10Be basins from Cox
et al. (2009) are recalculated from the reported 10Be concentrations.
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Basin
name

Basin
On
Fig.1

MDG_1653D2
MDG_1631B1
MDG_1609A1
MDG_1586D1
MDG_1610A1
MDG_1460C1
MDG_1405A1
MDG_1318A2
MDG_1287B2
MDG_1234D1
MDG_1204C1
MDG_1176C1
MDG_1147D1
MDG_1122C1
MDG1152B1(a)
MDG_1038C1

1
3
4
5
6
7
9
10
11
12
13
14
15
16
17
20

MDG_1654A2

2

this study
this study
this study
this study
this study
this study
Cox et al., 2009
Cox et al., 2009
Cox et al., 2009

MDG_1011B1(a))
MDG_1089D1
MDG_1459B1
MDG_1199B1
MDG_Antana2
MDG_Antana1
Cox_2004-6A(a)
Cox_2004-2A
Cox_2004-9A

22
19
8
18
24
25
31
32
33

Great escarpment system: highland plateau basins

this study

Great escarpment system: Coastal plain basin

this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study

Great escarpment system: escarpment basins

Source

47.7657
47.1334
47.1262
46.8104
47.5681
47.5942
47.1251
46.8227
47.5259

47.2928

47.1890
47.1941
47.3113
47.3339
47.4275
47.3134
47.4951
47.6524
47.5869
47.9314
47.6379
47.6687
47.5790
47.8701
48.3419
48.0539

Lon. (o)

-19.7108
-20.3778
-22.6196
-20.9848
-19.0939
-19.0228
-19.0045
-18.9452
-18.9500

-24.1229

-24.2261
-23.9125
-23.7058
-23.6822
-23.7135
-22.7545
-22.2744
-21.7258
-21.5768
-21.3138
-21.1063
-20.9162
-20.7290
-20.5835
-20.6250
-20.0409

Lat. (o)

896.8
596.5
399.4
600.7
607.3
488.6
590.0
370.0
1000.0

402.9

334.2
462.6
281.5
240.7
340.6
282.5
144.8
136.9
155.6
157.8
286.2
201.9
294.2
290.5
959.2
224.5

43.5
24.6
13.3
21.3
17.5
15.1
18.0
14.0
23.0

12.0

13.9
16.1
10.0
7.8
11.5
11.1
7.7
5.7
8.2
8.9
12.8
11.3
8.1
11.7
32.8
14.7

Be concentration ±1s
(´103 atoms g-1)

10

7.4
10.2
10.3
8.8
9.7
12.1
9.7
14.5
5.8

6.4

14.2
10.2
10.3
12.9
8.7
10.9
24.1
26.0
26.0
25.4
16.0
22.7
18.1
15.7
3.8
20.8

Rate

0.87
1.17
1.25
1.03
1.09
1.35
1.1
1.7
0.7

0.90

1.72
1.21
1.45
1.69
1.20
1.50
3.17
3.44
3.42
3.21
2.00
2.89
2.04
1.92
0.5
2.64

-34%

Erosion (m/Ma) (b)

0.84
1.17
1.26
1.01
1.07
1.33
1.1
1.7
0.6

0.94

1.68
1.19
1.42
1.79
1.18
1.50
3.41
3.42
3.36
3.43
1.96
2.92
2.01
1.91
0.5
2.84

+34%

4380
2638
1272
4762
626
1257
209
134
1541

16

209
407
274
231
1225
108
1262
656
517
4992
690
1863
377
290
1189
1091

Basin Area
(km2)

7.504
8.326
5.378
7.160
8.066
8.034
8.053
7.260
7.977

3.090

6.316
6.259
3.549
3.845
3.616
3.770
4.434
4.512
5.281
5.197
6.032
6.027
7.143
5.954
5.954
6.215

Pn

0.020
0.023
0.017
0.021
0.023
0.023
0.023
0.021
0.022

0.012

0.018
0.018
0.013
0.014
0.013
0.014
0.015
0.016
0.017
0.017
0.019
0.019
0.021
0.019
0.019
0.019

Pms

0.045
0.054
0.047
0.051
0.054
0.054
0.054
0.052
0.054

0.040

0.048
0.048
0.041
0.042
0.041
0.042
0.044
0.045
0.047
0.047
0.049
0.049
0.052
0.049
0.049
0.049

Pmf

Surface production rate(c) (atoms g-1 yr-1)

Table 1 Summary of 10Be sample locations, concentrations and erosion rates of Madagascar
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name

Basin

MDG_1013B1
MDG_1042A1
MDG_0848C1
MDG_0849A2
MDG_0754A2
MDG_0657C1
Cox_2005-7

21
23
26
27
28
29
30

Basin
On
Fig.1

48.0801
48.5896
48.9739
49.1057
49.1051
49.3400
48.2041

Lon. (o)

-19.7531
-19.9178
-18.7315
-18.6831
-18.1115
-17.6602
-17.6280

Lat. (o)

288.9
141.8
113.4
132.8
157.9
153.4
210.0

15.4
8.6
5.5
8.6
6.7
6.5
6.0

Be concentration ±1s
(´103 atoms g-1)
10

18.8
34.3
33.9
23.1
25.3
24.4
18.9

Rate

2.33
4.33
4.38
3.35
3.34
3.28
2.3

-34%

Erosion (m/Ma) (b)

2.33
4.45
4.43
3.48
3.05
3.19
2.3

+34%

11508
17478
2624
1051
1679
1936
56

Basin Area
(km2)

7.335
6.462
4.904
3.769
5.426
4.753
5.128

Pn

0.021
0.020
0.017
0.015
0.018
0.017
0.018

Pms

0.052
0.050
0.046
0.043
0.048
0.046
0.048

Pmf

Surface production rate(c) (atoms g-1 yr-1)

(a) Basaltic surface area is excluded from 10Be production calculation.
(b) The conventional erosion rate is calculated from Equation (1). 10Be concentrations from Cox et al. (2009) are recalculated for consistency.
(c) Mean basin 10Be production rates of neutrons (Pn), slow muons (Pms) and fast muons (Pmf). Calculation method follows Lupker et al.
(2012).

this study
this study
this study
this study
this study
this study
Cox et al., 2009

Alaotra-Ankay Graben-related basins

Source

Table 1, Continued
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4.2 Retreat rates of the Madagascar escarpment
Horizontal retreat rates for the escarpment are calculated from 10Be concentrations. As most of
our escarpment-draining basins have a significant plateau area, we calculate both an
uncorrected and a corrected retreat rate where the latter accounts for downward erosion of the
plateau area. For this correction, we use the erosion rate measured for the four basins that
exclusively drain from the plateau and have few hillslope collapse features (lavakas) (Highland
Basin 22, 19, 8 and 18 on Fig. 1). The average erosion rate for these basins is 9.17 m/Ma; this
is used in Equation (4) for the correction. Corrections are mostly less than 10%.
A direction of N73W is chosen as the regional retreat direction to calculate the projected area
𝐴. of the escarpment basin surface. This direction is perpendicular to the coastline and the
offshore continental shelf margin. The escarpment is not perfectly parallel to the coast,
particularly where it is influenced by the active Alaotra-Ankay Graben north of Lat. 20° S.
South of 20° S, the escarpment segment is morphologically more uniform, so we have focussed
our study here. The retreat rate calculated from the in-situ 10Be concentration is an average of
the basin-bounded escarpment segment.
Plateau-area corrected retreat rates for the studied escarpment segment are between 132-2037
m/Ma (Fig. 5, Table 2). The escarpment segment that is bounded by escarpment basins 1-7 is
retreating slowly at rates 132-515 m/Ma. The northern segment that is bounded by escarpment
basins 9-20 is retreating faster than the southern region, at rates 412-2037 m/Ma. The spatially
differentiated retreat rates show consistency with the distance of the escarpment to the coastline
where retreat rates are smaller for escarpment segments that are closer to the coastline,
suggesting that the current variations in retreat rate are representative of the rates over the postrift time period (Fig. 5).
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Fig. 5 Escarpment retreat rates calculated from detrital cosmogenic 10Be concentrations. Arrows
represent retreat vectors. The direction is fixed at N73W; vector length represents retreat rate, corrected
for plateau area (see Table 2 for the data).
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SIN1440
SIN1380
SIN1369
SIN1368
SIN1362
SIN1361
SIN1421
SIN1331
SIN1332
SIN1330
SIN1348
SIN1379

MDG_1653D2
MDG_1631B1
MDG_1609A1
MDG_1586D1
MDG_1610A1
MDG_1460C1
MDG_1405A1
MDG_1318A2
MDG_1287B2
MDG_1204C1
MDG_1147D1
MDG_1176C1
MDG_1234D1
MDG_1038C1
MDG_1122C1

Basin ID

32.2
44.2
69.4
79.7
86.3
79.3
47.5
57.7
75.0
83.1
69.7
47.5

35.6
45.1
46.1
45.0
45.5
63.0
72.9
76.6
85.5
96.5
105.0
101.3
99.2
96.1
81.4

Distance (a)
(km)

213.2
153.3
474.5
706.8
1157.0
1053.6
329.1
755.9
589.1
499.3
364.4
282.8

188.7
181.8
267.5
447.6
548.3
425.1
1083.0
1051.0
1247.7
802.3
718.1
1228.6
1886.0
838.2
441.1

Retreat rate

32.2
23.7
75.7
102.3
165.0
158.4
45.8
109.3
81.0
75.4
51.6
44.8

22.8
21.6
37.5
58.8
75.8
58.4
142.3
139.3
164.3
100.5
81.0
156.7
238.5
106.2
52.6

-34%

31.7
24.3
77.7
113.8
172.9
165.8
46.5
121.9
82.9
88.0
55.8
48.2

22.2
21.2
36.7
62.1
74.8
58.4
153.2
138.3
160.6
98.2
79.6
158.0
254.4
114.2
54.5

+34%

No correction for plateau area
(m/Ma)

11
5
16
46
231
110
18
187
213
19
77
27

25
267
0
37
268
20
445
146
235
367
266
709
1144
418
153

Plateau area
(km2)

128
144
153
142
152
138
211
197
173
237
205
155

64
74
75
87
74
65
181
131
101
197
145
110

142
97
33
57
34
27
51
54
50
53
48
47
49
62
62

(m0.9)

(m0.9)

169
166
101
158
121
64
132
131
125
120
142
119
111
121
150

Basin_ksn(b)

ESP_ksn (c)
-34%

203.5
158.7
528.7
828.3
1220.1
909.3
322.0
767.0
727.8
643.1
338.2
212.2

33.2
25.8
84.2
125.7
192.3
146.3
50.0
124.8
117.7
99.6
108.0
37.5

181.1
23.9
131.9
31.8
No need of a correction
a correction 64.5
463.0
515.6
80.2
411.8
57.0
1176.5
172.4
1062.6
147.5
1353.5
198.8
896.8
142.6
767.7
130.4
1351.0
187.8
2037.6
282.4
850.6
119.8
416.4
68.0

Retreat rate

-5
4
-3
11
17
5
-14
-2
1
24
29
-7

3
-6
-3
9
1
8
12
7
10
8
1
-6

63.3
76.6
60.7
183.8
145.1
202.3
145.2
121.6
202.0
294.5
118.2
67.1

33.0
28.2
89.6
133.0
203.0
148.3
50.8
139.0
121.1
111.5
116.0
41.8

-4
-27

Correction
impact
(%)

23.9
31.3

+34%

Corrected for plateau area (d)
(m/Ma)

(a) Distance of the basin-bounded escarpment segment to the coastline. Distance is calculated using a reference retreat direction: N73W
(Madagascar) and N57E (Western Ghats, India).

Mandal et al., 2015
Mandal et al., 2015
Mandal et al., 2015
Mandal et al., 2015
Mandal et al., 2015
Mandal et al., 2015
Mandal et al., 2015
Mandal et al., 2015
Mandal et al., 2015
Mandal et al., 2015
Mandal et al., 2015
Mandal et al., 2015

Western Ghats, India

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

Madagascar

DCN 10Be
concentration
Source

Table 2 Escarpment retreat rates for basins of Madagascar and Western Ghats, India
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(d) Correction method follows Equation (4). Madagascar basins are corrected by an average plateau erosion rate of 9.17 m/Ma. Indian basins are
corrected by an average plateau erosion rate of 10 m/Ma. The uncertainty comes from the propagation of 10Be concentration measurement.

(c) Mean river steepness (ksn) of the escarpment river reach. A threshold of ksn=35 is used to filter out upper plateau reach and low land reach.

(b) Mean river steepness (ksn) of the basin. ksn is calculated from the integral method (topographic gradient on ! space, Perron and Royden
(2013)) with precipitation included, m/n of 0.45 for rivers with threshold drainage 1km2.

Table 2, Continued
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5 Weathering intensity
The relative weathering intensity of silicate rock can be assessed with the relative abundance
of major elements. The relative weathering intensity indices calculated on riverine sediment,
especially on suspended sediment, represents the average weathering conditions of a
catchment (Guo et al., 2018; Lecomte, 2014). Our collaborators from the China Geological
Survey, Shenyang Section, sampled a total of 1900 samples of bedload river sediment in the
study area and measured major elements. Samples were sieved to size fraction below 850 𝜇𝑚.
Major elements were measured for the sieved bulk samples at the Mineral Resource Supervise
Examine Center in Zhengzhou, China. Major elements were measured using XRF (SiO2 and
Al2O3) and ICP-MS (CaO, K2O, MgO and Na2O). In this thesis, we calculated four commonly
used weathering indicators with their major element data: the chemical index of weathering
(CIW) (Harnois, 1988), the chemical index of alteration (CIA) (Nesbitt and Young, 1982), the
plagioclase of alteration (PIA) (Fedo et al., 1995) and the weathering index of Parker (WIP)
(Lecomte, 2014). High CIW, CIA and PIA indices indicate a high-degree of weathering. WIP
value is reversely related to weathering intensity: high values of WIP indicates low weathering
intensity.
South of the Alaotra-Ankay area, the study area comprises three geological domains of the
Precambrian shield that are differentiated based on geological age, lithology, climate and
metamorphic fabrics. These are referred to as the Antananarivo, Ikalamavony, and Anosyan
domains (Tucker et al., 2014). Our calculated weathering indices reflect these geologic
domains as well as the modern morphological domains. The Antananarivo Domain is
intensively weathered on the highland above the escarpment and the coastal plain. The
escarpment is less weathered (Fig. 6). The Ikalamavony Domain shows a low-degree of
weathering on the CIW map. The southernmost Anosyan Domain shows a high-degree of
weathering, including the escarpment. Other three commonly used weathering indexes show
consistency with the weathering pattern of the CIW index (Fig. 7-9).
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Fig. 6 Chemical index of weathering (CIW) for the study area: heavily weathered on the plateau and
less weathered at the escarpment side in the Antananarivo Domain. CIW definition follows Harnois
(1988). CIW of the mean composition for the upper continental crust (UCC) (Rudnick and Gao, 2003)
is 56.4. The magenta dashed lines delineate the boundaries of the three geodynamic domains of the
study area after Roig et al. (2012). Blue lines are major rivers with drainage area > 400 km2. Thick
white line is the continental water divide. The thick red dashed line delineates the escarpment edge,
above is the highland, below are the escarpment and the coastal plain.
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Fig. 7 Chemical index of alteration (CIA) for the study area: heavily weathered on the plateau and less
weathered at the escarpment side in the Antananarivo Domain. CIA definition follows Nesbitt and
Young (1982). CIA of mean composition of upper continental crust (UCC) (Rudnick and Gao, 2003)
is 50.8. The magenta dashed lines delineate the boundaries of the three geodynamic domains of the
study area after Roig et al. (2012). Blue lines are major rivers with drainage area > 400 km2. Thick
white line is the continental water divide. The thick red dashed line delineates the escarpment edge,
above is the highland, below are the escarpment and the coastal plain.
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Fig. 8 Plagioclase index of alteration (PIA) for the study area: heavily weathered on the plateau and less
weathered at the escarpment side in the Antananarivo Domain. PIA definition follows Fedo et al.
(1995). PIA for the mean composition of the upper continental crust (UCC) (Rudnick and Gao, 2003)
is 51.0. The magenta dashed lines delineate the boundaries of the three geodynamic domains of the
study area after Roig et al. (2012). Blue lines are major rivers with drainage area > 400 km2. Thick
white line is the continental water divide. The thick red dashed line delineates the escarpment edge,
above is the highland, below are the escarpment and the coastal plain.
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Fig. 9 Weathering index of Parker (WIP) for the study area: heavily weathered on the plateau and less
weathered at the escarpment side in the Antananarivo Domain. WIP definition follows Depetris et al.
(2014). WIP of mean composition of upper continental crust (UCC) (Rudnick and Gao, 2003) is 70.0.
The magenta dashed lines delineate the boundaries of the three geodynamic domains of the study area
after Roig et al. (2012). Blue lines are major rivers with drainage area > 400 km2. Thick white line is
the continental water divide. The thick red dashed line delineates the escarpment edge, above is the
highland, below are the escarpment and the coastal plain.
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6 Discussions
6.1 Erosional processes of the study area
Erosion rates in our study area are similar to those from other passive margin escarpments, e.g.
those compiled by Godard et al. (2019). Here, we discuss the erosional processes for the
escarpment system and the active Alaotra-Ankay graben related basins separately.
6.1.1 The great escarpment system
The great escarpment system comprises three morphological zones: the highland plateau, the
escarpment and the lowland coastal plain. The average erosion rate for the escarpment basins
of Madagascar is 16.6 m/Ma. It is among the lowest rate measured for passive margin
escarpments (Table 1, Chapter 2). The average erosion rate for the plateau basins of
Madagascar is 9.7 m/Ma, similar to other highland basins inland of a great escarpment, e.g. the
Serra do Mar highlands in southern Brazil (9.2 m/Ma) (Salgado et al., 2016), the Deccan
Plateau inland of the Western Ghats escarpment of India (9.6 m/Ma) (Mandal et al., 2015), the
highland of the Bega basin-bounded escarpment in southeast Australia (13.3 m/Ma) (Godard
et al., 2019). The contrast of erosion rate between escarpment basins and plateau basins in
Madagascar is less than a factor of 2, and is similar in magnitude and pattern to the conjugate
margin of the Western Ghats in India.
Erosion rates of the steep escarpment zones may be under-represented by the catchmentaveraged erosion rates of 10Be escarpment basins. All escarpment basins in our study have a
significant portion of flat highland. The highland area represents 12% to 71% of escarpmentdraining basins (Table 1). Erosion rates of the highland areas on the east side of the continental
water divide are likely similar to the plateau basins west of the divide. The escarpment is
expected to be eroding faster than the upland areas, and so we have tried to partition
contributions to eroded mass from each region.
Slow erosion rates of the highland and lowland facilitates deep weathering of the landscape.
The highland areas on both sides of the water divide and the lowland coastal plain are
intensively weathered, in contrast to the escarpment zone which is less weathered (Fig. 10). A
typical weathering profile of Madagascar shows an impermeable laterite crust underlain by a
permeable saprolite that serves as an important aquifer in the Antananarivo plateau area where
the crystalline Precambrian basement is usually impermeable (Rahobisoa et al., 2013). The
thickness of the permeable saprolite layer on the plateau and the coastal plain is up to 50 m,
but typically between 1-9 m from spring data and wells (Davies, 2009). Rivers on the plateau
provide discharge to the saprolite aquifers (Rahobisoa et al., 2013) which indicate the
continuity of the saprolite layer over the highland. In contrast, fresh bedrock crops out at the
steep escarpment front (Davies, 2009). The weathering intensity differences among the
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geomorphic zones is consistent with the DCN 10Be-derived erosion rates which indicate the
highest erosion rates in the relatively unweathered escarpment zone.
A positive linear correlation between topographic gradient and erosion is often reported in an
escarpment context (Godard et al., 2019; Salgado et al., 2016; Mandal et al., 2015). Catchmentaveraged erosion rates of the Madagascar escarpment are also positively correlated with the
average basin slope, but the correlation is poor and data are widely scattered (Fig. 11a). Plateau
basins are characterised by gentle slopes, widely variable precipitation rate (Fig. 11a, b) and
deeply weathered saprolite, implying a lack of fluvial incision and suggesting that erosion is
dominated by weathering, rather than physical erosion. The high precipitation rate of plateau
basins, particularly on the east, facilitates in situ weathering, instead of providing fluvial
incision power, given the low channel slopes. In contrast, the steep escarpment zone is
dominated by physical erosion, and its dependence on river discharge. Precipitation rates of
the escarpment basins of Madagascar fall into a narrow range of 1600-1800 mm/yr, but the
catchment-averaged erosion rates vary by a factor of 3. The lack of correlation is in part due to
the covariance between precipitation and channel slope, but the lack of correlation between
hillslope and erosion rate suggests that variation in process between catchments is also
important.

Fig. 10 Histogram of relative weathering intensity of the great escarpment system in the Antananarivo
Domain. Basins are sorted into four categories: escarpment basins, highland basins on the west side of
the divide, lowland basins and highland basins on the east side of the divide. Basins plotted are smaller
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than 200 km2 and grain size index R (Al/Si (mol:mol)) > 0.1 (D90< 0.4mm Borchers et al. (2016)).
Number of basins in each category is shown in the bracket.

Fig. 11 Relationship between basin averaged erosion rate and (a) mean topographic slope, and (b) mean
precipitation. See Table 1 for the data.

6.1.2 The Alaotra-Ankay Graben
The basins in the active Alaotra-Ankay Graben display the highest erosion rates of our study
area. Apart from one basin from Cox et al., 2009, which is located on the margin of the Alaotra
lake (basin 30 on Fig. 1), the other basins of this group also comprise a prominent relief zone,
similar to the regional escarpment (Fig. 1). A background erosion rate of these basins might be
predicted from the average catchment-wide erosion rate of the great escarpment zone south of
the graben which is 16.6 m/Ma. The average erosion rate of the graben basins is 27 m/Ma. An
intensive hillslope erosion process, which is particular to these basins, could be the reason for
the higher erosion rate.
Intensive hillslope erosion along the footwalls occurs through gully erosion (Fig. 12, Kusky et
al., 2010; Voarintsoa et al., 2012), a phenomenon that results in formation of geomorphic
features referred to as “lavakas” in Madagascar (Fig. 12). These lavakas only develop on thick
laterite-saprolite (tens of meters) mantled hillslopes (Wells et al., 1997; Wells and
Andriamihaja, 1990). The collapse of hillslopes excavates deeply into the saprolite, exporting
a significant amount of highly weathered sediment into the rivers. The deep erosion of the
hillslope failure in the lavakas results in a lower cosmogenic 10Be concentration compared with
normal hillslope colluvium sediment (Cox et al., 2009). Active faulting of the graben,
coincident with the high rainfall in this area, probably triggered the widespread hillslope failure
(Cox et al., 2010). In places, tens of lavakas can be found per square kilometer (Cox et al.,
2010). Cox et al. (2009) found rivers flowing across lavaka-intensive areas on the highland are
dominantly fed with lavaka sediment, making the erosion rate measured from cosmogenic 10Be
concentrations substantially higher than rivers flowing across non-lavaka developed areas.
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Great escarpment-related basins in our study area have few lavakas according to the mapped
occurrence by Cox et al. (2010) and Voarintsoa et al. (2012).

Fig. 12 Field observations of lavakas in Madagascar. Location of the photo is indicated in Fig. 1. The
photo is taken by Datian Wu in October, 2013.

6.2 Retreat of the great escarpment of Madagascar
Given their erosion rates, the escarpment basins of Madagascar have some of the highest river
steepness indices measured worldwide (Fig. 13). In contrast, the plateau basins, the coastal
plain basin and basins related to the active graben are consistent with the global trend of river
steepness and observed erosion rate. River steepness of the escarpment front is even higher
than in the basin-averaged steepness of the escarpment-draining basins (Table 2). The ultrahigh river steepness of Madagascar escarpment rivers relative to the global empirical
relationship of river steepness and erosion rate supports the model of concentrated erosion rate
at the escarpment. The erosion rates of the distinct morphological zones of the Madagascar
great escarpment imply a retreating landscape, similar to its conjugate margin of India, the
Western Ghats escarpment, which we investigated in Chapter 2.
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Fig. 13 Normalised channel steepness index and cosmogenic 10Be-derived basin-averaged erosion rate
of Madagascar, with comparison to a compilation of global data by Kirby and Whipple (2012) (grey
colored dots) and Southern Western Ghats (black-lined triangles).

6.2.1 Corrected retreat rates
The landscape morphology of coastal lowland, escarpment and high plateau suggests that basin
average erosion rates or basin average retreat rates might not be reflective of processes
everywhere in the catchment. We have tried to address one potential problem in the analysis
by corrected the escarpment retreat rate for contributions in area, Be production and eroded
mass contributed from the high plateau (Equation (4)). The erosional lowland coastal plain also
has a contribution to the overall mass of the basin, but we have few data on the erosion rate of
the plain, so have not corrected for the coastal area. For internal consistency, we corrected the
retreat rate of both Madagascar and the Western Ghats, assuming a constant erosion rate for
both the coastal plain and the upper highland. The correction of the highland mass makes a
difference of under 30% to the retreat rate, and corrections are mostly within the range of ±15%
(Table 2).
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6.2.2 Retreat rates of the conjugate margins of Madagascar and India
It is interesting to compare the rates and morphology of the margins of Madagascar and India.
Lithological differences between the two conjugate margins are likely minimal, as both
developed on the Precambrian shield and surface geology is primarily metamorphic rocks of
the shield. The precipitation rate of the Western Ghats escarpment is generally larger than the
Madagascar escarpment, but is dominated by seasonal monsoon rains and lower temperatures.
Erosion rates of the escarpment-draining basins from Western Ghats are higher than in the
Madagascar escarpment-draining basins. However, retreat rates for the two escarpments are
similar (Fig. 14). The DCN 10Be-inferred retreat rates are close to the retreat rate expected from
steady retreat of the escarpment from the coast to its present location since the time of rifting
of the margins (Figure 14).
Confirmation of retreat rates is difficult to obtain. We note that the retreat rates we obtain are
close to the average retreat rate since rifting (Fig. 14), although our rates are systematically
lower, suggesting that rates were faster shortly after rifting, or that the timescale of 10Be
accumulation is not capturing the Ma-average properly. Dating of laterites on the coastal plain
can be used to constrain the passage time of an escarpment. The escarpment gradually sweeps
through the coastal plain, so ideally, the dating of the weathering profiles should reveal a
sequentially younging pattern from the coast to the escarpment toe. The coastal plain and the
Deccan Plateau hinterland of the Western Ghats escarpment developed deep weathering
profiles (Beauvais et al., 2016; Bonnet et al., 2014, 2016), similar to that of the Madagascar
escarpment. Laterite ages on the lowland coastal plain of western India are too few to reveal a
sequentially younging pattern (Beauvais et al., 2016). An age of 47 Ma is obtained from K-Mn
oxides in an ore pit that is 10 km away from the escarpment toe of the northern Western Ghats
(Beauvais et al., 2016). Based on the ore location and reported age, we calculate a retreat rate
of ~0.2 km/Ma for the time interval of 47 Ma to the present. This rate is consistent with its
distance from the coastline (Fig. 14). At a nearby lowland ore pit , another younger age of 27
Ma is revealed (Beauvais et al., 2016). This young laterite age however, reflects a latter
Cenozoic weathering period rather than a preservation of the escarpment-retreat age.
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Fig. 14 Inferred retreat rate of Madagascar escarpment basins from DCN 10Be concentrations against
current distance from the coastline. Retreat rates of Madagascar escarpment are calculated using the
Basin Projection method with azimuth taken as N73W. Age of rifting is constrained by various events
as indicated and is expected to be older than these constraints. The retreat rates of Madagascar and the
Western Ghats are corrected for the plateau area from Equation (4). See Table 2 for the data.

6.3 Recent Uplift or slow escarpment retreat?
Several studies of the stepped topography of eastern Madagascar have been published based
on a model of vertical uplift where differential rates of uplift resulted in the stepped plateau
morphology. Based on river profile inversion models, Roberts et al. (2012) and Stephenson
(2019a) proposed that the high topography of central Madagascar plateau formed in the late
Cenozoic from accelerating uplift initiating between ~15 Ma to ~30 Ma. Based on the
identification of pediment surfaces, Delaunay (2018) proposed that the plateau has undergone
episodic uplift since the Cretaceous with the stepped topography established since the rifting
of eastern Madagascar with Seychelles-India. Paleogene erosion and flexural rebound only
modified the stepped topography by wearing down the coastal area to its current elevation. The
cumulative uplift of the Madagascar plateau is consistently predicted to be 1-2 km from river
inversion models (Roberts et al., 2012; Stephenson 2019a) and the pediment surface study of
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Delaunay (2018). Our escarpment retreat model offers an alternative to the uplifted plateau
scenario. We discuss the differences and the possibility to distinguish between these models
below.
The main difference between these models is the assumption regarding drainage basin stability.
A retreating escarpment implies continuous divide migration and time-dependent drainage area,
whereas river profile analysis explicitly assumes that drainage area and drainage basin
geometry remain constant in time. With fundamentally different primary assumptions,
comparisons or tests between results are difficult. Although we argue in the next chapter that
the variance within river profiles within specific regions of Madagascar suggests frequent river
capture events and moving divides, this is not necessarily a proof that they have moved.
One important comparison we can make is to interpret our 10Be data in terms of vertical incision
and note the implications for rates of river profile equilibration in the absence of drainage area
change. In particular, 10Be data can add the time scaling to what is otherwise an unscaled
temporal function (Goren et al., 2014). River profile analysis yields a uplift function of time,
but that time is dimensionless, until the rock erodibility is defined.
Rock erodibility K is the rate parameter in the stream power equation :
𝑒 = 𝐾𝐴/ 𝑆 0

(5)

Equation (5) states that the erosion rate e is related to upstream drainage area A, river slope S
and K which reflects the rock type, climate and hydraulic conditions (Whipple and Tucker,
1999). m and n are empirical constants. The timescale of the maximum time span that an uplift
can be preserved for a given river can be calculated with:
∗

1 1
𝑑𝑥
𝜏= P
𝐾 ( 𝐴(𝑥)//0

(6)

Where 𝜏 is referred to as the response time of an uplift signal to propagate upstream from
baselevel to a position 𝑥 ∗ along the river. The response time 𝜏 scales with the empirical constant
K such that for a given river, the larger the value of K , the shorter the response timescale. The
maximum response time is for the channel head of the longest river, where length is scaled by
inverse drainage area (Equation (6)). Stephenson (2019a) assumed an n=1, m=0.35 and
subsequently estimated K=4.2´10-6 m0.3/yr based on the elevation of uplifted marine sediments.
Roberts et al. (2012) assumed n=1, m=0.2 and calculated K =2´10-4 m0.6/yr from observations
of Miocene marine formations that are currently ~ 1 km in elevation. In both these studies, as
in all studies of river profile analysis, the time calibration comes from independent observations
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of terrace uplift, river incision or total erosion, not from the river profiles themselves, which
have no information regarding time scaling.
Our cosmogenic isotope-based erosion rates can also be used to determine a K and thus
calibrate the timescale of river response. The K value can be constrained by averaging
quantities over a drainage basin. Defining the basin mean normalised steepness index, ksn
(Hilley et al., 2019; Wobus et al., 2006), this can be compared to the basin mean erosion rate
to give an estimate of K through the relationship:
𝑒 !30
𝑘$0 = Q R
𝐾

(7)

Normalized steepness requires an assumption for the ratio of m/n and Equation (7) requires
assuming a value of n. We estimated K for two values of m and assumed n=1. The 10Be
concentrations and the normalised steepness indices are correlated, but not well, implying a
wide range of erodibility values. We find a range of K of (0.2-10)´10-6 m0.3/yr and (0.11.4)´10-6 m0.1/yr with m=0.35 and 0.45, respectively, can bracket the whole data (Fig. 15).
There is no clear relationship between morphology, tectonic, or precipitation and K. There are
3 to 5 very high values of K that might be considered outliers (Fig. 15), but there is nothing
suggesting that these basins are different from the others. If we ignore the outliers and regress
the remaining data with a concavity of 0.45, we obtain a K of 0.4´10-6 m0.1/yr (Fig. 15b), close
to the independent estimate of 0.24´10-6 m0.1/yr in similar lithology in western India (Mandal
et al., 2015). We expect that the large variance in this relationship comes mostly from the lack
of equilibrium in the drainage basins and the difficultly in calculating a mean steepness with
river profiles affected by river capture and divide migration, or propagating knickpoints.
The inability to determine a specific value of K has implications for the timescale of response
of the landscape if the basin geometry is fixed in time. We calculated the response time for the
drainage basins of all Madagascar with a range of K values and Equation (6). Our response
time varies by almost 2 orders of magnitude if we consider the full range of K bracketing our
data (Fig. 16). Our preferred range of K suggests a timescale of over 100 Ma for full
equilibration of the Madagascar landscape, which is longer than the time since rifting. This
timescale is longer than that suggested by Stephenson et al. (2019a), given their larger value
of K, which lies just on the edge of our data range. The implication is that if our 10Be data
correctly characterizes the erosion rates, and the drainage morphology is fixed in time, the
response time for the landscape would be much longer than the 30 Ma suggested by both
Roberts et al. (2012) and Stephenson et al. (2019a).
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Fig. 15 Estimate of erodibility constant K from normalised channel steepness index (ksn) and
cosmogenic 10Be-derived basin-averaged erosion rate (e) of Madagascar based on Equation (7). The
slope exponent n=1, area exponent (a) m=0.35 and (b) m=0.45. Indeterminate outlier data points are
indicated with additional red squares. The red solid lines are regressions of data without the outliers.
Solid grey lines show values of K increasing at equal intervals that bracket data. The red dashed line
shows the K from Stephenson (2019a).
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Fig. 16 Response time t of Madagascar rivers for (a) m/n=0.35 and (b) m/n = 0.45 for various K. Rivers
are picked with a drainage area bigger than 64 km2 to stay consistent with Stephenson (2019a). The
thick white line shows the continental water divide that separates the eastern escarpment drainages and
the western drainage.

7 Conclusions
This study has systematically investigated the erosion rates, weathering, and landscape
evolution of the Madagascar escarpment. New DCN 10Be concentration-derived erosion rates
reveal differential erosion rates among the three geomorphic zones: the erosion rates of the
highland plateau and the coastal plain have exceptionally low erosion rates averaging only 9.7
m/Ma. Erosion rates are higher on the escarpment front and an average erosion rate of 16.6
m/Ma is calculated for escarpment-draining basins. The active Alaotra-Ankay Graben basins
have the highest erosion rates in our study area, with an average rate of 27 m/Ma. The degree
of weathering inferred from river sediment chemistry reflects the erosion rate pattern, with
heavily weathered bedrock preserved on the high plateau and the coastal plain where erosion
rates are low.

84

Chapter 3 Erosion rates, retreat rates of Madagascar escarpment
Although the millennial erosion rates are low, the same 10Be concentrations imply retreat of
the Madagascar escarpment at significant rates. Retreat rates inferred from DCN 10Be
concentrations of Madagascar are between 132-2037 m/Ma. These rates are consistent with the
distance from the coastline and an average retreat rate since rifting. Retreat rates are also
consistent with the retreat rates of the Western Ghats escarpment. We conclude that the
landscape evolution of the Madagascar and Western Ghats escarpments are dominated by
escarpment retreat, drainage basin growth and reorganization and little uplift or erosion of preexisting highlands since rifting.
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Chapter 4 Divide migration and escarpment retreat

Abstract
We describe the morphological features of topography of the escarpment and continental water
divide of Madagascar and the Western Ghats of India, demonstrating that the continental water
divide does not universally correspond to the steep rift escarpment that is present on both
margins. A more extensive analysis of the escarpment in Madagascar shows that the
escarpment often exists as a morphological knickzone in rivers draining eastward in
Madagascar, so that, although the water divide and the topography are both highly asymmetric
across Madagascar, they frequently have a large offset in their location. We use a 1D numerical
model of river profile evolution to explore factors in controlling profile geometry for
escarpment retreat under various divide migration modes. Observations from the model
support the hypothesis that divide migration patterns control escarpment retreat patterns
through the control of upstream drainage area above the escarpment edge. Where the water
divide and the escarpment coincide, the escarpment retreat takes a background rate. Through
river capture or divide advance into a softer surface layer, rivers increase area above the
escarpment and thereby increase their retreat rate. Measured escarpment retreat rates of eastern
Madagascar and Western Ghats, India (Chapter 3) support this model and quantify the effect
of drainage area on escarpment retreat rate. A power law scaling relationship between
escarpment retreat rate and drainage area is demonstrated for knickzone-type escarpments.
Overall, we find that drainage area capture processes controls the morphology of the
escarpment, including upper highland reaches, and the retreat rates.

1 Introduction
A great escarpment at a passive margin usually coincides with the major continental water
divide, occasionally disturbed by river captures from the adjacent highland (Braun 2018; Kooi
and Beaumont, 1994; Tucker and Slingerland, 1994; Gilchrist and Summerfield, 1990). Retreat
of an escarpment is directly facilitated by the differential erosion across the water divide due
to the extremely asymmetrical topography with a steep escarpment on the edge of a flat plateau
often with the edge of the escarpment acting as the water divide (referred as divide-type
escarpment hereafter). It is often argued that the flexural uplift in response to erosion keeps the
water divide localized (Braun, 2018; Kooi and Beaumont, 1994; Tucker and Slingerland, 1994).
This model conceptualizes the escarpment as a migrating water divide so that processes that
affect the divide migration will directly control the escarpment retreat rate, i.e. parameters that
control the erosional efficiency by fluvial incision and hillslope diffusion and isostatic rebound
from erosion-deposition.
River captures change the discharge and sediment flux over the escarpment. The added
erosional power of a diverted river at the escarpment should in theory accelerate erosion and
ultimately the retreat rate of the escarpment. Morphologically, captures also make the
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escarpment a knickzone on a river profile: the escarpment river is segmented such that the
uppermost reach is the captured highland which is typically low-gradient, the middle reach is
the steep escarpment and the lowermost reach is on the coastal plain and is relatively flat. We
will refer to this morphology as a knickzone-type escarpment hereafter. What remains unclear
is if this is a short-lived transient or if this morphology can persist for long periods of time.
River capture is a common occurrence at many escarpments. On the Serra Geral escarpment in
southern Brazil, for example, the current escarpment rivers have captured the inland plateau
drainages during retreat, leaving morphological traces of elbows, underfit valleys and other
evidence of river network rearrangement (de Sordi et al., 2018). Fluvial terraces filled with
round pebbles are found on the crest of the Blue Ridge escarpment in the Appalachians,
implying capture of big, formerly plateau-confined, rivers by the escarpment rivers (Prince et
al., 2010). Morphological features of highland rivers and hillslopes might control patterns of
captures (frequency and scale). Harel et al. (2019) demonstrated that progressive reversal and
capture of highland rivers by escarpment rivers can be facilitated by lithological differences
where a softer substrate fills a highland river valley. Harel et al. (2019) proposed a mechanism
where windgap/water divide migration is independent of the escarpment retreat, or at least,
where they are spatially independent and migrating together. Tucker and Slingerland (1994)
simulated a numerical scenario where the divide migration was faster than the escarpment by
applying a finite weathering rate and transport-limited boundary conditions for water divide
grid cells in their 1D model. The kickzone-type escarpment as a complementary end-member
mode to the divide-type escarpment, has not been investigated in terms of its retreat rate yet.
Godard et al. (2019) applied Braun (2018) analytical solution of escarpment retreat rate to the
southerneastern Australian escarpment and estimated retreat rates of 40-80 m/Ma. The
escarpment segment in their research does not coincide with the major water divide. This slow
rate of retreat stands in contrast with our independent study of the same escarpment basins in
which direct calculation of retreat rate from cosmogenic nuclide (DCN) concentrations of 10Be
gives retreat rates of 300-1500 m/Ma (Chapter 2, Table 1). The important difference of retreat
rates from the two models might come from the fact that river captures have decoupled the
escarpment from the water divide, an apparent violation of Braun (2018) assumptions.
A systematic presence of knickzones on river profiles at an escarpment sometimes is
interpreted to be temporally or spatially differential uplift-induced if prior knowledge of
captures is missing. The Madagascar escarpment is mostly a knickzone-type escarpment from
the study of Chapter 3. Roberts et al. (2012) interpreted these knickzones to be induced by
temporally and spatially variable dynamic uplift. Formation of a knickzone by river capture
instead of uplift is demonstrated as a working mechanism to explain the knickzone on the edge
of the Ethiopian Plateau (Giachetta and Willett, 2018).

90

Chapter 4 Divide migration and escarpment retreat
In this Chapter, we will examine the geomorphic features of Madagascar and India escarpment
in terms of conditions of divide migration and river network reorganization. We identify river
captures at Madagascar escarpment and demonstrate that favorable conditions for divide
migration decoupled from escarpment retreat are exhibited. To investigate the effect of divide
migration patterns on escarpment retreat rate, we generalize the problem into retreat of a 1D
escarpment profile with a moving water divide, but one that is spatially detached from the
escarpment. We examine the escarpments of Madagascar and the Western Ghats in India to
compare observations to the model.

2 Geomorphic characteristics of the escarpment and water
divide in Madagascar and India
Morphology of bedrock rivers can be diagnostic of the heterogeneity of tectonic, climatic,
lithological or other factors. We examine the morphological features of the escarpment and the
water divide using morphological metrics 𝜒, river steepness from the derivative of a 𝜒 profile
and other metrics that are commonly used in geomorphology studies.
River steepness describes the channel slope, normalized for drainage area (Flint, 1974). But
channel gradient and drainage area are noisy quantities and difficult to estimate with great
precision. The integral approach of Perron and Royden (2013) addresses this problem by
transforming the slope-area profile into a scaled length or 𝜒-elevation profile, in which, 𝜒 is an
integral of inverse drainage area, along a channel from a referential base level. The values of
river steepness from this integral approach depend on the choice of river concavity. Assuming
minor lithological impact in our study area, we use a uniform concavity 0.45 for the calculation
of river steepness (ksn) with the integral approach. For the integral of 𝜒 calculation, we replace
the drainage area with river discharge, following the method of Yang et al. (2015) to include
the spatial variation of precipitation. The 𝜒 differences of channel heads across the water divide
is a tracer of water divide stability in timescales that depend on the response time of rivers to
a transient (Willett et al., 2014). To avoid error of flow accumulation in flat areas on the
highland, a hydrology-corrected flow direction, the HydroSHED data (Lehner et al., 2006) was
used to extract flowpath and drainage area.
An escarpment refers to a scarp on the edge of high and flat topography. Topographically, a
great escarpment at passive margins is the steep scarp and high-relief zone that separates the
high plateau from the low-relief coastal plain (Oilier, 1982). Globally, the sinuous escarpment
at passive margins is approximately parallel with the coastline (Matmon et al., 2002). The
escarpment at the east margin of Madagascar (Fig. 1a) is similar to other great escarpments,
e.g. the great escarpment on the west margin of India, the Western Ghats (Fig. 1b, Gunnell and
Harbor, 2008). Here we examine the geomorphic features of escarpment rivers and the
continental water divide of eastern Madagascar and western India, with a focus on Madagascar.
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Fig. 1 SRTM digital elevation model (Jarvis, 2008) of eastern Madagascar (a) and western India (b)
showing the escarpment and the continental water divide (thick white line). The thick dashed red line
in (b) separates the region into the Deccan Traps volcanic province and the Precambrian basement. The
escarpment that develops on the Precambrian basement in India is studied in Fig. 12.

Fig. 2 The escarpment front at the Precambrian basement stands out as a belt of high river steepness
(ksn) parallel to the coastline. (a) Eastern Madagascar (b) Western India.
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2.1 Madagascar
2.1.1 Geomorphic features of the escarpment
Morphologically, the topographically steep escarpment front of Madagascar is well delineated
by a belt of high river steepness (greater than 100, Fig. 2a). Rivers on land near the water divide
and the coastal plain have low ksn values (below 50, Fig. 2a). Between these, are the high ksn
escarpment reaches usually characterized as white water channels or even waterfalls at the
Madagascar escarpment, although the mean steepness over the entire knickzone is typically
110-165.
A typical escarpment-draining river of Madagascar starts from the water divide, flows across
the escarpment and the coastal plain, finally drains into the Indian Ocean (Fig. 1a). Escarpmentdraining rivers are segmented on both river profile and the transformed 𝜒-elevation profile (Fig.
3 and 4): from the outlet to the water divide, a coastal plain river reach abruptly steepens at the
escarpment foot, then abruptly flattens again at the top of the escarpment (e.g. rivers marked
with triangles on Fig. 3a, b and c). Alternatively, a divide-escarpment river has no upper lowsteepness reach, instead, retaining steepness until the water divide (e.g. rivers marked with
circles on Fig. 3a, b and c).
We define an escarpment edge to be the breakpoint between the escarpment reach and the
plateau reach. A threshold of river steepness of 50 is used to divide the two reaches on the
transformed 𝜒 profile. The escarpment edge is shown as a triangle on Fig. 2a-c and Fig. 3a-c.
These escarpment edges only rarely coincide with the continental water divide (Fig. 1a, 2a, 34). Escarpment edges on a river profile is a slope-break point, which is conventionally taken
as “knickpoint”. If the knickpoint is from a temporal change of uplift rate common to rivers in
one catchment, then the 𝜒 profiles of these rivers in one catchment should collapse into one
common pattern, and the knickpoint should have same 𝜒 value. The observations of
Madagascar escarpment rivers, however, the highest knickpoints in a basin are at different
elevations, random 𝜒 values, at distance randomly appear to the common outlet (Fig. 3d, 4d).
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Fig. 3 (a) SRTM digital elevation model of an escarpment-draining basin in eastern Madagascar. Basin
location is indicated in Fig. 1b. Rivers are extracted from DEM with a threshold channel head area of
1 km2. (b) river profiles, escarpment edges are marked with triangles and channel heads are marked
with filled circles (c) transformed 𝜒-elevation profiles. (d) Position of the escarpment edge at a channel
and 𝜒 value of the escarpment edge.

Fig. 4 (a) SRTM digital elevation model of an escarpment-draining basin, the Namorona River basin
in Madagascar. Basin location is indicated in Fig. 1b. Rivers are extracted from DEM with threshold
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channel head area of 1 km2. (b) river profiles (c) transformed 𝜒-elevation profile. (d) Position of the
escarpment edge at a channel and 𝜒 value of the escarpment edges.

2.1.2 The water divide mobility over different timescales
Based on the morphological analysis above and following, we have found it important to
distinguish between two types of rivers. First, are what we refer to as escarpment-type rivers,
where the escarpment edge coincides with the water divide. The second, which we will refer
to as plateau-reach rivers, exhibit a water divide located on the high plateau, with the
escarpment edge as a separate, downstream feature, visible as a steep knickzone segment of
the river. Previous escarpment studies emphasize the escarpment-type water divide migration
mechanisms (e.g. those reviewed by Braun (2018)). If a passive margin has normal effective
elastic thickness (20-50km), the isostatic rebound from differential erosion supports the
escarpment (i.e. the water divide), but still allows the escarpment to retreat at significant
velocities (Braun 2018). The plateau-reach rivers, have the divide migration independent of the
escarpment retreat and so require a more complex mechanism for retreat, and will only migrate
if there is some other asymmetry at the divide.
The systematic 𝜒 anomaly on the two sides of the water divide in Madagascar (Fig. 5) is an
indication of the long-term instability of the water divide. This asymmetry is likely to be a
consequence of the continental rifting which broke a pre-existing river network, creating a new
base level for rivers which drain the bordering escarpments. Other factors such as climate,
lithology and uplift rates can also affect asymmetry. Climate also shows zonal differences
across the island: the east coast, central plateau and west coast are distinctly different climate
domains (Nassor and Jury, 1998) with wetter conditions on the east also encouraging migration
of the divide to the west. Rivers on the west of the water divide flow across two distinct
lithological domains, i.e., the Precambrian crystalline shield and the Mesozoic-Cenozoic
sedimentary cover, before joining the Mozambique Channel. The erodibility of the two
lithological domains can be different that the sedimentary cover is softer and presents higher
erodibility and this difference is evident in river profiles. Rivers on the east of the divide carve
exclusively into the Precambrian crystalline shield. Tectonics is limited to long-wavelength
mantle processes, so is unlikely to affect the asymmetry or divide and escarpment migration
dynamics.
Morphometrics that can characterize the symmetry of topography across a water divide are
examined following Forte and Whipple (2018). The difference in 𝜒 across a divide indicates
long-term instability; the other three metrics characterize the current divide asymmetry and
therefore predict the current motion. The escarpment-type water divide exhibits asymmetric
topography on the two sides (Fig. 6). The topographic gradient is steeper on the east side of the
water divide and gentler on the west side. Steep topography and higher runoff on the
escarpment side facilitate more intensive river incision on the escarpment side than the plateau
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side. These are consistent with the morphological metrics, all suggesting the escarpment-type
water divide is unstable on all timescales and should be migrating towards the west. The
plateau-reach water divides, however, are indicated to be stable at present, even though 𝜒
suggests long-term instability (Fig. 7). Morphological metrics show symmetrical gradient
across the water divide (Fig. 7b). The steep escarpment front is distant from the water divide
and retreating of the escarpment doesn’t affect the water divide stability directly. At least 80%
of divides in the study area are indicated to be stable, with knickpoint-type profiles (e.g. Fig.
8a-c), less than 20% of the water divides are escarpment type (e.g. Fig. 8d), and are apparently
undergoing westward migration.
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Fig. 5 (a) Systematic 𝜒 (m) contrast of channel heads across the continental water divide (the thick
white line): high 𝜒 on westside and low 𝜒 on east side of the major divide. 𝜒 calculation follows Yang
et al. (2015) and includes the mean annual precipitation. 𝜒 calculation uses reference drainage of 1km2,
reference annual precipitation of 1000mm/year, concavity of 0.45 and base level of sea level. (b)
Average annual precipitation of Madagascar from 2014 to 2018. The dashed red line is the escarpment
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edge. Thick white line is the water divide. Raw precipitation data is from IMERGHH version 6.0. The
IMERGHH version 6.0 data were provided by the NASA/Goddard Space Flight Center and PPS, which
develop and compute the dataset as a contribution to GPM project and archived at the NASA GES
DISC. Available at: https://pmm.nasa.gov/data-access/downloads/gpm (last access: 30.03.20). The
dash-lined box indicates the position of the study area.

Fig. 6 Escarpment-type water divide. (a) Swath profile showing the average topography from the
plateau to the coastal plain. Inset is the Google Earth image showing the rounded hillslopes on the west
side of the divide and the deeply dissected east side of the water divide. Black and red filled circles are
channel head pairs used in calculation of morphological metrics in (b). Position of the swath profile is
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shown in Fig.5. (b) morphology metrics across the divide showing that the divide is migrating towards
the west. The morphological metrics are calculated following the method from Forte and Whipple
(2018). Reference area is 1 km2. All four metrics indicate divide motion to the west.

Fig. 7 Plateau-reach water divide where the escarpment is distant from the divide and appears as a
knickzone in east flowing rivers. (a) swath profile showing the average topography from the plateau to
the coastal plain. Inset is the Google Earth image showing black and red filled circles are channel head
pairs used in calculation of morphological metrics in (b). Position of the swath profile is shown in Fig.5.
(b) morphology metrics of the divide following method from Forte and Whipple (2018). Reference area
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is 1 km2. 𝜒 indicates long-term instability of divide, but all other metrics indicate symmetry and
stability in the short term.

Fig. 8 Divide mobility of Madagascar. The thick white line delineates the continental water divide.
Light grey shaded area is granite and orthogneiss, unshaded area is paragneiss. Arrows indicate the
inferred divide migration direction. Yellow open circles are windgaps. (a) Barbed plateau rivers and
windgaps around the divide indicating paleo river captures. The relatively low-relief surface around the
divide indicates that the water divide is currently stable. (b) Preferential river incision along the linear
structures on the escarpment side, favoring capture of plateau rivers. (c) Faster migration of water divide
than escarpment retreat leaving behind a low-relief surface on the escarpment side. The divide probably
has slowed as it encounters the resistant granite and orthogneiss. (d) Co-location and migration of the
water divide and the escarpment.

2.1.3 Capture of highland rivers
Paleo-captures of highland rivers by escarpment-draining rivers are common in Madagascar.
Delaunay (2018) and Schreurs et al. (2009) pointed out the water divide at the Mananara River
basin is established through captures of three big plateau tributaries (marked by red circles on
Fig. 9a) and reversal of the trunk channel (marked by a thick dashed line on Fig. 9a) on the flat
plain area. Similarly, the Mananara basin (referred to as basin A in Fig. 9) itself is again a
victim in its competition with the neighboring escarpment basin (referred to as basin B in Fig.
9). At the water divide between the two basins, an abandoned water course is identified from
Google Earth images (Fig. 9b). Rivers on top of the plateau in the aggressive escarpment basin
are flat (Fig. 9b) and the junction angles between the tributaries and the trunk channel are
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usually larger than 90 degree (Fig. 9c). Rivers on the highland (the yellow in Fig. 9c ) of the
escarpment basin B is likely being captured by the trunk river (the red in Fig. 9c), the trunk
river is gradually reversed due to redistribution of discharge from tributaries. This capture and
reversal event decoupled the old water divide (dashed magenta in Fig. 9c) with the escarpment,
forming the new water divide (white in Fig. 9a). Similar situations of capture-driven
decoupling of water divides and escarpments are also found in other sites along the escarpment.

Fig. 9 (a) Escarpment-draining basins in the south of Madagascar showing major river capture events.
Basin A is the Mananara River basin, interpreted to be a major capture from west to east-flowing. Basin
B is the Manampatrana River, interpreted to have captured a major tributary of the Mananara. Rivers
color-coded in basin B are plotted in (b). Thick black line is the continental water divide. Thin white
lines are basin boundaries of basin A and B. (b) River profiles of the Manampatrana and a Google Earth
image of the interpreted windgap. The escarpment edge is 30 meters lower than the windgap level and
34.5 km away. (c) Hypothesized paleo-drainage network before the capture and reversal: the yellow
rivers in B were formerly part of drainage basin A; the magenta dashed line is the paleo-water divide;
flow direction of the red thick trunk river was reversed.

2.2 Western Ghats in India
The well-recognized great escarpment that extends N20°-N11° along the western India
coastline (Fig. 1b) is referred to as the Western Ghats (Ollier and Sheth, 2008; Gunnell and
Harbor, 2008). The northern segment of Western Ghats (N20°-N15.5°) incises into the late
Cretaceous-Paleaocene Deccan flood basalts, whereas in the southern segment (N15.5°- N11°)
the escarpment rivers incise into the Precambrian metamorphic and igneous basement (Fig. 1b,
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Mandal et al., 2015; Ollier and Sheth, 2008). For simplicity, we will refer to the two
distinguishing escarpment segments as the Deccan segment and the Precambrian segment
hereafter. The Deccan flood basalt is deeply weathered so that the surface is often mantled by
a laterite (ferricrete duricrust) layer (Ollier and Sheth, 2008). The Precambrian basement is
weathered deeply at the coastal plain and the inland high plateau since Cenozoic, forming a
thick layer of regolith that mantles the low-relief surface (Fig. 1b, Bonnet et al., 2014, 2016;
Beauvais et al., 2016). Rivers flowing across the steep escarpment front at the Precambrian
segment incise into the relatively fresh bedrock (Mandal et al., 2015).
The topographically steep escarpment front of the Precambrian segment is well delineated by
a belt of high river steepness (greater than 100, Fig. 2b). The Deccan segment however, is less
distinguishable in the river steepness map (Fig. 2b). The continental water divide also shows
differences between the two escarpment segments. In the Deccan segment, the major water
divide coincides with the escarpment with rare exceptions. Along the Precambrian escarpment
segment, the divide and escarpment are more frequently offset. The water divide can be a few
kms up to 100s km away from the escarpment. This is often in response to river captures that
have pulled the water divide further away from the escarpment (Gunnell and Harbor, 2008;
Gunnell and Harbor, 2010). The captured plateau rivers are low steepness (ksn <50), in contrast
with the high steepness escarpment reaches giving the stepped profile.

2.3 Escarpment types
The morphological analysis above demonstrated that we have two morphological types of river
profiles in Madagascar and Western Ghats (Chapter 2) which we refer to as Type A and Type
B hereby for simplicity and clarity (Fig. 10). A Type A river is referred to as an escarpment
river as in the analysis above. A Type A river is characterised by two distinctive reaches: the
low-gradient coastal plain reach and the steep escarpment reach. The water divide and
escarpment of a Type A river will also be referred to as Type A. Escarpment models of Braun
(2018) and Willett et al. (2018) are for Type A escarpments.
Type B rivers are referred to as those exhibiting a plateau-reach river in the above analysis. A
Type B river is characterized with three distinctive reaches: the low-gradient coastal plain reach,
the steep escarpment reach and the a low-gradient plateau reach. The escarpment reach is a
morphological knickzone. The top of the escarpment reach will be referred to as the escarpment
edge. The water divide of a Type B river will be referred to as a Type B divide. An escarpment
characterised with Type B rivers will be referred to as a Type B escarpment.
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Fig. 10 Illustration of two distinctive types of river profiles in Madagascar and India escarpment. The
black filled circle is the water divide. The black filled triangle indicates the escarpment edge. Pl. and
Esp. are short for plateau and escarpment respectively.

On the transformed c profile, Type A and Type B rivers lose some of the distinctiveness of
their form (Fig. 11a, b, Fig. 12a, b). Not all rivers can be determined as a Type A or Type B.
Some rivers display mild convex shape above the coastal plain reach on both the transformed
c profile and the normal river profile (Fig. 11c, Fig. 12c). We analysed escarpment reaches
along the strike of the both great escarpment. A type B escarpment reach is designated as such
regardless of the area of the plateau draining over the escarpment, e.g. the Mananara River in
Fig. 8. Type A and Type B escarpment rivers often exist in close proximity (Fig. 11d, Fig. 12d).
Type B escarpments seem to dominate on the northern segment of Madagascar (S22.5°-S20°)
and sporadically at the Precambrian escarpment segment of Western Ghats (Fig. 11d, Fig. 12d).
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Fig. 11 Escarpment reach types of eastern Madagascar. Location of the studied escarpment is shown in
Fig. 1a. (a-c) Escarpment river profiles of different types. Rivers are coloured by their latitudinal
location. (d) Spatial variation of escarpment river types along the strike of the great escarpment. The
number of escarpment river reaches are shown in key.
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Fig. 12 Escarpment reach types of southern Western Ghats in India where the escarpment develops on
the Precambrian basement. Location of the escarpment is shown in Fig. 1b. (a-c) Escarpment river
profiles of different types. Rivers are coloured by their latitudinal location. (d) Spatial variation of
escarpment river type along the strike of the great escarpment. The number of escarpment river reaches
are shown in key.

Captures of highland rivers by escarpment rivers are a common phenomenon of a great
escarpment at passive margins. Geological records of plateau river captures are studied in the
Blue Ridge escarpment (Prince et al., 2010), the great escarpment at southern Brazil (de Sordi
et al., 2018; Salgado et al., 2016) and the Western Ghats escarpment in India (Gunnell and
Harbor, 2010). The capture of highland rivers decouple the escarpment from the water divide.
After the decoupling, the water divide migration is no longer purely controlled by the
escarpment retreat. The decoupling makes the escarpment a knickzone. Migration mechanisms
of a Type B escarpment likely differs from that of a Type A river. An escarpment is
characterized by extremely asymmetric topography to the water divide (Fig. 6). The effect of
erosional efficiency (by partition of fluvial incision and diffusive hillslope) at the escarpment
in controlling the Type A escarpment migration rate has been investigated and characterized
analytically (Braun, 2018; Willett et al., 2018).
In an alternative model, Harel et al. (2019) demonstrated that the presence of softer material in
a highland river valley facilitates the drainage reversal and capture of plateau rivers by
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escarpment rivers. A soft valley fill allows a water divide to migrate ahead of an escarpment
by evacuating the fill, reversing the flow direction of the plateau reach. As the divide migrates
up a valley, it progressively captures lateral tributaries, and thus large areas from the high
plateau.
In this chapter, we present a one-dimensional model of escarpment river retreat to investigate
the retreat of Type B escarpments. To explain this morphology, we present a variation on the
Harel et al. (2019) model. Rather than taking advantage of the soft sediment fill of an ancient
valley, we suggest that much of the high plateau is a heavily weathered surface regolith layer
that is easily eroded. A weak layer representing this regolith layer will facilitate frequent river
capture and reversal, leading to the formation of a Type B escarpment (Harel et al., 2019). We
will explore conditions in keeping the escarpment shape and retreat rate: the thickness of the
weak layer, the contrast of erodibility between the weak layer and the bedrock, and divide
migration patterns.

3 Modeling of Type B escarpment retreat in the presence of a
weak regolith layer
3.1 Models of river and hillslope erosion
In this section, we construct a simple one-dimensional river profile model to demonstrate how
an escarpment channel evolves as the escarpment retreats. Our model is based on the streampower incision model that characterizes the physics of river incision in a relatively simple way
(Whipple and Tucker, 1999). The river incision 𝐸 of the stream-power model is physically
characterized by the shear-stresses on substrate and rock erodibility (𝐾) determine the incision.
Shear stress is approximated with the discharge (𝐴) and channel slope (𝑆):
𝐸 = 𝐾𝐴! 𝑆 "

(1)

where 𝑚 and 𝑛 are empirical parameters. The slope exponent 𝑛 is likely in the range of 1-5/3
and the ratio of 𝑚/𝑛 is in the range of 0.35-0.6 (Whipple et al., 2000). The rock erodibility K
is a dimensional coefficient that incorporates lithology, channel geometry, sediment load and
hydraulic factors (Whipple et al., 2000). The variability of rock erodibility K is up to several
order of magnitude among granite and metamorphic rock (10-5-10-7 m0.2/yr) (Hilley et al., 2019;
Stock and Montgomery, 1999), volcaniclastic rock (10-5-10-4 m0.2/yr) and mudstones (10-4-102 0.2
m /yr) for same scaling parameters 𝑚 = 0.4 and 𝑛 = 1 (Stock and Montgomery, 1999). The
stream-power river incision model is used for fluvial erosion in this study. To characterize the
fluvial erosion numerically, the drainage area is scaled with river length by the inversed Hack’s
law (Hack, 1957):
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𝐴 = 𝑘# 𝑥 $

(2)

where 𝑥 is the river length, 𝑘# (m2-h) is a dimensional coefficient and ℎ is a dimensionless
exponent.
In this study, we restrict hillslope processes to a single threshold model, characterizing
landslides or other slope failures: a hillslope is taken to be constant at the slope of the threshold
slope; the slope is continuous at the transition of fluvial channel and hillslopes. The threshold
hillslope regime is used for its mathematical simplicity to implement numerically.

3.2 Retreat rate of Type B escarpment from the stream-power law
A large knickzone on a river profile propagates upstream as motion of a kinematic wave where
the celerity of the profile motion is described by Whipple and Tucker (1999):
𝑐 = 𝐾𝐴! 𝑆 "%&

(3)

where the c is the celerity of the channel at all points along its length. This holds only provided
that the water divide and drainage area are steady in time. In this case, the channel slope and
drainage area can be related to river steepness 𝑘' :
𝑆 = 𝑘' 𝐴(

(4)

where 𝜃 = 𝑚/𝑛. So the retreat velocity of an escarpment edge is scaled as:
𝑣 = 𝐾𝑘'"%& 𝐴(

(5)

From Equation (5) we see that if 𝑛 = 1, the escarpment edge retreat is purely controlled by
rock erodibility K and the upstream drainage area A. If n ≠ 1, the channel slope plays a role. In
both cases, the relationship of retreat rate c and area A should be linear on log-log space if the
stream-power incision law holds.
The problem is more complex if the divide is moving. In this case, there is no simple scaling
for the retreat velocity, but we can, and will, address this problem numerically.
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3.3 Model set-up and simulated scenarios
3.3.1 Incision of plateau with a soft regolith layer
We hypothesize that the stepped river profile with an escarpment reach and a plateau reach will
develop naturally in the presence of an upper layer of soft, erodible regolith. As a Type A river
incised into the margin of a high regolith-mantled plateau, the water divide will advance into
the softer layer. When the water divide migrates faster than the escarpment, a Type B river will
be generated. We first of all construct a steady retreating Type A river, then this river profile
is used as the initial river model that incises into a regolith-mantled plateau.
In order to generate a Type A river profile, we apply stream power incision into a high plateau
where the initial water divide is at the edge of the high plateau (Fig. 13a). Baselevel of the river
is kept constant throughout the simulation. We apply the kinematics of channel head
propagation: once the channel head slope exceeds the critical slope, it triggers landslide or
other hillslope processes which makes the water divide retreat to maintain the critical slope of
the hillslope, of which a value of 30 degree is used to generate a Type A river profile that is
shown in Fig. 13a. The response of the hillslope enables the channel head to propagate into the
plateau to maintain slope continuity at the channel head. The result is that the river grows
longer and the drainage basin expands. We assume that Hack’s Law holds at all time, so as the
river grows in length, the drainage basin is assumed to grow wider. We run this simulation
until the water divide migrates steadily into the plateau (Fig. 13c). The transformed χ profiles
of steady retreating rivers are concave up (Fig. 13b) and indicates a transient state as we
observed in Fig. 3 and Fig. 4, so the profile is in a dynamic steady state with a constant velocity
(Willett et al., 2018). This steady retreating Type A river is then used as the initial river model
in the following simulation scenarios.
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Fig. 13 (a) A steady retreating type A river is created by incision into the edge of a plateau. (b) The
transformed χ profile of rivers in (a). (c) retreat rate as a function of time.

Fig. 14 (a) model set-up: A regolith layer (thickness Thr, erodibility Kr) mantles the highland, overlying
bedrock (erodibility Kb). The initial river (red) is taken from the steady retreating Type A river in Fig.
9a. Black river is a schematic of a Type B river. Vertical scale is exaggerated to make the top regolith
layer visible on figure. (b) the transformed χ profile of the black river in (a) and definition of the mean
ksn.
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3.3.2 Simulated scenarios
We simulate three scenarios with this plateau-reach river. An initial capture of a highland river
is imposed to pull up the escarpment river onto the plateau. After this capture, the Type A river
instantly becomes Type B (Fig. 14a T=0). Then three different scenarios of divide migration
are imposed, driven by different rates of area addition to the catchment: (1) divide migrates at
a constant rate and the escarpment basin expands with Hack’s law so that the whole escarpment
drainage grows longer and wider. (2) divide migration rate accelerates. A Hack basin on the
highland is gradually reversed and the reversed drainage is added into the escarpment drainage.
(3) divide migration stalls after the Type B river has established its shape. Combined with the
variables of the weak layer (thickness and erodibility) and the bedrock erodibility, we
summarise the simulations and variable values in each simulation in Table 1. See the Appendix
1 for the numerical implementations of the three Scenarios.
Table 1 Model Scenarios and variable values
Common variables
Boundary conditions

(1) Stream-power law: m/n
= 0.45, n=1.2;
(2) Hack's law: ka = 0.8, h
= 2;
(3) River-slope transition:
critical slope j = 1°, slope
continuity;
(4) No uplift;
(5) Baselevel at outlet = 0;
(6) Numerical: dx = 100m,
dt = 200 yr;

Scenario

1

2

3

Kr
(m0.1/yr)
2.00E-06
2.00E-06
2.00E-06
2.00E-06
3.00E-06
3.00E-06
3.00E-06
3.00E-06
4.00E-06
4.00E-06
4.00E-06
4.00E-06
2.00E-06
2.00E-06
2.00E-06
2.00E-06
2.00E-06
2.00E-06
2.00E-06
3.00E-06
3.00E-06
3.00E-06
3.00E-06
2.00E-06

Simulations
Kb
Thr
Model run
(m0.1/yr)
(m)
(Ma)
1.00E-07
70
1.50E-07
70
2.00E-07
70
2.50E-07
70
1.00E-07
70
1.50E-07
70
10
2.00E-07
70
2.50E-07
70
1.00E-07
70
1.50E-07
70
2.00E-07
70
2.50E-07
70
1.00E-07
70
1.50E-07
6
70
2.00E-07
70
1.00E-07
16
1.50E-07
16
2.00E-07
16
2.50E-07
16
10
1.00E-07
16
1.50E-07
16
2.00E-07
16
2.50E-07
16
1.00E-07 10
5

Simulation
number
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

A threshold slope of 1 degree is used as the critical slope at the transition in all simulations in
Table 1. This weak critical hillslope condition to drive windgap retreat is used after the initial
capture (illustrated in Fig. 14a T=0). The slope continuity at the channel head and the hillslope
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is maintained, although this is unrealistic for landslide-triggered divide migration. But this is
likely to hold for the condition of continuous windgap recession with readily erodible materials.
A flat river valley is easily reversed its gradient from a small change of slope especially when
the substrate is much softer than the crystalline rock (Harel et al., 2019). A small critical angle
of slope numerically facilitates continuous and fast windgap-divide recession, a condition that
is favorable for the formation of a Type B escarpment. Slope of the channel head is controlled
by erosion so that conditions at the head node of the river determines the divide recession rate.
Scenario 1, a constant divide recession, is implemented by applying a constant drainage area
and critical slope at the channel-head node. Drainage area of the rest of the river network
follows Hack’s law (Equation 2). Scenario 2, accelerating divide recession, is implemented by
applying gradual reversing of a plateau Hack basin and adding the reversed area into the
escarpment river. The Hack’s law predicts an accelerating area increase downstream over
distance increase:
𝑑𝐴(𝑥) = 𝑘# ℎ𝑥 $%& 𝑑𝑥

(5)

where x is the channel length from its original water divide. The further away the
windgap/divide recesses into the plateau, the faster the plateau drainage is reversed per length
of reversed plateau reach. An accelerated drainage area is directly added into the escarpment
head waters so that the windgap/water divide migrates with an accelerating pattern. In this
study, we don’t explore the physics of windgap/divide migration, but rather explore the effects
of divide migration patterns on the escarpment retreat. Therefore, a simple hillslope process of
constant slope and continuity at the fluvial-hillslope transition is used in this study.
In each simulation, major morphology features of escarpment edge, escarpment bottom, the
point on the plateau reach where the river starts to incise into bedrock separate the whole river
into four reaches. From the water divide to the outlet, they are: the upper plateau reach incising
into regolith, the lower plateau reach incising into bedrock, the escarpment reach and the
lowland reach. We measure the length of the entire plateau reach (regolith and bedrock reaches)
Lp (Fig. 14a). Mean and maximum ksn of the escarpment front reach are calculated from the
transformed χ profile (Fig. 10b). The transformed χ value is calculated following Perron and
Royden (2013) with a concavity of 0.45. The position of the escarpment edge and drainage
area above it are saved for the calculation of escarpment retreat rate. As long as the Type B
river is retreating steadily, we calculate the erosional mass of the plateau reach, the escarpment
reach and the lowland reach. The erosion mass of a river reach is the integral of erosion rate on
the dimension of drainage area over that reach:
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𝑀)*#+$ = 9

𝑒(𝑥) 𝑑𝐴(𝑥)

(5)

)*#+$

where Mreach is the overall mass of that reach, e(x) is local erosion rate and dA(x) is basin area
increment at position x.

3.4 Results
3.4.1 Escarpment retreat of Scenario 1-3
3.4.1.1 River profile features of Scenario 1
Scenario 1 is the steady divide migration scenario. This scenario produces a Type B or
knickpoint-type river as a steady morphology. An upper flat plateau reach with a significant
length is established during the retreat of the river (Fig. 15 a1). This flat plateau reach forms a
flat segment on the transformed χ profile; the escarpment reach is the steep segment on the χ
profile; the lowland reach grows longer on the transformed χ profile (Fig. 15 a2). The plateau
reach slowly incises into the bedrock; the upper regolith plateau reach incises faster than the
lower bedrock plateau reach; the flat lowland reach incises slowly; the steep escarpment reach
has the highest erosion rate (Fig. 15 a3).
Scenario 1, the water divide quickly adjusts to steady retreat (Fig. 16a). After the divide
migration pattern stabilizes, the escarpment keeps up with the divide and achieves a steady
retreat state. At steady state, the escarpment edge retreats at the same velocity with the water
divide; the distance between the water divide and the escarpment edge (Lp) is constant (Fig.
16a). The transformed χ profile displays a common geometry at steady retreat state, but the
escarpment edges display different χ values (Fig. 15 a2).
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Fig. 15 A comparison of profile features of Scenario 1 (a1-a3, every 10Ma) and Scenario 2 (b1-b3,
every 2 Ma) for parameter settings: regolith thickness =10m, Kb = 1e-7 m0.1/yr, Kr = 2e-6 m0.1/yr. The
initial conditions after the first capture at T=0 are indicated with red lines. The thin layer of regolith is
indicated with orange and the underlying bedrock is indicated with light blue.

Fig. 16 Retreat features of Scenario 1 (a) and Scenario 2 (b) for parameter setting regolith thickness=10,
Kr=2e-6 m0.1/yr, Kb=1e-7 m0.1/yr. Scenario 1 evolves into steady retreating Type B escarpment.
Scenario 2, the Type B escarpment retreat co-accelerates with the water divide.
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3.4.1.2 River profile features of Scenario 2
Scenario 2 is an accelerating water divide. This scenario also produces a Type B river (Fig. 15
b1). River profiles and the transformed χ profile profiles are similar with the steady retreating
profiles from Scenario 1 (Fig. 15b). Differences are that the plateau reach is longer; the slope
of the escarpment reach degrades as the flat reach grows longer, such that the escarpment
segment lengthens; a wider and higher erosion rate zone of escarpment reach is directly
reflective of a longer flat reach (Fig. 15 b3); the flat reach on plateau incises deeper into the
bedrock.
Acceleration of the divide migration in this scenario is constant (the slope of the divide retreat
rate is constant on Fig. 16b). The escarpment edge again, is able to keep the same rate of
acceleration with the divide. The divide and escarpment edge migrate with the same
acceleration, maintain the same relative velocity during retreat, lengthening the distance (Lp)
between them.
3.4.1.3 River profile features of Scenario 3
Scenario 3 is the evolution of a stalled water divide after the Simulation 16 of Scenario 2. The
initial state of Scenario 3 (indicated with red lines in Fig. 17) is a Type B river with the divide
fixed ~20km away from the escarpment edge. We run the Simulation 24 until the flat plateau
reach disappears, the river becomes Type A again. With a fixed water divide, the escarpment
edge still keeps retreating, steepening the escarpment reach through time (Fig. 17a). On the
transformed-χ profile, the segment of the escarpment reach however, becomes gentler with
time (Fig. 17b). The χ value of the escarpment edge increases with time. The erosion rate of
the escarpment reach also slows during the retreat (Fig. 17c), which is consistent with the
gentling escarpment reach on the transformed-χ profile. The long plateau reach provides minor
erosional mass flux compared with the steep escarpment reach (Fig. 17d). As the plateau reach
shortens during the escarpment retreat, the slope contrast between the plateau reach and the
escarpment reach is maintained (Fig. 17a,b), the mass flux from plateau reach becomes
negligible (Fig. 17d).
The escarpment edge retreats towards the divide at rates decaying with time. The decaying
retreat rate is consistent with decaying length of the plateau reach, or equivalently, a decreasing
drainage area at the escarpment edge, a point we will discuss later (Fig. 17e).
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Fig. 17 Evolution of profiles of (a) River, (b) Transformed χ, (c) Erosion rate, (d) Mass flux for a fixed
water divide. Profiles are plotted with time interval 1 Ma. (e) Retreat rate of the escarpment edge decays
with time, shortens the distance with the divide (Lp).

3.4.2 Controlling factors on geometry of escarpment river profiles
3.4.2.1 Effect of regolith layer on divide migration
The length of the plateau reach is a proxy of drainage area (Equation 2) as a normal Hack’s
law is applied in Scenario 1. Harel et al. (2019) demonstrated thicker valley fill of soft materials
favours the reversal and capture processes, showing longer reversed reach length. This
indicates that the weaker layer thickness and erodibility should indirectly establish the pattern
of escarpment retreat by controlling the divide migration pattern. We find the length of the
plateau reach (Lp) increases with the erodibility ratio of the regolith layer and the bedrock
(Kr/Kb) at steady state (Fig. 18). Taken a same bedrock erodibility, a softer regolith layer
(larger Kr) establishes a longer flat plateau reach on the river profile (Fig. 18). In addition to
the influence on river channel morphology, the thickness and erodibility of the regolith layer
also determine the rate of the divide migration. At steady retreat state, the divide migration rate
is constant when the regolith erodibility and thickness are fixed but varying bedrock erodibility;
thick and softer material favors faster divide migration rate (Fig. 18, Simulation 1-15).
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Fig. 18 A longer plateau reach (Lp) is established for higher erodibility contrast Kr/Kb at steady retreat
state from Scenario 1, Simulations 1-12.

3.4.2.2 Test of the theoretical relationship of Equation (5)
Equation (5) predicts a linear relationship between retreat rate and drainage area on a log-log
space where the slope is the concavity and the Y-intercept is the product of bedrock erodibility
and river steepness Kb´ks(n-1) (grey lines on Fig. 19). When n=1, the Y-intercept is the bedrock
erodibility Kb only. We simulated three divide migration patterns of a Type B river: Scenario
1 is a steady-migration divide, Scenario 2 is an accelerating-migration divide and Scenario 3
is a stalled-divide. All three scenarios have a common m and n value in the stream-power
incision model, therefore a common concavity m/n (Table 1). We use n=1.2 for the streampower model so that the steepness ks is in the theoretical solution of Equation (5).
At steady state (constant retreating rate or acceleration), retreat rates from the simulations
display consistency with the theoretical predictions (Fig. 19). For each divide migration pattern,
the retreat rate and drainage area of a same bedrock erodibility display good linearity on the
log-log space, falling on a line of a common Y-intercept, therefore, a common river steepness
ks. Among different scenarios, the retreat rate and drainage area of a same bedrock erodibility
doesn’t have a common Y-intercept, indicating variant river steepness among different
scenarios.
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Fig. 19 Retreat rate scales linearly with drainage area on log-log space. Theoretical scaling relationship
of Equation (5) for a common concavity of 0.45 and a range of Kb´ks(n-1) is plotted as grey lines.
Scenario 1, at steady state, the escarpment retreat rate equals the divide migration rate.

4 Discussion
4.1 Analysis of the Great escarpment of Madagascar and Western Ghats, India
The Madagascar escarpment and the Western Ghats escarpment, India are conjugate margins
(Thompson et al., 2019). Climate of the two escarpments is similar, both are dominated by
monsoonal and orographic precipitation (Varikoden et al., 2019; Scroxton et al., 2017; Gunnell,
1997). The lithology of the two escarpments are primarily Precambrian metamorphic rock in
our study area (Chapter 3).
Many of the escarpment rivers show the Type B morphology. For these, we test the scaling
relationship of retreat rate and drainage area of Equation (5) with the DCN 10Be concentrationsderived retreat rates of the Madagascar escarpment and the Western Ghats escarpment. We
pick escarpment-draining basins with a significant portion of plateau area (e.g. the basin B in
Fig. 9). This is complicated by the fact that an escarpment-draining basin can have multiple
tributary rivers that originate from the plateau but have variable area above the escarpment
edge. We use the plateau area of an escarpment-draining basin as an approximation of the area
above the escarpment edge. The average river steepness of the escarpment reaches is calculated
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from the transformed χ profile with a concavity of 0.45. The calculation of the χ value of the
Western Ghats uses the same method with Madagascar in Section 2. Data are summarised in
Table 2.
DCN 10Be concentration derived retreat rates of the Madagascar escarpment and the Western
Ghats escarpment positively scale with the drainage area above the escarpment edge (Fig. 20).
On the log-log figure, one basin (marked with a red open box) deviates from the trend. The
marked escarpment basin is featured with deep and narrow gorges and significant captured
plateau area but very limited lowland area. The odd shape of the basin gives large uncertainty
to the retreat rate calculated from the DCN 10Be concentration (Chapter 2). Taking this basin
out of the statistical analysis, the rest of the data show strong correlation on the log-log space
(p<0.001 for the regression).

Fig. 20 Measured retreat rates of the Madagascar escarpment and the Western Ghats escarpment from
DCN 10Be concentrations. Rate scales linearly with the drainage area at escarpment edge on log-log
space. Escarpment retreat rates of the Western Ghats and Madagascar are from the study of Chapter 3.
See Table 2 for the data. The black line is the regression. Grey shadow is the 95% confidence envelope.
The regression on figure is for retreat rate v (m/yr) and drainage area A (m2). The slope of the regression
(i.e. the concavity) is 0.41.
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0
0
11
15
0
6
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89.2
0
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0
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0
0
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48
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3
17
11
15
9

0
0
0
0
0
6
0
0
0
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0
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Schist

Paragneiss & Schist
24
0
0
11
14
18
24
8
2
24
22
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0
0
0
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0
0
0
0
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0

6
0
0
0
0
0
0
0
0
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rocks
0
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0
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7
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17
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0
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Paragneiss
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orthogneiss
paragneiss
orthogneiss
paragneiss
paragneiss & schist
paragneiss & schist
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paragneiss & schist
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paragneiss
mixture
magmatic
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orthogneiss
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mixed gneiss, metasediments
mixed gneiss, metasediments
mixed, Metavolcanics and metasedimentary
rocks
gneiss
gneiss
gneiss
gneiss
mixed gneiss, granite
gneiss
charnockite
charnockite
charnockite
mixed gneiss, metasediments

70
2
81
28
0
1
3
1
3
0
3
0
56
67

Orthogneiss

Table 2 Escarpment retreat rate and related geological, geomorphology features of Madagascar and Western Ghats, India
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4.2 Mechanisms and morphology of escarpment retreat
The common occurrence of two types of escarpment draining rivers implies different
mechanisms or at least different geometric patterns of evolution for rivers draining the
escarpments. The fact that both types of rivers appear along the escarpments of Madagascar
and India with no spatial pattern suggests that both types retreat with similar rates. Cosmogenic
10
Be-inferred retreat rates of Type A-dominated and Type B-dominated escarpment basins
from Madagascar and India are in a similar range of 100s m/Ma – 2000 km/Ma (Chapter 2 and
Chapter 3). We demonstrated that mechanisms of divide migration at a Type B escarpment are
different independent processes other than only driven by the differential erosion rate of the
escarpment and the plateau. Here we discuss factors in controlling the escarpment retreat rate.
4.2.1 Type A Escarpments
For a Type A escarpment, the divide is the edge of the escarpment separating drainages of the
plateau and the escarpment. In this case, the divide migration is the same process with the
escarpment retreat (Willett et al., 2018; Braun, 2018). The erosional efficiency at the
transitional zone of fluvial incision and hillslope processes plays a critical role on the Type A
divide/escarpment retreat rate (Willett et al., 2018; Braun, 2018). At constant conditions, e.g.
constant of hillslope processes and partition of erosion between fluvial incision and hillslope
processes at the escarpment side should drive the divide/escarpment to migrate at a constant
rate (Willett et al., 2018; Braun, 2018).
4.2.2 Type B escarpments
Our 1D model shows that in general, the escarpment and the divide will migrate together (Fig.
15, 16 and 17). However, this is partially driven by the model assumptions that fixes the rate
of area change to the position and velocity of the divide. The mobile water divide determines
the rate of adding drainage area to the knickpoint (i.e. the escarpment edge). According to the
stream-power incision model (Equation (1)), the extra drainage area provides additional
erosional power to the escarpment and therefore accelerates the escarpment retreat. If the
erosion is efficiently characterised by the detachment-limited stream-power model, a kinematic
wave behavior of the escarpment edge retreat predicts a positive scaling relationship between
the retreat rate and drainage area (Equation (5)). The positive scaling between the retreat rate
and the area above the escarpment edge is demonstrated with the 1D model (Fig. 19). A power
law scaling relationship between escarpment retreat rate and plateau area is also observed with
the Madagascar escarpment and Western Ghats escarpment (Fig. 20).
A power-law dependence of oversteepened knickzone (and waterfalls) retreat rate on the
upstream drainage area has been demonstrated with field observations (Crosby and Whipple,
2006; DiBiase et al., 2014):
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𝑉,- = 𝐶𝐴-

(8)

where the Vkp is the celerity of the oversteepened knickzone retreat, A is drainage area, C and
p are constants. This formula also recognizes drainage area as a primary factor of retreat rate
although the detachment-limited stream-power incision model is apparently not appropriate for
the oversteepened knickzone incision (DiBiase et al., 2014). Weissel and Seidl (1998) found
that in the vicinity of the escarpment edge at southeast Australia, the hillslope is steep that
hillslope failure and frequent mass wasting processes might be a factor in escarpment retreat
provided that the transport capacity of rivers is sufficient. The upstream drainage area above
the escarpment edge might not act as a proxy of erosional power, but instead, acts as a proxy
of discharge that provides transport power for sediment supplied by mass wasting.
River reaches flowing across the escarpment of Madagascar are steep (Fig. 2a). They appear
as white-water channels and occasionally as waterfalls (Fig. 21). Waterfalls on escarpment
river reaches violate the inherent physics of the stream-power incision model: the slope has to
be low enough so that sediment and discharge could exert sufficient stress on the channel bed
to cause incision (Whipple and Tucker 1999). Average steepness of escarpment reaches of
Madagascar and Western Ghats are between 60-240 (Table 2). Conditions of fluvial incisiondominated erosion are likely met for a river with steepness in this range. The fit of a power law
relationship between the escarpment retreat rate and the drainage area on Fig. 16 gives a power
exponent of 0.41. The value of the power exponent is similar as found for the uplift-induced
oversteepened knickzones (0.33) and waterfalls (0.5) in the San Gabriel Mountains (DiBiase
et al., 2014) and reported concavities of bedrock rivers (Snyder et al., 2000). Collectively,
Equation (8) seems to have a universal applicability for both oversteepened knickzone
propagation and the Type B escarpment retreat.

Fig. 21 Field observations of escarpment rivers in the Ranomafana National Park, Madagascar. (a) The
lip of a waterfall. Big boulders partially mantle the channel bed. (b) A waterfall, an angular big boulder
rests at the bottom of the waterfall. Joints of bedrock are observed. (c) Toe of an escarpment river reach
displaying detachment-limited incision conditions: bare rock is exposed at channel bed and the slope is
intermediate. Photos were taken by Datian Wu in April (a) and March (b,c) 2011.
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4.2.3 Effect of rock strength on escarpment retreat rate
Bedrock as the direct medium of erosion should play a role in landscape evolution. When the
landscape is dominated with fluvial incision and the slope exponent n=1, Equation (5)
converges to the same form as Equation (8). The constant C in Equation (8) is a parameter of
the substrate erodibility in a broad sense: richness of joints or metamorphic foliations for slope
failure (DiBiase et al., 2014; Haviv et al., 2010; Lamb and Dietrich, 2009), resistance to
saltation or other form of shear stress (Gasparini et al., 2007). We discussed earlier that the
morphological knickzone of Type B Madagascar escarpments is likely fluvial incision
dominated. If n is close to 1 so that the ks is out of Equation (5), then the variability of
escarpment retreat rate with a same drainage area comes from the erodibility of the bedrock. A
prediction of substrate erodibility can be made from the regressions of escarpment retreat rate
and area according to Equation (5). The Madagascar escarpment and the Western Ghats are
mostly Precambrian metamorphic rock. Regressions of the bedrock erodibility Kb give a range
of 2.1´10-7 m0.18/yr to 4.3´10-7 m0.18/yr (Fig. 22). It is similar value as predicted by Godard et
al. (2019) for the escarpment in southeast Australia, in which they estimate Kb=3´10-7 m0.1/yr
for the Silurian and Ordovician granitoid. Stock and Montgomery (1999) estimated Kb varies
in a range of 10-7-10-6 m0.2/yr for mid-Paleozoic genissic granitoids exposed in New South
Wales, Australia. Our prediction of the erodibility of the Precambrian metamorphic rock is
consistent with the reported finding that metamorphic rock is among the most resistant rock
types (Stock and Montgomery, 1999). The drainage area above the escarpment remains the
most important factor in escarpment retreat rate, with the narrow variation of erodibility
bedrock of the Madagascar escarpment and Western Ghats suggesting that the lithology plays
a secondary role on escarpment retreat rates.

Fig. 22 Regressions of substrate erodibility of (a) Madagascar escarpment, (b) Escarpment-draining
basins of Western Ghats, India. Each pie chart represents an escarpment basin. The pie chart shows the
relative percentage of different rock types. Erodibility of major rock types is calculated by fitting a
linear relationship with the regional concavity 0.41. Basins used for erodibility calculation are indicated
with open circles, colored in consistent with the fit (dashed lines). The rock type of Madagascar
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escarpment is taken from the geological map of Madagascar (Tucker et al., 2012). The rock type of
Western Ghats escarpment-draining basins is from Mandal et al. (2015).

4.2.4 Rate of area addition as controlling factor to escarpment retreat rate
The important remaining question is what determines the form and geometry of the escarpment
draining rivers? Why do some have the water divide at the top of the escarpment (Type A) and
others show the divide far inland (Type B), even within a small area? This appears to be linked
to two processes. First, is the rate and mode at which drainage area is added to the head of an
escarpment river. Second is the relative rate of escarpment retreat and water divide retreat.
The models above demonstrated that if all physical properties are homogeneous with depth,
the channel will take a steady form and the divide will move at a constant velocity. With our
assumption regarding drainage area addition, this implies a constant rate of drainage area
addition to the upper channel. In this case the divide and the escarpment move together with a
constant velocity. The form of the channel will appear stepped (Type B) if there is an erodible
surface layer, but the form remains steady with time (Fig. 15 a1, a2).
Transience occurs in our models, and nature, when drainage area is added discretely through
river capture. A capture at the head of the channel creates a knickpoint-type profile, but does
not necessarily imply continuous migration of the water divide. In this case the knickpoint
escarpment will retreat faster than the water divide, potentially even reaching the divide reforming a type A profile.
We expect that all these scenarios appear in nature, even within a limited area, such as along a
single escarpment. Where rock type is homogeneous and river capture from the high plateau is
infrequent, type A escarpments will form with the divide dominantly on the escarpment edge.
An example of this is the Deccan Traps region of the Western Ghats, which is almost entirely
Type A escarpments (Fig. 1b, 2b).
Where there is soft surface layer, a stepped, knickpoint-escarpment will form and migrate
landward at a near constant rate with the distance from water divide to the escarpment
remaining near-constant. However, in each of these cases, discrete captures will occur and
when they do, the profile is thrown into disequilibrium, with a large knickpoint-type
escarpment, that will retreat landward at a relatively faster rate. Following a capture, the entire
captured basin will experience more rapid erosion and this enhanced erosion can lead to further
captures, each of which represents an additional jump of the main divide (Fig. 23). The
consequence is a large, complex set of captures of plateau area with discrete additions of
drainage area, each of which accelerates the escarpment retreat. A good example of this
complex history is the Mananara river (Fig. 9).

123

Chapter 4 Divide migration and escarpment retreat

Fig. 23 Model for divide migration and escarpment retreat in the presence of a weak surface layer and
a series of river captures. From Time 0 to Time 3, the trunk escarpment river captures the three big
tributaries of the plateau trunk river. From Time 3 to Time 4, the divide migration stalls, but the
escarpment continues to migrate. If the divide stalls sufficiently for the escarpment to catch the divide,
the escarpment-divide system would return to the morphology of Time 0, initializing a new cycle of
captures and divide-escarpment decoupling.

5 Conclusions
The escarpments of Madagascar and the Western Ghats exhibit a range of morphologies
including constant concavity rivers draining from a water divide at the upper edge of the
escarpment, to a wide range of knickzone type escarpments where the water divide is distant
from the morphological escarpment. The variance in these forms appears to be partially related
to erodibility contrasts, where homogeneous rock erodibility as exhibited for example in the
Deccan Traps region is characterized by simpler, unstepped morphology, and regions with a
strongly weathered regolith layer, for example in the tropical regions of Madagascar, exhibits
low-gradient upper reaches. All escarpments retreat, and that retreat leads to capture of
drainage area from the high plateau. Where area gain is by river capture, the divide jumps
discretely. Following a river capture, the river profile is stepped, but at a scale much larger than
that exhibited by models of an erodible surface layer. During a capture transient, the
escarpment behaves as a large knickpoint, migrating upstream towards the water divide. During
this phase, there is a competition between the migrating water divide and the migrating
knickpoint. The velocity of the escarpment depends on upstream drainage area at the
escarpment edge. We demonstrated this process using numerical models, and showed that the
theoretical predictions are consistent with cosmogenic 10Be concentrations from escarpment
catchments in Madagascar and the Western Ghats, India. This model remains consistent with
other models for escarpment retreat that argue that there is inherent and near-constant rate of
escarpment retreat (Braun, 2018; Willett et al., 2018), and that heterogeneity of erodibility
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controls morphology and retreat rate (Harel et al., 2019). However, the variety in behaviour
and morphology reflect the discrete transience that is associated to the river capture process
that must accompany divide migration.

Appendix 1: Numerical implementation of studied divide
migration patterns
(1) Kinematics at the fluvial-hillslope transition zone
To implement variable divide migration patterns that are studied in this chapter, we apply a
slope continuity at the transition of hillslope and fluvial river. Although in nature, this transition
region is likely characterized by complex physical process, e.g. colluvial process, debris flow
or other diffusional processes, we apply a simple critical hillslope model to represent this
transition region. A linear hillslope connects the river head node and the water divide (Fig. S1).
This linear hillslope has to maintain a critical angle 𝜑 and a constant length of Lhs. Incision of
the river head node (Nhead) would make the hillslope exceed the critical angle 𝜑. In order to
maintain a critical hillslope, the water divide will migrate laterally so that the linear hillslope
remains at the critical angle. Divide migration also lengthens the hillslope. The additional
length growth of hillslope due to river incision is automatically assigned to be a new segment
of river reach so that the new channel head node still prescribes the constant hillslope length.
The old channel head node is turned into a secondary head node (NShead, Fig. S1) downstream
to the new channel head node. With the kinematics at the transition zone, a slope continuity is
also maintained at the channel head node, i.e., the slope between the head node and the
secondary head node always equals the slope of the hillslope. The kinematics at the transition
zone allow for lateral divide migration and growth of river length in 1D (expansion of river
network in 2D).

Fig. S1 Definitions of numerical river nodes in the model. The blue solid lines indicate river profiles
that are defined by the river nodes. River incises into a double-layer erodibility model. The erodibility
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model is described in Fig. 10. 𝜑 is the critical slope at the transition of hillslope and river. The original
point is set to be the outlet of the initial escarpment river which are defined by nodes (Nold). More river
nodes (Nnew) are added as the river grows longer due to the divide migrates to the X-positive direction
(the left). The nodal spacing (∆𝑋) is kept constant downstream from the secondary river node to the
outlet node.

(2) Implementation of divide migration patterns
From the kinematics at the transition zone, the divide migration pattern is controlled by the
vertical incision rate of the river head node (Nhead) at given critical slope angle. We apply the
stream power incision law (Equation (1)) for fluvial incision in this study. Numerically, the
incision rate at the river head node is controlled by the drainage area at node (Ahead), the slope
between head node and the secondary head node (Shead) and a erodibility constant (Kr). We
control the incision rate of the head node by assigning functions of drainage area to the river
nodes to generate variable divide migration patterns.
At each numerical timestep, we can categorize numerical river nodes along the river into four
groups (Fig. S1): the channel head node (Nhead), the node downstream of the head node (NShead),
nodes newly added after the initial capture events (Nnew) after T1 and old nodes that are used
to construct the initial escarpment river profile (Nold). The number of Nold nodes don’t change
as the river grows longer. The number of Nnew nodes increases as the river grows longer due to
divide migration.

(2.1) Constant divide migration
River nodes are non-differentially subjected to the Hack’s law (Equation (2)). The drainage
area of a river node with coordinate of X is described by:
𝐴(𝑋) = 𝑘# ∗ (𝑋$*#. − 𝑋 + 𝐿$' )$

(S1)

With this area function, the drainage area at the channel head is a constant:
𝐴(𝑋$*#. ) = 𝑘# ∗ (𝐿$' )$

(S2)

This area function is applied to implement simulations of Scenario 1 in this study.

(2.2) Accelerating divide migration
In this Scenario, we simulate a progressive area loss of a victim highland basin to an initial
pirate escarpment river (e.g. Fig. 23). The drainage area of the highland basin is gradually
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added to the trunk escarpment channel. The old tributaries of the initial escarpment river basin
keep still in place. The area added to the escarpment river depends on how far the divide has
advanced into the highland. River nodes are differentiated in its own area function:
𝐴(𝑋"*/ ) = 𝑘# ∗ (𝑋"*/ − 𝐿*'-. )$

(S3)

𝐴(𝑋1$*#. ) = 𝑘# ∗ (𝑋1$*#. − 𝐿*'-. )$

(S4)

𝐴(𝑋$*#. ) = 𝑘# ∗ (𝐿$' )$ + 𝐴(𝑋1$*#. )

(S5)

$

$

𝐴(𝑋23. ) = 𝑘# ∗ C𝐿*'-. − 𝑋23. D + 𝑘# ∗ C𝑋$*#. − 𝐿*'-. + 𝐿$' D

(S6)

This set of the area functions at river nodes allows the divide to migrate at a constant
acceleration rate.
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5.1 Conclusions
The goal of this thesis is to understand better the evolution of great escarpments at passive
margins with an emphasis of the conjugate margins of Madagascar and India. Interpreted
erosion rates from cosmogenic 10Be concentrations are low, suggesting little tectonic activity
and therefore slow landscape change. However, this is contradicted by steep escarpment rivers
and high relief. Values of channel steepness from the Western Ghats escarpment and
Madagascar escarpment are amongst the highest in the world at the observed erosion rates. The
segmented river profiles, the transformed χ profiles and the slope-area plots of Western Ghats
escarpment are consistent with an escarpment retreat model in which the lower reach is graded
to a low slope, sufficient to transport sediment from the eroding escarpment reach, and the
steep segment is adjusted to erode the escarpment (Willett et al., 2018). To quantify the retreat
rate, a model of interpreting measured cosmogenic 10Be concentrations as a directional mass
flux to characterize non-vertical landscape change, e.g. the laterally retreating escarpment is
proposed. The key assumption of this model is that the land surface can be characterized by
motion in any direction, including downward (conventional erosion) or horizontal (dominated
by lateral retreat of an escarpment). Provided that secular equilibrium of cosmogenic nuclides
within a catchment is maintained between newly produced nuclides per unit time and nuclide
exportation by erosion, a detrital cosmogenic 10Be concentration can be used to quantify the
mass flux, as a function of its direction. Escarpment retreat rates of the Western Ghats and
Madagascar escarpments, interpreted from cosmogenic 10Be concentrations within the context
of this model, vary between 100s to 1000s m/Ma, one order of magnitude higher than the
erosion rates interpreted from the same 10Be concentrations. The retreat rates of the two
escarpments are consistent with, or slightly lower than, a steady retreat rate from the coastline
since rifting.
The retreating escarpment model is consistent with numerical studies of great escarpments
which are typically modelled as a migrating water divide driven by differential erosion rates of
the asymmetric topography on the two sides of the water divide (Braun, 2018). However, the
Madagascar escarpment shows some important differences from most landscape models. Most
importantly, the continental water divide of Madagascar does not generally coincide with the
escarpment, although it runs in parallel and is not far removed. We explain this discrepancy
with a model where the water divide advances in front of the steep escarpment by river capture
of former westward-flowing rivers. Deep weathering profiles on the plateau and low-relief of
the water divide are favorable conditions facilitating progressive capture and reversal of
highland rivers (Harel et al., 2019), and can drive migration of the continental water divide in
advance of the escarpment. The escarpment also migrates, with a velocity determined by the
upstream drainage area. A power law dependence of the escarpment retreat rate on upstream
drainage area is demonstrated with estimated retreat rates and drainage area from the
Madagascar escarpment and the Western Ghats, India. Rock strength plays a secondary control
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of the retreat rate, resulting in variability of the retreat rate. Erodibility of the weathered
Precambrian metamorphic rock of the two escarpments predicted from the power law
relationship vary between 2.1´10-7 m0.18/yr to 4.3´10-7 m0.18/yr, consistent with the reported
finding that metamorphic rock is among the most resistant rock types (Stock and Montgomery,
1999). The implication of this model is that the complexity of the drainage area capture process
controls the morphology of the escarpment, including upper highland reaches, and the retreat
rates.

5.2 Future work
（1）Topographic expressions in active tectonic regimes driven by
advection
Lateral rock motion relative to the surface is not a unique phenomenon of a great escarpment
at passive margins. A fault-bend fold system (Miller et al., 2007) or convergent orogens
(Willett and Brandon, 2002) are also driven by a significant lateral component of rock motion.
Topographic features preserve characteristic responses to the lateral advection (Eizenhöfer et
al., 2019; Miller et al., 2007). However, lateral advection of mass is usually overlooked or been
accounted as pure vertical uplift, making differences between predicted vertical erosion rate
from morphological characteristics and measured erosional mass flux (Erlanger, 2020; Miller
et al., 2007). This thesis has demonstrated the model of interpreting cosmogenic nuclide
concentrations into horizontal mass flux in an escarpment context. An application of this model
to a steady state convergent orogen of Northern Apennines has explained well of the
topographic features in an advection context and derived the slab retreat rate which is consistent
with independent estimations (Erlanger, 2020). A quantitative metric of lateral mass flux will
greatly facilitate the understanding of mechanisms of topography responding to earth internal
forces which are not always vertical. Thus we expect a broader application of our cosmogenic
model in Chapter 2 to active advective landscapes.
Miller et al. (2007) found the concavity and river steepness are systematically higher on the
distal side than the proximal side. The distal side of the fault-bend folds system is a counterpart
to an escarpment where advection is expected. The high concavity (larger than 1) predicted for
the distal side is in contrast to what we have found for the escarpment rivers (0.4-0.7) in Chapter
2. We have calculated concavities of the advective orogen of Northern Apennines: the
prowedge side varies between (0.45 0.62), the retrowedge side which is opposite to the
advection direction varies between (0.57 0.7), the retrowedge side which is in the advection
direction varies between (0.42 0.52). A systematic comparison study of the three representative
advective landscapes in terms of the topographic characteristics in an advection context would
be interesting.
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（2） 2D modeling of escarpment evolution coupled with weathering
We presented in this thesis that the escarpment retreat rate and pattern are potentially controlled
by the divide migration pattern. The presence of a soft weathering layer on the plateau in theory
might facilitate frequent lateral captures, complicating the divide migration process and pattern.
Existing landscape evolution models of escarpments use a fixed configuration of the layering
of differential erodibility formations (Sheehan and Ward, 2020). However, the weathering
layer on top of the plateau develops indirectly as a function of the erosion rate (Braun et al.,
2016). We predict that in a retreating escarpment scenario, the coastal plain would also slowly
develop deep weathering, presenting a pattern of decreasing laterite ages from the coast to the
escarpment toe. The predicted pattern of laterite ages should also in theory be observable from
the coupled model and readily to be compared with measured data on coastal plains of great
escarpment. Thus, a coupling of weathering with a 2D escarpment evolution model would
provide important constraints to the captures and divide migration scenarios which we
proposed for the Madagascar escarpment and the continental water divide. Although laterite
dating is based on new methodologies and still rare, future applications present opportunities
to constrain rate processes. Beeson et al. (2017) proposed the disequilibrium of geometrics
produces persistence of transients of a landscape. The coupling model of weathering and
landscape evolution might also reveal a mechanism of transience of a landscape although in
the absence of the tectonics which is a more general mechanism to be applied to other
landscapes than only to an escarpment at passive margins.
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