
���������������	�
�	��

�����
�����	�
�
�������������
�
���������������
�	����������
�
�����
�������������������
���	�����������������������������	��
�����������������
�	�����������
�����������
�	�
��������
�����������������������	�
���������������
�����
���
������������
�����������������������������������������
��������������
�������
���	�
�����	�����������	���������	�������������	��

���������������	���
�����
���


���������������
����
���
�����
������� �
���!�
�����"�#

�������	��������������������������
�$�%�&�'

���������������������	��������
�������
�����(�(�������#���	���(�������
�����(�(�������#���	���(�&�%�#�)�*�$�*�(�������+���
���%�&�%�'�%�,�$�&�-

�����������
�������	���������
����
�������.���
���	���������������/�������.���������	�����
�����0�����������	������������

�����������
�
���������
�������������	�
���������
���������
�������
�����������
�������������������
�����1�	�����������������������2���	���������3�������
�	�������.�������������������#
�4���	�������	���������1���	���
�������������
�����
�����������������������������������	���������1���������#

https://doi.org/https://doi.org/10.3929/ethz-a-010608217
http://rightsstatements.org/page/InC-NC/1.0/
https://www.research-collection.ethz.ch
https://www.research-collection.ethz.ch/terms-of-use


DISS. ETH NO. 22895

TOPOGRAPHY IN PASSIVE MARGINS: A CASE STUDY
ACROSS THE SOUTHERN PENINSULAR INDIAN

ESCARPMENT USING GEOMORPHOLOGICAL ANALYSES,
COSMOGENIC NUCLIDES AND LOW-TEMPERATURE

THERMOCHRONOMETRY

A thesis submitted to attain the degree of

DOCTOR OF SCIENCES of ETH ZURICH

(Dr. sc. ETH Zurich)

presented by

SANJAY KUMAR MANDAL

MSc in Applied Geology, Indian Institute of Technology Roorkee

born on 08.07.1984

citizen of
India

accepted on the recommendation of

Prof. Dr. Jean{Pierre Burg, ETH Zurich, Switzerland (examiner)
Prof. Dr. Sean D. Willett, ETH Zurich, Switzerland (co-examiner)
Prof. Dr. Paul Bishop, University of Glasgow, UK (co-examiner)

2016



"Failure will never overtake me if my determination to succeed is strong enough."

A.P.J. Abdul Kalam



Dedicated to
my parents



Abstract

Landscapes in passive continental margins occupy a large part of the Earth's surface
but their evolution remains under-studied, providing a central motivation of this the-
sis. Despite its antiquity and location on a passive continental margin, the present-day
elevated topography of the southern Peninsular India's Western Ghat Mountains has
raised important questions concerning the long-term mechanism of topographic evo-
lution. I use a combination of topographic analyses based on digital elevation model
data, catchment-averaged and local erosion rates quanti�ed from10Be concentrations
in river sands and bedrocks, and low-temperature thermochronometry, in particular
apatite (U-Th-Sm)/He with inverse t-T history simulations. Speci�cally, I investigate
(1) the magnitude and distribution of millennial-scale erosion rates across the southern
Peninsular Indian escarpment, (2) the main controls on landscape erosion in southern
Peninsular India, (3) timing and magnitude of late-stage rock cooling across the escarp-
ment, (4) impacts of Mesozoic extensional tectonics on the landscape, (5) river networks
on the regional scale.

The �rst part of this thesis consists of quanti�cation of millennial-scale landscape erosion
rates at an unprecedented aerial coverage. Catchment-averaged erosion rates vary from
9.6 � 0.8 m Ma�1 in the inland plateau to 114.3 � 25.4 m Ma�1 on the western escarp-
ment side. Bedrock erosion rates range from 2.4� 0.2 m Ma�1 in the ridge-top to 143.4
� 2.4 m Ma�1 in active channel beds of the inland plateau. Catchment-averaged erosion
rates derived from the across-escarpment, westward-draining catchments are signi�cantly
higher than those derived from the eastward-draining, over highland catchments. This
marked di�erence suggests that long-term down-wearing of the highland proceeds at
lower rates than in the escarpment zones. The relationship among topography, climate,
and erosion is accomplished through the establishment of regional millennial-scale ero-
sion pattern and topographic, rainfall, and vegetation analyses. Catchment-averaged
erosion rates reveal moderate correlation with mean hillslope angles and local relief
whereas they reveal strong correlation with channel steepness, demonstrating that to-
pographic steepness is the major control on the spatial variability of erosion rates. The
strong rainfall gradient plays a minor role in this area. 10Be-derived averaged ero-
sion rates in highlands are consistent with long-term erosion rates previously estimated
from apatite �ssion track (AFT) thermochronometry. These results collectively point
to large-scale steady-state topography, only decaying slowly with time. Steady state
likely re
ects the balance between erosion and isostatically driven uplift of the southern
Peninsular India. The second part of this thesis documents the analysis of apatite (U-
Th-Sm)/He (AHe) ages of basement samples. The new AHe ages range from 38.1� 6.8
to 364.2 � 44.6 Ma: they are younger than 50 Ma in the Palghat Gap region and older
than 200 Ma in the interior of the Deccan Plateau. Thermal history modeling based
on AHe data indicates enhanced bedrock cooling and exhumation in the interior of the
Deccan Plateau by Permian-Triassic times, followed by gradual cooling to the present.
The old (>200 Ma) AHe age distribution over the >2600 m high Nilgiri Plateau indi-
cates very slow rate of long-term erosion/exhumation during the last�400 Ma, which is
consistent with the lowest millennial-scale erosion rates measured by10Be anywhere in
southern Peninsular India. This result serves as a cautionary reminder of the dangers of
attempting to infer tectonics from topography without additional supportive evidence.
The AHe data indicate no more than 1-1.5 km of crustal unroo�ng along the western
coastal strip. The �nal section of this thesis presents the quantitative assessment of the
river pro�le analysis and links the characteristics of the drainage basins and channel
length pro�les with 
uvial knickpoints as marker of transient landscape evolution. The



spatial variations in catchment morphometry is interpreted as a dynamic response to
complex interactions and feedbacks between relict post-orogenic topography along and
across the escarpment margins and vigorous drainage piracy in more recent times.



Zusammenfassung

Landschaften, die entlang von passiven Kontinentalr•andern geformt wurden, umfassen
grosse Teile der Erde, aber ihre Entstehung und Entwicklung sind bisher wenig un-
tersucht, was der haupts•achliche Beweggrund dieser Doktorarbeit ist. Trotz des ho-
hen Alters und der Lage an einem passiven Kontinentalrand hat die heutige erh•ohte
Topographie der Westghat Berge auf der s•udlichen Indischen Halbinsel wichtige Fra-
gen, betre�end der langfristigen Mechanismen der topographischen Entstehung und
Entwicklung, aufgeworfen. Ich benutze eine Kombination von topographischen Anal-
ysen basierend auf digitalen H•ohenmodellen, Einzugsgebiets-gemittelten und lokalen
Erosionsraten quanti�ziert mit 10Be-Konzentrationen in Flusssanden und Festgestein,
und Niedertemperatur-Thermochronometrie, insbesondere Apatit (U-Th-Sm)/He mit
inversen Zeit-Temperatur-Simulationen. Ich untersuche dabei (1) die Gr•ossenordnung
und Verteilung der Erosionsrate quer •uber die Schichtstufenlandschaft der s•udlichen
Indischen Halbinsel •uber Zeitr•aume von Jahrtausenden, (2) die wichtigsten Ein
ussfak-
toren auf die Landschaftserosion der s•udlichen Indischen Halbinsel, (3) den Zeitablauf
und die Gr•ossenordnung der Gesteinsabk•uhlung im Sp•atstadium entlang der Schicht-
stufe, (4) die Einwirkungen der Mesozoischen Extensionstektonik auf die Landschaft
und (5) die Flusssysteme auf regionaler Stufe.

Der erste Teil dieser Doktorarbeit besteht aus der Quanti�zierung der Landschaftsero-
sion •uber Zeitr•aume von Jahrtausenden mit einer aussergew•ohnlichen Abdeckung der
Landschaft aus der Luft. Erosionsraten, welche •uber das Einzugsgebiet gemittelt wur-
den, variieren von 9.6� 0.8 m Ma�1 im Inlandplateau bis 114.3� 25.4 m Ma�1 auf der
westlichen Seite der Schichtstufe. Erosionsraten des anstehenden Felses variieren von
2.4 � 0.2 m Ma�1 auf der oberen Seite des Gebirgsr•uckens bis 143.4� 2.4 m Ma�1 in
aktiven Kanalbetten auf dem Inlandplateau. Einzugsgebiets-gemittelte Erosionsraten,
ermittelt von westw•arts entw•assernden Einzugsgebieten quer •uber der Schichtsufe, sind
signi�kant h•oher als diejenigen welche von ostw•arts entw•assernden Einzugsgebieten
•uber dem Hochland ermittelt wurden. Dieser erkennbare Unterschied weist darauf
hin, dass die langfristige Abtragung des Hochlandes bei niedrigeren Raten fortschre-
itet als diejenige der Schichtstufenzone. Die Beziehung zwischen Topographie, Klima
und Erosion wird durch das Ermitteln von regionalen Erosionsmustern •uber Zeitr•aume
von Jahrtausenden, Niederschlags- und Vegetationsanalysen festgestellt. Einzugsgebiets-
gemittelte Erosionsraten enth•ullen eine moderate Korrelation mit mittleren Hangwinkeln
und lokalen Reliefs, w•ahrend sie einen starken Zusammenhang mit der Kanalsteilheit
aufweisen. Das zeigt, dass die topographische Steilheit der wichtigste Ein
ussfaktor auf
die r•aumliche Variabilit•at der Erosionsraten ist. Der starke Gradient im Niederschlag
spielt in dieser Region nur eine untergeordnete Rolle.10Be-hergeleitete, durchschnit-
tliche Erosionsraten in den Hochl•andern entsprechen den langfristigen Erosionsraten,
welche vorher mit Apatit-Spaltspurendatierung hergeleitet wurden. Diese Resultate
weisen insgesamt auf eine grossr•aumige Gleichgewichtstopographie hin, welche mit der
Zeit nur langsam abnimmt. Der Gleichgewichtszustand widerspiegelt wohl den Ausgleich
zwischen Erosion und Isostasie-getriebener Hebung der s•udlichen Indischen Halbinsel.

Der zweite Teil dieser Doktorarbeit dokumentiert die Analyse von Apatit (U-Th-Sm)/He
(AHe)-Altern von anstehendem Gestein. Diese neuen AHe Alter variieren zwischen
38.1 � 6.8 und 364.2 � 44.6 Ma sie sind in der Palakkad-L•ucke j•unger als 50 Ma
und im Inneren des Dekkan Plateaus •alter als 200 Ma. Das Modellieren der thermis-
chen Geschichte basierend auf AHe Daten weist auf erh•ohte Gesteinsabk•uhlung und
Exhumation im Innern des Dekkan Plateaus im Perm-Trias hin, gefolgt von einer bis



heute andauernden graduellen Abk•uhlung. Die alte (>200 Ma) AHe Altersverteilung
•uber das mehr als 2600 m hohe Nilgiri Plateau weist auf sehr langsame, langfristige
Erosions-/Exhumationsraten w•ahrend der letzten �400 Ma hin. Dies stimmt mit den
kleinsten Erosionsraten •uber Zeitr•aume von Jahrtausenden •uberein, die mit Hilfe von
10Be •uberall auf der s•udlichen Indischen Halbinsel gemessen wurden. Dieses Resultat
soll davor warnen, aus der Topographie allein, ohne zus•atzlich st•utzende Beweise, auf
die Tektonik zu schliessen. Die AHe Daten deuten darauf hin, dass die Abtragung der
Kruste entlang des westlichen K•ustenabschnitts nicht mehr als 1-1.5 km betr•agt. Der let-
zte Teil der Doktorarbeit pr•asentiert die quantitative Auswertung der Flusspro�lanalyse
und verbindet die Charakteristiken der Wassereinzugsgebiete und Kanall•angspro�le mit
Fluss-Knickpunkten als Marker einer transienten Landschaftsentwicklung. Die r•aumlichen
Wechsel in der Morphometrie des Einzugsgebietes werden als eine dynamische Antwort
auf komplexe Wechsel- und R•uckwirkungen zwischen der fr•uheren post-orogenen To-
pographie entlang und quer zu den R•andern der Schichtstufe und der starken Entw•asserung
in j•ungerer Zeit interpretiert.
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Chapter 1

Introduction

The topographic evolution of mountain ranges results from the competition between
tectonic and erosive forces and controls the atmospheric circulation and the distribution
of precipitation, and consequently drainage patterns. Although tectonics and erosion act
in opposite directions there may be feedbacks that couple the two. Despite signi�cant
progress in understanding the coupling among topography, climate, and tectonics within
active orogens [e.g., Whipple, 2009], the persistence of elevated topography in many post-
orogenic regions, such as passive continental margins is a longstanding enigma [Baldwin
et al., 2003; Egholm et al., 2013; Tucker and van der Beek, 2013]. For example, numerical
landscape-evolution models predict that topographic relief will decay to low levels on
the order of 10s of millions of years after the tectonism ceases [Beaumont et al., 2000;
Tucker and Slingerland, 1994]. However, the long-term preservation of high mountains
and relief results either from changes in the erosional regime of the landscape during
the post-orogenic phase [Egholm et al., 2013], or because relief is sustained by erosion
and isostasy for much longer periods than previously assumed [e.g., Braun et al., 2014;
Matmon et al., 2003a].

The Western Ghat Mountain of Peninsular India are a prime example of this enigma.
The western seaboard of Peninsular India has been a passive continental margin since
Seychelles-India rifting at ca. 65 Ma [e.g., Chatterjee et al., 2013 and references therein];
yet elevated and rugged terrain persists. Like for other passive margins, the history and
persistence of this topography is a matter of debate [Campanile et al., 2008; Gunnell
and Fleitout, 2000; Gunnell and Radhakrishna, 2001; Widdowson and Cox, 1996], as to
whether the high topography is in a state of quasi-equilibrium, maintained isostatically
by slow decay over geological time, or whether it has been uplifted and rejuvenated
during the Neogene [Bonnet et al., 2014; Radhakrishna, 1993]. The discovery of buckle
folds in the Indian Ocean lithosphere [Beekman et al., 1996; Bull and Scrutton, 1990,
1992] has also led to hypothesize that large-scale buckling of the Indian continental
lithosphere may be consequence of India-Eurasia collision [M•uller et al., 2015; Vita-
Finzi, 2004], with high topography re
ecting antiformal lithospheric buckles.
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Figure 1.1: Topography of the Earth showing elevated (thick red line) and low-lying
(thick black line) passive continental margins. Only Atlantic type margins that can
easily be connected to the corresponding spreading centre are indicated. 1 arc-minute
global relief model of Earth's surface from NOAA's National Centers for Environmental

Information (NCEI) (https://www.ngdc.noaa.gov/mgg/global/global.html).

The goal of this thesis is to contribute to a better understanding of the landscape devel-
opment across the southern Peninsular Indian escarpment. To achieve this, I employed
di�erent techniques, including topographic and morphometric analyses, cosmogenic nu-
clides, and apatite (U-Th-Sm)/He (AHe) dating. These method cover di�erent length
and time scales and provides the opportunity to address several key questions and their
implications for landscape evolution.

1.1 Passive margins

Passive margins are common �rst-order tectonic features of Earth. They are the conti-
nents' trailing edges that result from continental rifting, breakup, and sea 
oor spreading
[Kearey et al., 2013]. Mesozoic-Cenozoic rift systems parallel to the coast are transition
from continental to oceanic crust further o�shore. The morphology of passive conti-
nental margins is variable; however, Gilchrist and Summer�eld [1990] identi�ed two end
members: (1) low-lying margins, such as southern Australia and eastern Peninsular India
and (2) high elevation margins, such as western Peninsular India, southwestern Africa,
eastern Brazil, and southeastern Australia (Figure 1.1). Some margins vary along their
length between high elevation and low elevation, such as the paired Atlantic margins
of South America and Africa and the southern and southeastern margins of Australia.
The majority of the world's high elevation passive margins occur on the trailing edges
of the Gondwana continents, such as South America, Africa, Madagascar, India, and
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Figure 1.2: West-east topographic cross sections through the western Peninsular In-
dian rifted continental margin.

.

Australia (Figure 1.1) and have been linked to the breakup and dispersal of Pangea and
Gondwana [Bishop, 2007; Bradley, 2008; Japsen et al., 2012]. The classic morphology
of high-elevation passive margins consists of a coastal plain of varying width, 
anked
by a steep, often wall-like escarpment and a low-relief plateau surface inland of the es-
carpment lip (Figure 1.2). This morphology of high-elevation passive margins has long
been recognized as a major morphological feature of continental margins [Bradley, 2008;
King, 1955, 1967; Ollier, 1985a] and was important in the emergence of plate-tectonic-
based interpretations of large scale geomorphology [Bishop, 2007; Ollier, 1982, 1985b;
Summer�eld, 1985].

1.1.1 Surface uplift mechanisms

Various mechanisms have been suggested for both the initial cause of rifting and the gen-
eration and persistence of surface uplift at elevated passive margins [Bishop, 2007; Braun
and van der Beek, 2004; Japsen et al., 2012; Sacek et al., 2012]. Proposed mechanisms
are grouped into two categories, active rifting processes and passive rifting processes.
The \mantle-activated" or \active" mechanism considers that hot and buoyant mantle
plumes or diapirs initiate rifting [Richards et al., 1989]. The alternative \lithosphere-
activated" or \passive" mode attributes rifts to lithosphere extension under tectonic
forces [Seng•or and Burke, 1978; White and McKenzie, 1989b]. Determining the pro-
cess(es) responsible for rifting is crucial because the timing of surface uplift di�ers for
passive and active rifting. Surface uplift precedes continental breakup with active rift-
ing, whereas surface uplift occurs after continental breakup with passive rifting [Bradley,
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2008]. Margins with extensive volcanic rocks are associated with active rifting and man-
tle plumes, and their distribution adjacent to many rifted margins is central to the idea
that hotspots can initiate continental rifting and the formation of volcanically rifted
margins [Storey, 1995; White and McKenzie, 1989a, 1995]. With active, plume related
rifting and the formation of a volcanic rifted margin, surface uplift of the order of 1-4
km has been described by Campbell and Gri�ths [1990]; Gri�ths and Campbell [1990];
Watson and McKenzie [1991]; White and McKenzie [1989a]. Ascending mantle plume
impinging on the lithosphere results in thinning of the lithosphere either thermally (heat
input displaces isotherms upward) or/and mechanically (convective removal of lower
lithosphere mantle). The upwelling asthenosphere bends the lithosphere about a large,
dome-shaped topographic elevation up to several thousand km across on top of which
radial fractures make rifts. However, such mechanisms are transient and decay after
the plume has passed [Saunders et al., 2007]. Thus, failing to explain the persistence
of surface elevation at mature passive margins. Magmatic underplating and subaerial
emplacement of lavas associated with active rifting processes capable of generating per-
manent surface uplift through thickening of the lithosphere over timescales that extend
beyond the duration of thermal decay associated with hotspots.

Margins lacking extensive volcanic rocks are associated with passive rifting where thin-
ning of the lithosphere is a consequence of tensional forces remote from the site of rifting.
Thermal mechanisms associated with passive rifting include secondary mantle convec-
tion in response to lithospheric thinning [e.g., Steckler, 1985] and lateral heat 
ow from
the thinned lithosphere at the site of rifting to the unthinned lithosphere beneath the
rift 
anks [e.g., Steckler et al., 1998]. Mechanical mechanisms for generating permanent
uplift include; primary 
exure in response to mechanical unloading of rift 
anks [Allen
and Allen, 2013; Weissel and Karner, 1989], lithospheric delamination [McKenzie, 1978],
and depth dependent extension [Huismans and Beaumont, 2011; McKenzie, 1978; Row-
ley and Sahagian, 1986; Shillington et al., 2008]. Post-rift secondary 
exural uplift in
response to erosional unloading onshore and sediment loading o�shore is an additional
mechanism invoked to explain continual surface uplift at mature passive margins [Allen
and Allen, 2013; Campanile et al., 2008; Gilchrist and Summer�eld, 1990].

1.2 Tectonic, geologic, and geomorphic setting

Peninsular India results from the collage of continental blocks that were part of several
supercontinents in Earth history starting from Ur at ca. 3.0 Ga through Columbia at ca.
1.9 Ga, Rodinia at ca. 1 Ga, Pannotia at ca. 0.54 Ga, and Pangea at ca. 0.25 Ga [Meert
et al., 2010; Nance et al., 2014; Rogers and Santosh, 2003]. Southern Peninsular India
comprises the Archean Dharwar Craton (DC) and Mesoarchean to Cambrian crustal
blocks collectively known as the Southern Granulite Terrane (SGT) [Collins et al., 2014;
Ghosh et al., 2004; Plavsa et al., 2015]. The Dharwar Craton is broadly divided into the
older Western Dharwar Craton (WDC; 3.3-2.7 Ga) and the younger Eastern Dharwar
Craton (EDC; 3.0-2.5 Ga) (Figure 1.3) [Meert et al., 2010]. The EDC basement consists
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Figure 1.3: Geological map of Peninsular India (modi�ed after Geological Survey of
India, 1993) highlighting the major geological provinces.

mostly of Late Archean to Paleoproterozoic granites, granodiorites, greenstone belts,
and volcanics overlain unconformably by the Mesoproterozoic Cuddapah Super Group
(Figure 1.3) [Meert et al., 2010; Ramakrishnan and Vaidyanadhan, 2010]. The WDC is
separated from the EDC by the 2.5 Ga Closepet Granite [Friend and Nutman, 1991] and
is dominated by Archean tonalite-trondhjemite-granodiorite (TTG) gneisses, volcanic-
sedimentary greenstone-granite sequence, and 2.6-2.5 Ga granitoids [Jayananda et al.,
2006, 2008]. The SGT is subdivided into several units with distinct protolith origins and
tectonothermal histories; it is dominated by Archean orthogneisses and their charnockitic
equivalents, with some minor ma�c granulite, migmatitic gneisses, granite, and high-
grade metasedimentary rocks [e.g., Collins et al., 2014 and references therein]. The
basement rocks of the SGT were overprinted by Ediacaran to Cambrian (ca. 620-540
Ma) orogenesis related to the collision and the formation of Gondwana [Collins et al.,
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2014; Ghosh et al., 2004; Plavsa et al., 2015].

The more recent geological history of Peninsular India re
ects the extension linked to
the breakup of Gondwana and subsequent continental dispersion. Intracontinental rift-
ing began in the Upper Carboniferous [Biswas, 1982, 1999]. By the Early Cretaceous
(�130 Ma), conjoined Antarctica-Australia rifted from the India-Sri Lanka-Seychelles-
Madagascar plate, and creating the eastern passive margin of Peninsular India [Chat-
terjee et al., 2013; Gibbons et al., 2013; Storey, 1995]. During the Mesozoic, the western

Figure 1.4 (preceding page): Paleogeographic reconstruction of Gondwana. (a) Tight
assemblage of Gondwanaland, (b) Initial breakup of Gondwanaland. Modest relative
movement of east and west Gondwana along trans-Africa shear system. Accumulation
of sediments throughout Karoo and Gondwana rift system, (c) India-Madagascar-Sri
Lanka plate separated completely from the Antarctica-Australia and created the eastern
passive margin of Peninsular India, (d) Rifting initiated between India and Madagascar,
(e) Eruption of Deccan Trap. India separated from Seychelles and created the western
passive margin of Peninsular India, (f) Most recent mid-ocean ridge established between
India and Seychelles [modi�ed after Reeves et al., 2002; Stamp
i and Borel, 2002;
de Wit, 2003]. Abbreviations: PGB = Pranhita-Godavari Basin; MB = Mahanadi

Basin; DB = Damodar Basin.
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margin of Peninsular India was subjected to two major rifting events: (i) separation of
the Sri Lanka-India-Seychelles block from Madagascar at�90 Ma [Chatterjee et al., 2013;
Storey et al., 1995], and (ii) separation of Seychelles from India at�65 Ma [Chatterjee
et al., 2013; Collier et al., 2008; Minshull et al., 2008; Torsvik et al., 2013]. Emplace-
ment of the Deccan 
ood basalts at �65 Ma are contemporaneous with the �nal stages
of breakup and the onset of sea
oor spreading along the Carlsberg ridge (Figures 1.4,
1.5) [Chenet et al., 2007; Hofmann et al., 2000].

The regional geomorphology of southern Peninsular India can be separated into three
distinct physiographic regions on the basis of topographic di�erences. The most west-
ward of these physiographic provinces is the Konkan-Kanara coastal plain. This region
is predominantly composed of laterites [Widdowson and Gunnell, 1999] and Quaternary
to Recent sediments and alluvium. The elevated inland plateau (Maharashtra, Kar-
nataka, and Mysore Plateaus, collectively known as the Deccan Plateau) lies east of
the coastal plain, and is characterized by low topographic relief and underlain predomi-
nantly by the Deccan Traps and low- to high-metamorphic grade crystalline core of the
Dharwar Craton and SGT [Naqvi and Rogers, 1987; Ramakrishnan and Vaidyanadhan,
2010]. Many Mesozoic rift-related dykes and intrusives are located in the coastal plain
and inland plateau as well [Kumar et al., 2001; Pande et al., 2001; Radhakrishna et al.,
1999; Storey et al., 1995]. The Western Ghat escarpment-a steep topographic break of
600-2500 m relief that spans>1500 km, separates the Konkan-Kanara coastal plain from
the Deccan Plateau (Figure 1.6). The plateau is wide to the north, and gradually tapers
towards the south, where an arcuate escarpment separates the anomalously elevated
Nilgiri Plateau (average elevation �2000 m) from the more subdued Deccan Plateau
(average elevation�800 m). The western continental divide generally follows the es-
carpment lip, however, the divide lies inboard of the escarpment rim between 14°300 N
and 13°300 N latitude (Figure 1.6). Much of the landscape east of the escarpment can
be described as rugged and mountainous terrain.

1.3 Motivation and aims

Understanding the dynamic nature of the Earth's surface and the rate at which the land-
scape has changed over time are fundamental to geomorphology. Geomorphologists have
long sought to understand the relationships between topography, erosion, climate, and
tectonics [Avouac and Burov, 1996; Molnar and England, 1990; Wang et al., 2014; Wil-
lett, 1999]. Understanding landscape morphology, tectonic processes, and erosion rates
is increasingly recognized as being crucial to improving theories of long-term landscape
development. An important challenge in geomorphology is the reconciliation of the high

uvial incision rates observed in tectonically active mountain ranges with the long-term
preservation of signi�cant mountain range relief in ancient, tectonically inactive orogenic
belts [e.g., Egholm et al., 2013; Molnar et al., 2007]. Erosion and sediment transport are
widely recognized to be the principal controls on the lifespan of mountain ranges. Over
the last decade, the development and widespread application of cosmogenic radionuclide

9



Chapter 1. Introduction

and thermochronologic techniques capable of quantitatively estimating rates of erosion
has revolutionized our understanding of Earth's dynamic surface [Bierman and Nichols,
2004; Portenga and Bierman, 2011; Reiners and Brandon, 2006]. This study utilizes
cosmogenic10Be and apatite (U-Th-Sm)/He thermochronometry in southern Peninsu-
lar India in an e�ort to a better understanding of post-orogenic landform evolution in
passive margins.

The current research identi�es the several key questions that can be cast in the following
questions:

1. What is the magnitude and distribution of millennial erosion rates across the
southern Peninsular Indian escarpment?

2. What are the main controls on landscape erosion in southern Peninsular India?

3. How do millennial erosion rates compare with long-term erosion rates?

4. What are the timings and magnitude of late-stage rock cooling across the escarp-
ment?

5. What are the impacts of Mesozoic external tectonics on the landscape of southern
Peninsular India?

6. What is the magnitude of post breakup erosion along the western coastal plain of
the study area?

1.4 Method

1.4.1 Erosion rates derived from cosmogenic radionuclide technique at
the catchment scale

Cosmogenic nuclides are the products of interactions of primary and secondary cosmic-
ray particles with atomic nuclei (Figures 1.7, 1.8). At the Earth's surface, more than
98% of the cosmogenic nuclide-production arises from secondary cosmic ray particles,
such as neutrons and muons [Dunai, 2010; Masarik and Beer, 1999]. Depending on the
energy of these particles, a range of nuclear reactions produce cosmogenic nuclides. In
situ-produced cosmogenic nuclide concentration measured in river sands has the property
of averaging the concentration of all rocks outcropping in the drainage basin [Bierman
and Steig, 1996; von Blanckenburg, 2005; Brown et al., 1995; Granger et al., 1996]. It
is thus possible to determine the average erosion rate (��) for a whole drainage basin by
measuring the mean cosmogenic nuclide concentration (�N ) in river sand (Figure 1.8).
The great utility of 10Be-derived erosion rates is that they integrate over millennia, thus
masking short-term variability and allowing robust interpretations of geomorphic change
over longer time-scales than contemporary data allow [von Blanckenburg, 2005]. Several
assumptions underlie the translation of measured isotopic abundances into erosion rates
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Figure 1.7: The secondary cosmic ray cascade in the atmosphere and the production
of in situ-produced 10Be. Abbreviations: n = neutron, p = proton, � = alpha particle.
At: https://media.gfz-potsdam.de/gfz/wv/05 Medien Kommunikation/Bildarchiv/

Gebirgserosion/GFZ-PR-F-14 Nuklid-Produktion.jpg (accessed on 01.07.2015).

[Bierman, 1994]. Firstly, it is assumed that the nuclide production rate is known and
on an integrated basis has varied only within the range expressed by the uncertainty
of the production rate. Secondly, the integrated erosion of the basin is assumed to be
temporally consistent, though not necessarily homogeneous, for long enough such that
the basin has achieved a steady-state with respect to cosmogenic nuclide concentration.
Thirdly, sediment sampled is thoroughly mixed and hence representative of the entire
area upstream of the sampled point. Additional assumptions include constant or mini-
mal sediment storage in the sampled basin and homogeneous quartz distribution in the
drainage basin.

1.4.2 Low-temperature thermochronometry

A radiometric age is calculated by the amounts of the daughter nuclide, the parent
nuclide, and the decay rate. Thermochronology exploits systems in which the retention of
the daughter is thermally sensitive, thus ages represent time of cooling rather than time
of crystallization or formation (Figure 1.9). Given this sensitivity, thermochronologic
data can be used to constrain the thermal history of a sample. As a rock can be a�ected
by a complex thermal history, common practice is to combine thermochronologic systems
and sampling schemes that can provide data relative to di�erent temperature ranges.
The thermochronometric system used in this study, apatite (U-Th-Sm)/He (AHe) cover
a temperature range of�90-30 � C [Farley, 2000; Flowers et al., 2009; Gautheron et al.,
2009; Shuster et al., 2006].

11
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Figure 1.8: Cosmogenic nuclide analysis of sediment samples from the active channels
leaving drainage basin.

1.4.2.1 Apatite (U-Th-Sm)/He dating

Apatite (U-Th-Sm)/He dating is based on the ingrowth of � -particles produced during
the decay of238U, 232Th and to a much lesser degree147Sm. The amount of4He produced
over time (t) in a mineral is:

4He = 8 238U(e� 238 t � 1)+7 235U(e� 235 t � 1)+6 232Th(e� 232 t � 1)+ 147Sm(e� 147 t � 1) (1.1)

where � is the decay constant for each respective isotope. At temperatures exceeding
90� C He rapidly di�uses out of the system, while at temperatures below 30� C He
is quantitatively retained [Farley, 2000; Flowers et al., 2009; Gautheron et al., 2009;
Shuster et al., 2006]. The temperature range between quantitative helium retention and
loss is referred to as the helium partial retention zone (PRZ) [House et al., 1999; Wolf
et al., 1998]. In nature cooling rate, radiation damage and grain size control the actual
temperature limits of the PRZ [Flowers et al., 2009; Reiners and Farley, 2001; Shuster
et al., 2006].

Age dispersion is a widespread problem in He dating that has yet to be fully explained
[Ault and Flowers, 2012; Flowers and Kelley, 2011]. However, several studies have

12
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Figure 1.9: Thermal processes across a passive margin escarpment that in
uence the
interpretation of apatite (U-Th-Sm)/He data. Isotherms (dashed lines) are curved by
topographic relief. rocks in the subsurface are exhumed and sampled at the surface
(black �lled stars). Abbreviation: Tc = closure temperature. Modi�ed from Ehlers

and Farley [2003].

100 �Pm

�D
�D

Figure 1.10: Dated apatite grain (sample: SIN1341, grain: A2). Red circles have a
diameter of 20 �m, the approximate stopping distance for an � -particle (4He nuclide).
Note that particles produced near the grain edge have a 50% chance of being ejected,

thus AHe ages must be corrected for lost Helium.
.

determined likely causes of AHe age dispersion. As the grain boundary itself is the
di�usion domain, age increases with grain size if cooling is slow [Reiners and Farley,
2001]. Recent work has shown that radiation damage can retard the di�usion of helium
through apatite. This damage can be calculated using the e�ective uranium (eU =
U+0:235� Th) concentration [Flowers et al., 2009; Shuster et al., 2006]. However, cooling
rate dominates as the faster a sample cools the lesser the e�ects of radiation damage and
grain size. Lesser factors include U-Th zoning and actinide enriched inclusions within
apatite have been shown to cause dispersion of AHe ages [Ault and Flowers, 2012; Ault
et al., 2013; Flowers and Kelley, 2011].

Helium is not only lost due to di�usion, but also � -recoil. The kinetic energy released
during the production of � -particles means that they travel relatively long distances,
�20 �m, before coming to a stop. Therefore any � -particles produced near the grain
boundary can, potentially, be lost from the system (Figure 1.10) [Farley et al., 1996;
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Ketcham et al., 2011]. Farley et al. [1996] proposed a geometric correction factor (Ft ) to
estimate the amount of helium retained within the grain that can be applied to correct
for the lost helium.

Ft = 1 + a1� + a2� 2 (1.2)

� =
2:31L + 2R

RL
(1.3)

Where L is the length and R is the mean radius of the grain.a1 and a2 are mineral and
geometric speci�c �t parameters for 238U and 232Th as follows:

Table 1.1: Apatite geometric parameters [after Farley et al., 1996]

a1 a2

238U series -5.13 -5.90
232Th series 6.78 8.99

Important assumptions for this correction are (1) no implantation of He from neighbors
and (2) uniform concentrations of the parent isotopes U and Th.

1.5 Outline of the thesis

The three main chapters presented in this thesis represent a manuscript that has been
published (Chapters 2 and 3) or has been submitted for publication in peer-reviewed
journals (Chapter 4).

Chapter 2 reports the �rst catchment-averaged erosion rates across southern Peninsular
Indian escarpment using cosmogenic10Be concentrations in 
uvial sediments from 72
small to medium sized catchments with drainage areas between 1 and 5788 km2 and
5 mainstream samples collected along the trunk Cauvery River. I also use10Be con-
centrations in bedrock samples to quantify local erosion rates. I use a 90 m resolution
DEM to calculate a range of topographic metrics for each of the sample catchments,
including mean hillslope angle, channel steepness index, and local relief over di�erent
length scales. The quanti�ed erosion rates are evaluated in light of climatic gradients,
lithology, and topographic steepness and allow addressing several key questions with
respect to landscape evolution. This chapter has been published in Earth and Planetary
Science Letters as Mandal et al. [2015b].

Chapter 3 reports the results for apatite (U-Th-Sm)/He (AHe) thermochronometry,
combined with thermal history simulations in an attempt to determine the magnitude
and timing of the late-stage rock cooling in southern Peninsular India. This chapter has
been published in Geochemistry, Geophysics, Geosystems as Mandal et al. [2015a].

Chapter 4 reports results of the detailed geomorphologic analysis of the drainage system.
The aim is to understand disequilibrium in river pro�les of the tectonically quiescent

14



Chapter 1. Introduction

southern Peninsular India. The chapter explores how river long pro�les and river net-
works can be used as quantitative markers of the main forcing process(es) operating
in the long-term landscape evolution of southern Peninsular India. I identi�ed knick-
zones using longitudinal channel pro�les and slope-area plots. The quantitative analyses
helped mapping the spatial distribution of knickpoints and discuss their potential ori-
gin(s). This chapter has been submitted for publication in Earth Surface Processes and
Landforms.

Chapter 5 presents a synthesis of the preceding chapters, and provides insight into future
directions.
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Chapter 2

Spatial variability of 10Be-derived
erosion rates across the southern
Peninsular Indian escarpment: A
key to landscape evolution across
passive margins

Mandal, S.K., Lupker, M., Burg, J.-P., Valla, P.G., Haghipour, N., Christl,M., 2015.
Spatial variability of 10Be-derived erosion rates across the southern Peninsular Indian
escarpment: A key to landscape evolution across passive margins. Earth Planet. Sci.
Lett. 425, 154-167. https://dx.doi.org/10.1016/j.epsl.2015.05.050.

It has been reformatted for this thesis.

Keywords: Cosmogenic nuclides, catchment-averaged erosion rate, local erosion rate,
relief, southern Peninsular India, escarpment.

Abstract
The persistence of signi�cant topography in ancient, tectonically inactive orogenic belts
remains one of the outstanding questions in geomorphology. In southern Peninsular
India, the impressive topographic relief of the Western Ghat Mountains in tectonic
quiescence since at least ca. 65 Ma has raised important questions concerning the long-
term mechanism of topographic evolution. Quantifying the distribution of erosion in
space and time is critical to understanding landscape evolution. Although the long-term
erosion rates are reasonably well known, the short-term erosion rates and the relative
importance of factors controlling erosion in southern Peninsular India are less well con-
strained. We present a new suite of catchment-averaged and local erosion rates using
in situ produced 10Be concentrations in river sediments and exposed bedrock samples
in southern Peninsular India. Catchment-averaged erosion rates vary from 9.6� 0.8
m Ma�1 in the highlands to 114.3 � 13.8 m Ma�1 on the escarpment side. Bedrock
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erosion rates range from 2.4� 0.2 m Ma�1 in the ridge-top to 143.4 � 25.4 m Ma�1

in active channel beds of the highlands. Catchment-averaged erosion rates derived from
the across-escarpment, westward-draining catchments are signi�cantly higher than those
derived from the eastward-draining, over highland catchments. The di�erence indicates
that long-term down-wearing of the highland proceeds at lower rates than in the escarp-
ment zones. Catchment-averaged erosion rates are moderately correlated with mean
hillslope angles and local relief whereas they are strongly correlated with catchment-
averaged channel steepness index. This suggests that topographic steepness is the ma-
jor control on the spatial variability of erosion while strong rainfall gradient is of minor
importance in this area. 10Be-derived average erosion rates in highlands are consistent
with previous long-term erosion rate estimated from thermochronometry. These results
collectively point to large-scale steady-state topography, only decaying slowly with time.
Steady state likely re
ects the balance between erosion and isostatically driven uplift of
the southern Peninsular India.
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2.1 Introduction

The Earth's topography results from the competition between tectonic and erosive forces
[e.g., Avouac and Burov, 1996; Molnar and England, 1990; Willett, 1999]. Although tec-
tonics and erosion act in opposing directions, there may be feedbacks that couple the two
[Willett and Brandon, 2002]. Despite progress in understanding tectonics-topography-
erosion couplings, the persistence of elevated topography in many post-orogenic regions,
such as passive continental margins remains a geologic paradox [Baldwin et al., 2003;
Egholm et al., 2013; Matmon et al., 2003b; Scharf et al., 2013]. Theoretical concepts sug-
gest that mountain ranges should disappear within�100 Ma [e.g., Beaumont et al., 2000;
Tucker and Slingerland, 1994]. However, the long-term preservation of high mountains
and relief results either from changes in the erosional regime of the landscape during
the post-orogenic phase [Egholm et al., 2013], or because relief is sustained by erosion
and isostasy for much longer periods than previously assumed [e.g., Braun et al., 2014;
Champagnac et al., 2007; Matmon et al., 2003a].

The western seaboard of Peninsular India has been a passive continental margin for
�65 Ma [e.g., Chatterjee et al., 2013 and references therein]; yet the Western Ghat
Mountains (WGM) retains a high relief, with the highest elevation reaching over �2600
m a.s.l. (Figure 2.1). Like for other passive margins, the history and persistence of
this topography is a matter of debate [Gunnell and Radhakrishna, 2001 and references
therein], as to whether the high topography is in a state of quasi-equilibrium, maintained
isostatically by slow decay over geological time, or whether it has been rejuvenated
during the Neogene [Bonnet et al., 2014]. The discovery of buckle folds in the Indian
Ocean lithosphere [Beekman et al., 1996; Bull and Scrutton, 1990, 1992] has also led
to hypothesize that large-scale buckling of the Indian continental lithosphere may be
a consequence of India-Eurasia collision [M•uller et al., 2015], with high topography
signalling antiformal lithospheric buckles. Although such mechanisms should in principle
be measurable, the scarcity of geomorphic markers with which to gauge subtle, long-
wavelength deformation in the eroding upland landscapes of southern Peninsular India
makes quantitative measurements challenging.

The Western Ghat escarpment has usually been recognized as a rift shoulder being re-
shaped by post-rifting erosional processes [Campanile et al., 2008; Gunnell and Harbor,
2010]. Long-term erosion rates derived from thermochronometry and o�shore sedimen-
tary records suggest that the escarpment progressively retreated inland [Campanile et al.,
2008; Gunnell and Harbor, 2010]. However, the limited sensitivity of thermochronomet-
ric methods fails to resolve short-term erosion processes. Consequently, the spatial and
temporal evolution of erosion rates and geomorphic processes operating across the west-
ern Peninsular Indian passive margins are poorly understood. Better understanding the
escarpment evolution and the persistence of relief requires knowledge of erosion rates
over the di�erent temporal and spatial scales at which these geomorphological processes
operate. Cosmogenic nuclides, in particular in situ-produced10Be, are used to quantify
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Figure 2.1: SRTM 90 m digital elevation model [Jarvis et al., 2008] showing the topo-
graphic overview and river catchments across southern Peninsular Indian escarpment
(location in inset). Bathymetric contours based on ETOPO1 digital elevation model
(http://www.ngdc.noaa.gov/). Blue lines = main river channels. Black polygons =
sampled catchments. Thick black line = major water divide. Sampling locations shown
with circles, color-coded for sample type: white = bedrock; black = river sediment
from westward-
owing (across the escarpment) catchment; red = river sediment from
eastward-
owing (over the upland plateau) catchment. Numbers and letter-number

combinations refer to sample ID used in the main text (Table 2.1 and Table 2.2).
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millennial-scale erosion rates, providing a short-term counterpart to the thermochrono-
metric methods. Cosmogenic10Be concentrations measured from a steadily eroding
bedrock surfaces and river sediments, respectively, constrain local and catchment-wide
erosion rates on time scales ranging from�10 2 to 105 yr [Bierman and Steig, 1996; von
Blanckenburg, 2005; Brown et al., 1995; Granger et al., 1996; Lal, 1991]. Numerous
studies in recent years have used short-term erosion rate estimated from cosmogenic
nuclides to constrain the rate of landform evolution across passive margins, such as in
southeastern Australia [e.g., Heimsath et al., 2000, 2001, 2006], southern Africa [e.g.,
Bierman and Ca�ee, 2001; Bierman et al., 2014; Cockburn et al., 2000; Scharf et al.,
2013], Sri Lanka [von Blanckenburg et al., 2004; Vanacker et al., 2007] or North America
[e.g., Duxbury et al., 2015; Hancock and Kirwan, 2007; Miller et al., 2013]. These stud-
ies show that passive margin morphology and escarpment retreat processes may leave a
strong imprint on surface erosion rates, which in turn may contribute to a better under-
standing of post-orogenic landform evolution in passive margins. In southern Peninsular
India, however, the application of cosmogenic nuclides has been limited to local bedrock
erosion rates on the highlands [Gunnell et al., 2007] leaving the area spanned by the
WGM as a knowledge gap in terms of short-term erosional dynamics.

This work reports the �rst catchment-averaged erosion rates across the southern Penin-
sular Indian escarpment using cosmogenic10Be abundances in 
uvial sediments from 72
small to medium sized catchments and 5 mainstream samples collected along the Cau-
very River in addition to local erosion rates based on10Be concentrations in bedrock
samples. These erosion rates are evaluated in light of climatic gradients, lithology, and
topographic steepness and allow addressing several key questions with respect to land-
scape evolution: (1) What is the magnitude and distribution of millennial erosion rates
across the escarpment? (2) What are the main controls on landscape erosion in southern
Peninsular India? (3) How do millennial erosion rates compare with longer-term erosion
rates published in the literature? By addressing these questions and their implication
for landscape evolution, our study shows that the Western Ghat escarpment is actively
retreating and that the erosion rates are controlled by the topography rather than by
climatic gradients. Similar millennial-scale and long-term erosion rates as well as corre-
lation between millennial-scale erosion rates and topographic metrics suggest that the
southern Peninsular Indian landscape evolves in a state of quasi-equilibrium.

2.2 Study area

2.2.1 Geologic and geomorphic setting

Peninsular India was subjected to several major rifting events that led to the eventual
breakup of Gondwana during the Mesozoic [Chatterjee et al., 2013; Storey, 1995]. The
eastern margin of Peninsular India dates back to the Early Cretaceous (ca. 130 Ma),
when India separated from Antarctica [Gibbons et al., 2013; Raval and Veeraswamy,
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2003; Storey, 1995]. The western margin was formed during the Late Cretaceous sepa-
ration from Madagascar [ca. 88 Ma; Storey et al., 1995; Torsvik et al., 2000] and was
established by the ridge-jump that separated India from Seychelles Bank at ca. 65 Ma
[Collier et al., 2008; Hooper, 1990; Minshull et al., 2008]. This study focuses on the
Western Ghat Mountains and the adjoining Deccan Plateau.

Morphologically, the study area consists of a�30-80 km wide, low-lying coastal strip
separated from an elevated inland plateau by a steep, continuous escarpment between
8 and 20� N latitude, except for a �30 km wide topographic break (Palghat Gap)
between 10°300 and 11� N latitude (Figure 2.1). Quaternary sediments, alluvium, and
laterites mainly cover the coastal plains [Widdowson and Gunnell, 1999]. Thick regolith,
including saprolite and soil, mantles most of the landscape, but bare bedrock is exposed
on escarpment slopes and some hillcrests [Braun et al., 2009; Violette et al., 2010]. In
some places the landscape is characterized by deep mature, well-drained lateritic cover
overlying deep saprolite [Widdowson and Cox, 1996]. The plateau and escarpment zones
primarily consist of Precambrian metamorphic and magmatic rocks [Figure 2.2a; Naqvi
and Rogers, 1987; Ramakrishnan and Vaidyanadhan, 2010]. The upland surface contains
low relief plateaus at 600-900 m elevation, such as the Deccan and Karnataka Plateaus,
and some noticeably higher relief and elevation areas (>1500 m a.s.l.), such as the Nilgiri,
Bababudangiri, and Biligirirangan Hills (Figure 2.1).

2.2.2 Climatic and hydrologic setting

The study area experiences most rainfall during the summer monsoon, from June to
September [Grossman and Durran, 1984; Sarker, 1966]. The WGM is a barrier to south-
west winds and results in deep convection that leads to intense orographic rainfall on
the coastal plains and over the foothill region [Grossman and Durran, 1984; Gunnell,
1997; Tawde and Singh, 2014]. Rainfall amounts reach a maximum (>2000 mm a�1 )
near the toe of the escarpment and sharply decreases to<1000 mm a�1 towards the
Deccan Plateau (Figure 2.2b). Previous studies suggest that this precipitation pattern
was established by the late Miocene [e.g., Dettman et al., 2001; Gunnell, 1998a; Molnar
et al., 1993; Zhisheng et al., 2001], perhaps earlier [Clift et al., 2008; Guo et al., 2002].
The generally humid climate on the western windward side of WGM sustains a dense
tropical to subtropical forest where human in
uence is low (Figure A.1).

The WGM includes the headwaters of major rivers that 
ow eastwards or westwards
to discharge into the Bay of Bengal and the Arabian Sea, respectively. The westward-

owing rivers are relatively short (<200 km) and traverse the Western Ghat, whereas
the eastward-
owing rivers (e.g., Cauvery, Krishna, and Godavari) are >800 km long
and traverse the inland plateau (Figure 2.1).
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2.3 Data and methods

2.3.1 10Be-derived erosion rates

We measured catchment-wide and local bedrock erosion rates using in situ-produced
cosmogenic10Be concentrations from 77 river sand and 11 bedrock samples (locations
in Fig. 2.1).

2.3.1.1 Sampling strategy and analytical procedures for river sediments

River sand samples were collected from active channels in 73 catchments with upstream
areas between 1 and 5788 km2, covering a nearly continuous NW-SE and W-E transect
spanning the WGM (Figure 2.1). The sampled catchments are divided into westward-

owing ones that drain across the escarpment zone, and eastward-
owing ones that
traverse the upland (Figures 2.1, 2.2). We also collected sand samples from three loca-
tions (C1-C3) along the plateau-draining Cauvery River. An additional sample (C4) was
taken farther downstream in the eastern 
oodplain, where the Cauvery River integrates
all major tributaries and thus carries the total sediment 
ux exported from its drainage
basin (Figure 2.1). To be representative of the coarse materials carried by rivers, we
collected all sand samples either from active sandbars situated immediately adjacent
or within the active channel or by dredging from the channel bottom (e.g., SIN1333,
SIN1344, SIN1365, and SIN1373).

Sand samples were sieved to 250-1000�m prior to quartz puri�cation. To test the
grain size e�ect on 10Be concentrations, sample SIN1367 and SIN1389 were analyzed
from additional 250-400�m size fractions. Quartz was pre-concentrated from the sieved
material at the ETH Zurich following standard procedures [Hippe, 2012; Lupker et al.,
2012], including magnetic and heavy-liquid separation, repeated selective dissolutions
in H2SiF6 and HCl mixture (�2:1 ratio) and three to �ve sequential HF etchings. The
puri�ed quartz was then completely dissolved in concentrated HF (40%) after addition
of approximately 300 �g of 9Be carrier solution. Be was extracted using ion-exchange
column chromatography and pH-sensitive precipitations, following established protocols
[Ivy Ochs, 1996]. Ratios of10Be/ 9Be were measured at the upgraded ETH Zurich 0.5 MV
TANDY accelerator mass spectrometer [M•uller et al., 2010], and are reported with the
analytical 1� uncertainty in Table 2.1. The measured10Be/ 9Be ratios were normalized
to the ETH Zurich secondary standard S2007N, which has an assigned10Be/ 9Be value

Figure 2.2 (preceding page): Geologic and climatic overview of the study area. (a)
Bedrock geology after Geological Survey of India (1993). (b) Annual rainfall derived
from 0.25� spatial resolution Asian Precipitation Highly Resolved Observational Data
Integration Towards Evaluation of Water Resources (APHRODITE), Monsoon Asia,
version v1101 daily gridded data [http://www.chikyu.ac.jp/precip/; Yatagai et al.,
2012] averaged over the 1951-2007 period. Lines, circles and numbers as in Figure

2.1
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Figure 2.3: The eastward-
owing Malprabha River gorge. (a) Field photograph il-
lustrating the morphology of the Malprabha gorge carved into the quartzite bedrock
(looking northeast, upstream from sample B1; cf. Figure 2.1), (b) Pro�le of the Mal-

prabha gorge showing location of the sampling points.

of 28.1 (� 0.76) � 10�12 [Christl et al., 2013] and is in accordance with a10Be half-life
of t1=2 = 1.387 (� 0.012) � 106 yr [Chmele� et al., 2010; Korschinek et al., 2010]. An
average10Be/ 9Be blank ratio of 3.1 (� 0.23) � 10�15 (n = 17) was subtracted from the
measurements, which amounts to less than 2% of the measured value for all samples.
The uncertainty of the blank correction was propagated into the uncertainty of the
calculated erosion rates.

2.3.1.2 Sampling strategy and analytical procedures for bedrock samples

Bedrock samples were mainly collected from upland exposed surfaces along the active
channels of eastward- and westward-draining catchments and from locations visibly
marked by 
uvial abrasion (Figure 2.1). Samples were taken as far as possible from
the center of the channel to minimize chances for shielding by sediment and water.
In addition, three bedrock samples (B2-B4) were collected from the sidewall of the
eastward-draining Malprabha River gorge, and one bedrock sample (B6) was collected
from the quartzite ridge located next to the gorge (Figure 2.3). The bedrock lithology is
reported in Table 2.2. Be was extracted from the 250-710�m grain size fraction following
the same analytical procedures as for river sands and10Be/ 9Be ratios were measured at
the same accelerator mass spectrometer at ETH Zurich. The subtracted mean10Be/ 9Be
ratio for blanks was 1.7 (� 0.5) � 10�15 (n = 3). The 10Be concentrations corrected for
analytical and blank errors are presented in Table 2.2.

2.3.1.3 Calculation of erosion rates

Measured10Be concentrations were converted to catchment-averaged and local bedrock
erosion rates using the CRONUS-Earth online calculator [Balco et al., 2008] version
2.2 (http://hess.ess.washington.edu/) based on the time-dependent form of the Lal
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[1991]/Stone [2000] scaling model. The reference nucleonic10Be production rate for
this scaling scheme is 4.39� 0.37 atoms gqtz

�1 a�1 using the revised 07KNSTD stan-
dardization [Nishiizumi et al., 2007]. Results for other scaling models are given in Table
2.3, but the small di�erences have no in
uence on our conclusions. E�ective elevation,
or the production-rate weighted average elevation for individual basin, and e�ective
latitude were calculated to determine catchment-averaged erosion rates following the
procedure of Portenga and Bierman [2011] (see supplementary information in appendix
A). Where applicable, the coastal drainage area below 100 m elevation was removed from
the total catchment area because coastal plains were considered to not contribute to the
river sediment collected at the sampling site. This correction has a minimal e�ect on
the calculated erosion rates, which were calculated using a substrate density value of 2.7
g cm�3 . The topographic shielding factor of the drainage basins was determined from
the 90 m resolution SRTM DEM [Jarvis et al., 2008; http://srtm.csi.cgiar.org/] using
the formulation of Codilean [2006], based on 5� intervals in both azimuth and elevation
angles. For bedrock samples, a topographic shielding factor at each sampling site was
calculated using the CRONUS-Earth geometric calculator, based on �eld measurements
of the horizon angle at 10� increments.

2.3.2 Topographic, climatic and vegetation analysis

Slope angles for each pixel in the DEM were computed as the steepest centered di�er-
ence gradient between the eight neighboring pixels. Local relief of drainage basins was
measured as the elevation range within a moving circular window with di�erent radii
of 250 m to 5 km to account for potential scaling e�ects [DiBiase et al., 2010]. Mean
local relief, which is the average of all values within a catchment, is also a measure of
landscape steepness; it is less dependent on the quality and scale of the sampled DEM
compared to slope angles, but still remains well correlated with erosion rates at a global
scale [Montgomery and Brandon, 2002]. The catchment-averaged topographic parame-
ters are reported in Tables 2.4 and 2.5, masking out values of the coastal plain under 100
m elevation as for 10Be production rate calculations. All these topographic parameters
were derived from�90 m resolution SRTM DEM.

In most graded river pro�les, the channel steepness index,ks, relates the local slope,S,
to the upstream area,A, following equation 2.1 [Flint, 1974]:

S = ksA �� (2.1)

where� is usually referred to as the concavity index [e.g., Wobus et al., 2006]. Becauseks

and � are strongly correlated, for comparison purposes, the normalized channel steepness
index (ksn) is obtained using a reference concavity,� ref [Wobus et al., 2006]. In this work,
ksn, a practical metric for studying the relationship between spatial patterns of erosion
and topography [DiBiase et al., 2010; Ouimet et al., 2009; Scherler et al., 2014], was com-
puted using the `integral method' [Perron and Royden, 2013]. ksn was obtained after
linear regression of channel elevation as a function of�, which is the integral of channel
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distance, inversely weighted by drainage area. In this formulation, area was replaced
by discharge derived from 0.25� (�30 km) spatial resolution APHRODITE, Monsoon
Asia daily gridded data [Yatagai et al., 2012; http://www.chikyu.ac.jp/precip/] so as to
account for spatial variability in precipitation patterns across the study area. For com-
parison, ksn was also calculated using upstream drainage area only (see supplementary
information in appendix A). Drainage capture, a frequent geomorphic process along pas-
sive margin escarpments [e.g., Gunnell and Harbor, 2010; Willett et al., 2014], leads to
the eventual development of a segmented river pro�le and may violate the assumption of
Flint's law. A subset of studied catchments shows segmented river pro�les with vertical
step knickpoints [Whipple et al., 2013], but the channel pro�le analysis shows that the
segments above and below the knickpoints have similar values ofksn, hence do not a�ect
the catchment-averagedksn calculations.

We used modern mean annual precipitation as a climatic proxy across the study area.
Mean annual precipitation for each catchment (Table 2.4) was calculated using the
APHRODITE dataset averaged over the 1951-2007 period. APHRODITE data has been
shown to perform well against river gauge data in nearby monsoon regions [Andermann
et al., 2011]. Although it only covers a short, 56-year period in contrast to integration
timescale for 10Be-derived erosion rate of�10 4 yr, it was nevertheless used to capture
the �rst-order precipitation variability.

We used the enhanced vegetation index (EVI) (see appendix A) and tree cover data
of continuous �eld (VCF) collection MOD44B v005 as a biotic proxy across the study
area [Hansen et al., 2003]. Average EVI values for each catchment (Table 2.5) were
calculated using the MODIS sensor subsetted land products (MOD13Q1), collection 5,
with 250-m resolution and 16-day temporal intervals (see supplementary information
in appendix A). EVI only captures a snapshot that may not be representative of the
long-term vegetation because of recent human perturbations [Jha et al., 2000] but we
nevertheless use it as a �rst order proxy.

Finally, the percentages of outcropping rock units in each sampled catchment were ex-
tracted from the digitized 1:250000 geological quadrangle map published by the Geolog-
ical Survey of India and are reported in supporting information Table 2.4.

2.4 Results

2.4.1 Catchment-averaged erosion rates

Measured10Be concentrations and the corresponding catchment-averaged erosion rates
are summarized in Table 2.1. Samples that were analyzed in two grain-size classes,
yielded identical 10Be concentrations within uncertainty and are discussed as a single
dataset. Two observations can be drawn from the spatial pattern of millennial-scale
erosion rates (Figure 2.4a). First, catchment-averaged erosion rates vary by more than
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a factor of 12 across southern Peninsular India, from 9.6� 0.8 m Ma�1 in the Nilgiri Hills
up to 114.3 � 13.8 m Ma�1 in the Western Ghat escarpment zone. Inferred integration
timescales for these erosion rates, vary from 5.2 to 61.9 ka (Table 2.1). Second, the
mean erosion rates on the western escarpment side (48.6� 20.9 m Ma�1 , n = 47) are
signi�cantly higher than on the eastern upland side (26.4 � 13.9 m Ma�1 , n = 26),
t(67) = -5.41, p < 0.001 (Figure 2.4b). Among the westward-draining catchments, low
erosion rates (<20 m Ma�1 ) are recorded in catchments that have a rather large drainage
area in the upland plateau. Among the eastward-draining catchments, high erosion rates
(>50 m Ma �1 ) are recorded in catchments draining the eastern escarpment zone (Figure
2.4a). Finally, the catchment-averaged erosion rates of the main stream samples of the
Cauvery River span from 15.2� 1.2 to 22.6 � 1.9 m Ma�1 . Rock type does not seem
to in
uence the erosion rates (Figure 2.5).

2.4.2 Climatic gradients and erosion rates

On the catchment scale, the relation between erosion and rainfall rate is not straight-
forward (Figure 2.6a). In the three easternmost semi-arid intracratonic catchments,
where mean annual rainfall rates are<800 mm a�1 , erosion rates range from 29.0� 2.6
to 40.7 � 3.8 m Ma�1 . Moving further west towards the WGM but still in the upland
plateau, where mean annual rainfall rates are up to 3800 mm a�1 , erosion rates 
uctuate
between 10.8� 0.9 and 32.9� 2.8 m Ma�1 . On the eastern side of the Nilgiri Hills,
about 20-40 km east of the steep west-facing Western Ghat escarpment, mean annual
rainfall rates range from �900 to 1400 mm a �1 (semi-humid zone) and the erosion rates
vary from 9.6 � 0.8 to 70.1 � 7.0 m Ma�1 . Erosion rates on the wet (mean annual
rainfall rates >1500 mm a�1 ) western 
ank of the WGM are highly variable, the highest
erosion rates being recorded on the western 
ank of Nilgiri Hills. In summary, within
resolution, the erosion rates appear independent of mean annual rainfall (R2 = 0.001).

In southern Peninsular India, calculated EVI spans dimensionless values between 0.23
and 0.52, representing sparse to dense vegetation, while tree cover ranges from�4 to
71% for the same catchments (Table 2.5). EVI and tree cover increase with precipitation
but become insensitive to it where precipitation rates are>2000 mm a�1 (Figure 2.7).

2.4.3 Correlation between erosion rates and topographic parameters

Results of the topographic analysis are summarized in the supporting information Tables
2.4 and 2.5. To assess potential controls on catchment-wide erosion rates,10Be-derived
erosion rates were plotted against the topographic metrics of each catchment (Figures
2.6b-e). Erosion rates are moderately well-correlated with catchment mean slope (R2 =
0.38, p < 0.01), and mean local relief (R2 = 0.37, p < 0.01) for 5 km to 0.25 km radius
windows (Figures 2.6b, c and 2.8), suggesting that this correlation is not biased by the
scale at which relief is evaluated. For the entire dataset, the strongest correlation is found
between catchment-averaged erosion rates and catchment-averaged channel steepness
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Figure 2.5: Lithology-wise plot of 10Be-derived catchment-averaged erosion rates.
Bedrock of each catchment (Table 2.4) extracted from the geological map of Figure
2.2a and shown with di�erent symbol, color coded for catchment type as in Figure 2.1.
Error bars = uncertainty in measured 10Be concentration and in the reference nuclide

production rate for spallation and muons (see Balco et al., 2008 for details).

index, ksn as calculated taking into account the spatial variability of precipitation (R 2

= 0.74, p < 0.01; Figure 2.6d). ksn calculated using only drainage area as a proxy for
discharge results in a similar linear relationship but barely explains 30% of the variance
in erosion rates (R2 = 0.31; Figure 2.9). Finally, catchment-averaged erosion rates are
independent of drainage area (R2 = 0.006; Figure 2.6e).

The topographic and climatic metrics, such as hillslope, relief, channel steepness, and
mean annual precipitation, spatially co-vary. Therefore, to determine which one of
the topographic, climatic, and vegetation metrics are good predictors for catchment-
averaged erosion rates, we also conducted a forward stepwise multiple regression analysis.
The results are presented in Table A.1 (see Appendix A), showing that channel steepness
(ksn) is the single parameter that signi�cantly describes 75% of the variability in the
erosion rate data set. Accordingly, we conclude that the roles of precipitation and
vegetation are insigni�cant in modulating the catchment-averaged erosion rates. This
conclusion is further supported by the bivariate regression analysis (section 2.4.2).

2.4.4 10Be-derived bedrock erosion rates

Measured10Be concentrations range from (2.17� 0.40) � 104 to (147.34 � 3.45) � 104

atoms gqtz
�1 (Table 2.2), with the highest 10Be concentrations measured from a sample

collected from the ridge top (B6; Figure 2.3). The inferred bedrock erosion rates range
from 2.4 � 0.2 to 143.4� 25.4 m Ma�1 (Table 2.2; Figure 2.4a), spanning over two orders
of magnitude. Inferred integration times for these erosion rates vary from 4.1 to 254.8
ka (Table 2.2). Samples (B2-B4) collected from the gorge sidewall, record progressively
increasing 10Be concentrations towards the top, except sample B4, which may indicate
relatively deeper samples exposed by the toppling of highly fractured quartzite bedrock.
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Figure 2.6: Relationships between climatic/topographic parameters and10Be-derived
catchment-averaged erosion rates. (a) rainfall rate, (b) local relief from a 2 km radius
window, (c) catchment-averaged hillslope angle, (d) catchment-averaged normalized
channel steepness index,ksn , (e) catchment area, and (f) enhanced vegetation index
(EVI). y-axis error bars as in Figure 2.5. For clarity x-axis error bars are not shown
but given in Table 2.5. Symbols as in Figure 2.5. Thick gray line = linear least squares

�t; gray shaded areas = 95% con�dence of regression lines.

Alternatively, samples (B2-B4) record an upward increase in exposure ages as a signature
of progressive channel incision of�50 to 90 m Ma �1 . We compared our results with
published local bedrock erosion rates in the same region (Figure 2.10). The 28 measured
local bedrock erosion rates (17 from Gunnell et al., 2007 and 11 from this study) on the
upland plateau reveal important spatial variations, with channel beds eroding faster
(�30 m Ma �1 ) than the inter
uves (�20 m Ma �1 ).
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Figure 2.8: Relationships between local-relief and10Be-derived catchment-averaged
erosion rates. (a) local relief from a 5 km radius window, (b) local relief from a 1 km
radius window, (c) local relief from a 0.5 km radius window, and (d) local relief from
a 0.25 km radius window. y-axis error bars as in Figure 2.5. Symbols as in Figure
2.5. Thick gray line = linear least square �t; gray shaded areas = 95% con�dence of

regression lines.

32



Chapter 2. 10Be-derived erosion rates

100 150 200
0

20

40

60

80

100

120

140

0 50

R2 = 0.31, p < 0.01

Mean basin channel steepness index, ksn (m
0.9)

E
ro

si
on

 r
at

e 
(m

 M
a-1

)

Figure 2.9: Correlation between 10Be-derived catchment-averaged erosion rates and
normalized channel steepness index,ksn , calculated using slope-area regression method
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shaded area = 95% con�dence of regression line.

E
ro

si
on

 r
at

e 
(m

 M
a-1

)

160

140

120

100

80

60

40

20

0

A

B

C
75%

25%

mean

Figure 2.10: Interquartile range box-and-whisker plot comparing local bedrock erosion
rates with catchment-averaged erosion rates from the upland plateau. A = erosion rates
of 21 inter
uve samples; B = spatially-integrated erosion rates of 25 catchments; C =
erosion rates of 7 present-day stream bed samples. The 21 inter
uve samples include 4
samples measured in this study and 17 samples measured by Gunnell et al. [2007]. Red
lines = median value in each box; box edges at the 25th and 75th percentiles; outlier

shown as white circles.

33



Chapter 2. 10Be-derived erosion rates

2.5 Discussion

2.5.1 Potential in
uence of lithology on catchment-averaged erosion
rates

Rock mechanical and chemical strength may strongly control erosion rates [e.g., Scharf
et al., 2013] but this apparent control is not ubiquitous [e.g., Roller et al., 2012]. We
detected no relationship between lithology and erosion rates. In fact, erosion rates and
topographic metrics, such as hillslope angle, relief andksn vary substantially within each
lithological group (Figures 2.5, 2.6). If lithology a�ects 
uvial incision on a catchment
scale, harder rocks would underlain steep channels [e.g., Cyr et al., 2014; Wobus et al.,
2006]. However, we found no catchment-averagedksn value that would typify certain
rock types (Figure 2.6d). Moreover, catchments with the overall highest hillslope angles
(>15 � ) occur in di�erent areas and independent of the bedrock lithology (Figure 2.6c).
Thus, within resolution, the in
uence of lithology on the millennial-scale erosion patterns
is negligible in southern Peninsular India.

2.5.2 Potential in
uence of precipitation on catchment-averaged ero-
sion rates

Our results demonstrate that millennial-scale erosion rates in southern Peninsular India
are overall low (�115 m Ma �1 ) although the area is exposed to wet, tropical climate with
mean annual rainfall rates as high as�5000 mm a �1 . Comparison with previous studies
of similar high-relief passive margins like the highlands of Sri Lanka [von Blanckenburg
et al., 2004; Vanacker et al., 2007] and the Guyana Shield [Brown et al., 1992; Edmond
et al., 1995] corroborates the observation that low erosion rates are the rule rather
than exception, despite high rainfalls and high relief in these regions. Our10Be-derived
catchment-averaged erosion rates do not correlate with rainfall (R2 = 0.001), as found
in some studies [e.g., Ferrier et al., 2013b; Moon et al., 2011] and as would be expected
in a purely stream-power [Seidl and Dietrich, 2013] or shear stress [Howard and Kerby,
1983] model of 
uvial erosion.

Experimental and �eld-based studies suggest that rainfall-driven surface runo� or dis-
charge are not su�cient to promote bedrock erosion in steep landscapes, and that 
uvial
erosion requires su�cient bedload as abrasive agents [Jansen et al., 2011; Sklar and Di-
etrich, 2001]. Field observations show that WGM expose predominantly bare bedrock
channels with little to no sediment in the stream bed where steepness maintains trans-
port capacity in excess of sediment supply from the adjacent hillslopes [Montgomery and
Bu�ngton, 1997]. The sediment supply is further limited by low saprolite production
rates in southern Peninsular India [Braun et al., 2009]. We suggest that the low sed-
iment supply from hillslopes mainly keeps channel beds in a detachment-limited state
[Whipple and Tucker, 2002], wherein high monsoon rainfall results in either dilution of
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the bedload or complete 
ushing of sediment, reducing the overall 
uvial erosional ca-
pacity [Sklar and Dietrich, 2001]. This may explain the absence of correlation between
precipitation and erosion rates.

2.5.3 Potential in
uence of vegetation and chemical weathering on
catchment-averaged erosion rates

Vegetation cover limits erosion rates by increasing soil resistance through the binding
e�ects of roots, the formation of soil aggregates, the resistance to 
ow exerted by leaf
litter and stems, and the protection of the surface from rain splash [e.g., Dunne et al.,
1978, 2010; Gyssels and Poesen, 2003; Wainwright et al., 2000]. The vegetation e�ect
on erosion rates in westward-draining catchments could be anticipated from the dense
vegetation on the western 
ank of WGM. However, neither the vegetation proxy (EVI)
nor the tree cover within the sampled catchments show any systematic relation with
rainfall rates >2000 mm a�1 (Figures 2.6f, 2.7). Therefore, the impact of vegetation, as
captured by remote sensing products, is likely minor for the reported catchment-averaged
erosion rates.

Precipitation also in
uences the chemical weathering regime of soils and di�erential min-
eral dissolution leads to quartz enrichment prior to mobilization through stream erosion
[e.g., Riebe and Granger, 2013; Small et al., 1999]. This e�ect leads to a systematic
underestimation of erosion rates derived from cosmogenic nuclides [Riebe and Granger,
2013]. This underestimation can be important where chemical weathering rates are high
and mechanical erosion rates are low [Riebe and Granger, 2013]. Weathering rates in
tropical southern Peninsular India are low [Braun et al., 2009] and comparable to other
tectonically quiescent tropical settings [e.g., Hewawasam et al., 2013] despite having high
relief, temperature, and precipitation. Moreover, Gunnell et al. [2007] demonstrated
that the relative intensity of chemical weathering in southern Peninsular India does not
change with increasing precipitation. Therefore, the impact of potential chemical weath-
ering on the erosion rates we derived is most likely limited and relatively homogeneous
over the studied area.

2.5.4 Topographic control on catchment-averaged erosion rates

Catchment mean slope and local relief moderately correlate with catchment-averaged
erosion rates (R2 = 0.38, Figure 2.6b-c), like it has been obtained in a range of tec-
tonic settings [e.g., DiBiase et al., 2010; Montgomery and Brandon, 2002; Ouimet et al.,
2009; Scherler et al., 2014]. These studies also show that in general this linear scaling
breaks down for catchment mean slopes above 30-35� , where landslides become a domi-
nant mode of erosion because slopes exceed the threshold angle of repose. In southern
Peninsular India, however, catchment-averaged hillslope angles vary between 2� and 25�

(Figure 2.6c) and landslides are not commonly observed. This supports the moderate
linear scaling in our dataset. The linear positive correlation between hillslope angles
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Figure 2.11: Plot compares mean basin normalized channel steepness index (ksn )
against (a) slope and (b) local relief. Solid grey line = linear least squares �t; grey

shaded area = 95% con�dence of regression lines.

and channel steepness (R2 = 0.58; Figure 2.11) suggests that channels and hillslopes are
approximately coupled [e.g., Miller et al., 2013].

The channel steepness index (ksn) shows a linear correlation (R2 = 0.74) with catchment-
averaged erosion rates in the WGM and the adjoining plateaus (Figure 2.6d). Such
a scaling is predicted for river incision in a stream power framework with E� (ksn)n

[Snyder et al., 2003]. The degree of non-linearity i.e. the exponentn in the stream power
law, has been documented to vary between 1 and 3 [e.g., Lague, 2014]. In the WGM
and the adjoining Deccan Plateau, the measured erosion rates are low (<120 m Ma�1 )
and only cover the lower range of erosion rates reported from other areas where power-
law and linear scaling are indistinguishable [e.g., DiBiase et al., 2010; Ouimet et al.,
2009; Scherler et al., 2014]. The power-law scaling is mainly attributed to the combined
e�ects of a critical threshold for bed material entrainment and bedrock detachment [e.g.,
DiBiase and Whipple, 2011; DiBiase et al., 2010] In the case of the WGM, bare bedrock
channels, rare bedrock fractures [Molnar et al., 2007] and strong rainfall seasonality [e.g.,
DiBiase and Whipple, 2011] may obscure these threshold e�ects and thus explain the
apparent linear increase of erosion rates with increasing channel steepness.

2.5.5 Implications for landscape evolution in southern Peninsular In-
dia

The catchment-averaged erosion rates from southern Peninsular India show that catch-
ments draining the escarpment zone are eroding, on average, twice faster than the adja-
cent upland draining ones (Figure 2.4). Enhanced erosion rates in the escarpment zone
is also witnessed across other passive continental margins [e.g., Barreto et al., 2013; Bier-
man and Ca�ee, 2001; Heimsath et al., 2006; Salgado et al., 2014; Vanacker et al., 2007].
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This characteristic is ascribed to the slow propagation of erosional fronts into the inland
plateau. The average erosion rates of the escarpment- and plateau-draining catchments
in southern Peninsular India contrast with the comparatively lower millennial-scale ero-
sion rates inferred across other passive margin escarpments worldwide: in Australia,
Heimsath et al. [2006] reported erosion rates of�35 m Ma �1 in the escarpment front
and �15 m Ma �1 in the highland; in Namibia, Bierman and Ca�ee [2001] reported ero-
sion rates of 16 m Ma�1 in the in the escarpment front �5 m Ma �1 in the highlands;
in Sri Lanka, erosion rates of�26-71 m Ma �1 and �4 m Ma �1 have been reported by
Vanacker et al. [2007] in the escarpment front and highland, respectively. These dif-
ferences suggests that the ca. 65 Ma Western Ghat escarpment is being worn down at
a higher rate than other escarpments. O�shore sedimentary sequences bordering the
South Atlantic passive margins suggest that the primary escarpment morphology has a
�nite life time of 30 to 40 Ma [Coward et al., 1999]. Hence, the Western Ghat escarpment
is less mature than the �130-120 Ma Sri Lankan and �140-130 Ma Brazilian escarp-
ments, which may sustain higher erosion rates. However, globally other factors such as
lithology [e.g., Scharf et al., 2013], climate [e.g., Colberg and Anders, 2014], bedrock
structure and drainage integration [e.g., Gunnell and Harbor, 2010; Willett et al., 2014]
may engender such apparent variability in erosion rates.

Erosion is expected to be concentrated in retreating escarpment zones [e.g., Gilchrist
et al., 1994; Ollier, 1985b; Tucker and Slingerland, 1994]. In the WGM, we noticed
that several westward-
owing catchments (e.g., catchments 20, 24, 39, 46, and 47) yield
erosion rates exceptionally lower (area-weighted mean of 14.8� 2.5 m Ma�1 ) than the
other westward-
owing catchments. The water divide of these catchments is located
tens of kilometers inland of the escarpment rim, on the low-relief plateau, and their low
ksn and hillslope angles are nearly identical to those of the eastward-
owing catchments.
An explanation may be that these anomalous catchment areas were once associated
with the larger highland-draining catchments whose headwaters have been subsequently
captured by the escarpment-draining (westward-
owing) rivers. This observation points
out that escarpment retreat is not a continuous and progressive advance of the drainage
divide, but is instead associated with discrete drainage captures and subsequent jumps
of the water divide [Gunnell and Harbor, 2010]. Long-term bedrock channel incision is
a mechanism that sets the pace of erosion, as channels propagate headwards into the
plateau [Tucker and Slingerland, 1994]. Stream capture and drainage reorganization can
rapidly lower local base levels [e.g., Gunnell and Harbor, 2010; Willett et al., 2014] and
may drive long-term transient incision waves, albeit slowly. Feedbacks between erosional
unloading and isostatically-driven `passive' uplift may also maintain continuous base-
level lowering, as has been suggested in other passive margins [e.g., Bierman et al.,
2014].

Regional apatite �ssion track (AFT) analysis suggests that, during the Early Cenozoic,
the western seaboard of southern Peninsular India was eroding faster (>100 m Ma�1 )
than the adjacent upland areas (<30 m Ma �1 ) and that erosion rates were reduced and
more spatially-uniform (�20 m Ma �1 ) since possibly Late Eocene ca. 40 Ma [Gunnell
et al., 2003]. However, the timing and magnitude of erosion inferred from modelling of
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AFT data depends largely on assumptions. Moreover, AFT studies have only limited
resolution to quantify the recent erosion rates, whilst long-term average erosion rates are
not necessarily relevant to late-stage evolution of slowly-eroding landscapes [e.g., Herman
et al., 2013]. Yet, AFT-derived long-term mean erosion rates of the upland plateau [15-
20 m Ma�1 ; Gunnell et al., 2007] broadly agree with our10Be-derived average millennial
erosion rates (area-weighted mean of 30.8� 8.5 m Ma�1 ). This agreement suggests that
the topography has reached an erosional steady-state [cf., Willett and Brandon, 2002]
on timescales longer than�10 4 yr, which would re
ect long-term dynamic equilibrium
with rock uplift [Hack, 1960]. The already discussed correlation between10Be-derived
erosion rates andksn, strengthens this assertion because such a relationship is expected
for landscapes in equilibrium with respect to external forcing factors [e.g., Kirby and
Whipple, 2012; Snyder et al., 2003]. We note that the absence of correlation between
erosion rate and precipitation in such a steady-state system, as is the case in the WGM,
may also be expected [e.g., Moon et al., 2011].

Erosional steady state supports the view that relative tectonic stability has prevailed
across southern Peninsular India throughout the Cenozoic with a relatively constant
uplift [Gunnell and Radhakrishna, 2001]. Factors proposed to drive uplift in passive
margins range from isostatic response of a thick crustal root [e.g., Stephenson, 1984],
to mantle dynamics [e.g., Lithgow-Bertelloni and Silver, 1998], and mantle plumes [e.g.,
White and McKenzie, 1989a]. Uplift generated by mantle plume is a transient feature
and dissipates after the plume has passed [e.g., Saunders et al., 2007], which seems
incompatible with long-lasting erosional steady state. However, since isostatic responses
to erosion are able to maintain dynamic equilibrium [e.g., Braun et al., 2014; Hack,
1960; Matmon et al., 2003a] and since the region has a relatively thick (ca. 37-45
km) continental crust [e.g., Singh et al., 2015], we surmise that these responses are the
dominant source of uplift in the tectonically quiescent southern Peninsular India, like
in other passive margins such as southern Africa [e.g., Bierman et al., 2014] and North
America [e.g., Matmon et al., 2003a]. Additional contributions from mantle dynamics
[Becker and Faccenna, 2011] cannot be excluded but require more investigation. We
decipher no evidence of accelerated and focused erosion to corroborate antiformal uplift
in Late Oligocene to Recent times due to lithospheric buckling [M•uller et al., 2015].
However, remembering that Neogene folds in the southeast Indian Ocean have grown
by less than a few hundred meters [e.g., Bull and Scrutton, 1990, 1992] over the last
�8 Ma [Curray and Munasinghe, 1989], a comparatively slow lithospheric buckling of
continental Peninsular India would be largely unrecorded in the10Be-derived millennial-
scale erosion rates. Thus, the topography uplifted by buckling remains consistent with
millennial-scale erosion rates nearly matching long-term exhumation rates.

Our measured catchment-wide erosion rates are lowest (9.6� 0.8 m Ma�1 ) in the Nilgiri
Hills, despite high relief. They are compatible with AFT-derived erosion rate (9-15
m Ma�1 ) on the same area [Gunnell et al., 2007], indicating that the landscape in
the Nilgiri Hills is remarkably stable and experiences long-term slow erosion, like for
the central highlands of Sri Lanka [von Blanckenburg et al., 2004; Hewawasam et al.,
2013]. The contemporary landscapes of both regions have similar relief and analogous
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climatic and lithological conditions even though they have di�erent post-rifting histories,
highlighting that elevated topography is no surrogate for rapid tectonics [Kale et al.,
2014]. The Nilgiri Hills, therefore, add to the growing number of examples of long-lived
post-orogenic high topography [e.g., Matmon et al., 2003b; Scharf et al., 2013]. However,
the origin of high topography and relief of the Nilgiri Hills remains problematic; more
investigation is required to understand the potential contributions of rift 
ank uplift,
crustal root buoyancy and isostatic response to erosion.

Local erosion rate estimates from the upland plateau indicate that the stream channel
are eroding on average faster (average = 102.6 m Ma�1 ) than the inter
uves (average
= 5.8 m Ma �1 ; Figure 2.10), however they contrast markedly with mean catchment-
averaged erosion rates (�30.8 m Ma �1 ) of the same region. Except the Nilgiri Hills,
all catchment-averaged erosion rates exhibit high values than local inter
uves erosion
rates, but considerably low values than bedrock channel erosion rates. Bedrocks from
the inter
uves were mainly sampled from surfaces located tens of meters above the
surrounding soil-mantled surfaces that indicates a marked decoupling between erosional
processes on these elevated surfaces and on the surrounding plateau [e.g., Gunnell et al.,
2007]. Conversely, the high bedrock channel erosion rates can be attributed to active and
episodic bedrock abrasion that depends on both the bedrock erodibility and hydrological
regime. Relatively young 
uvial surfaces result in apparently high local erosion rates
biased by the sample locations. Nevertheless, the discrepancy between local inter
uves
erosion rates and mean catchment-averaged erosion rates reinforces the idea of local
disequilibrium conditions [e.g., Meyer et al., 2010] in an otherwise broad and long-lived
steady-state landscape that we propose in southern Peninsular India and can explain the
local high elevation and relief surfaces in the overall low-relief inland plateau. This scale-
dependency would have important implications for studies quantifying spatial/temporal
erosion variability as well as for understanding their potential triggering mechanisms in
slowly-evolving landscapes of passive margin environments.

2.6 Conclusions

This study provides a new dataset of 77 catchment-wide and 11 local bedrock erosion
rates from the southern Peninsular India derived using in situ produced10Be concen-
trations. Our analysis combines erosion rates, �eld observations, topographic metrics,
precipitation, and vegetation analysis to reach the following conclusions:

1. Catchment-wide erosion rates in the highland vary between 9.6� 0.8 and 70.1�
7.0 m Ma�1 (with a mean of 26.4 � 14.0 m Ma�1 ). The lowest erosion rate is
obtained from the �2600 m high Nilgiri Hills, indicating the remarkably stable
landscape.

2. Erosion rates of the westward-
owing catchments range from 12.2� 1.0 to 114.3
� 13.8 m Ma�1 (with a mean of 48.6 � 20.9 m Ma�1 ). The lowest erosion rates
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(<20 m Ma �1 ) are associated with catchments characterized by gentle channel
gradients located above the escarpment rim. These catchments erode at similar
low rates as other eastward-draining catchments in the highland, suggesting that
long-term down-wearing of the highland surface proceeds at low rates compared
to the escarpment zones. An approximately two-fold di�erence in mean erosion
rates between the plateau and escarpment sides, suggests the ongoing escarpment
retreat.

3. Erosion rates scale linearly but to varying degrees of linearity with catchment-
averaged values of hillslope angles, local relief, and normalized channel steepness
indices. Strong climatic gradients denoting twofold to threefold di�erences in rain-
fall do not a�ect signi�cantly erosion rates. Lithological variation does not in
u-
ence millennial erosion rates either.

4. Millennial-scale erosion rates determined from cosmogenic10Be inventories agree
broadly with long-term erosion rates estimated using thermochronometry, suggest-
ing steady erosion rate for ca. 40 Ma in the upland plateau. In southern Peninsular
India relatively steady post-orogenic erosion rate probably re
ects a balance be-
tween isostatically driven uplift and erosion, consistent with models of slow decay
of post-orogenic topography. The bedrock erosion rate data nevertheless suggests
local and short-term disequilibrium in the overall steady-state erosional system,
providing an explanation for locally high standing surfaces in the highlands.
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Table 2.1: Summary of measured10Be concentrations and calculated catchment-averaged erosion rates

Sample ID
Sample
latitude

( � N)

Sample
longitude

( � E)

Mean
basin

latitude *

( � N)

Mean
basin
longi-
tude *

( � E)

Mean
basin

elevation
(m)

E�ective
basin el-
evation *

(m)

Mean basin
topographic

shielding
factor §

10 Be
concentration ¶ �
1� (�10 4 atoms

gqtz
�1 yr �1 )

Surface
production rate †

(atoms gqtz
�1

yr �1 )

Erosion rate **

(m Ma �1 )
Integration
time „„ (ka)

Spallogenic Muogenic

Westward-draining catchments:
SIN1344 1 10.8389 76.0223 10.7383 76.6715 294 356 0.9989 10.429� 0.75 3.59 0.21 40.72� 3.95 14.55
SIN1326 2 10.7030 76.5736 10.9140 76.5954 703 738 0.9914 5.415� 0.72 4.72 0.23 94.58� 14.24 6.27
SIN1328 3 10.9640 76.5546 10.9545 76.5859 728 813 0.9895 4.654� 0.48 4.98 0.24 114.28� 13.82 5.19
SIN1345 4 10.7512 76.4348 10.6928 76.9014 398 465 0.9988 12.853� 0.81 3.89 0.21 34.54� 3.12 17.16
SIN1346 5 10.7009 76.4358 10.5950 76.6068 191 216 0.9985 8.652� 0.76 3.24 0.20 45.84� 5.05 12.93
SIN1348 6 10.9917 76.4440 11.1021 76.4506 961 1074 0.9966 8.470� 0.71 6.08 0.26 72.04� 7.64 8.23
SIN1333 7 11.2066 75.8641 11.3442 76.2062 483 624 0.9976 8.821� 0.71 4.40 0.22 55.21� 5.72 10.73
SIN1330 8 11.2890 76.3074 11.3014 76.4584 1132 1324 0.9920 8.670� 0.99 7.19 0.28 79.76� 10.63 7.43
SIN1331 9 11.4070 76.2507 11.4988 76.2140 795 856 0.9975 8.225� 0.70 5.22 0.24 66.63� 7.15 8.89
SIN1332 10 11.3473 76.2947 11.4287 76.4155 791 915 0.9982 11.009� 0.74 5.44 0.25 51.38� 4.79 11.53
SIN1350 11 11.4120 76.0106 11.4648 76.0449 556 659 0.9967 7.435� 0.66 4.53 0.23 66.73� 7.32 8.88
SIN1351 12 11.3913 76.0130 11.4351 76.0820 809 925 0.9921 7.184� 0.84 5.43 0.25 78.60� 10.63 7.54
SIN1407 13 11.1633 76.3880 11.1633 76.3880 552 594 0.9954 8.482� 0.48 4.28 0.22 51.45� 4.36 11.52
SIN1410 14 11.7267 75.8164 11.7267 75.8164 707 716 0.9935 7.790� 1.08 4.70 0.23 59.70� 9.40 9.93
SIN1411 15 11.7228 75.8020 11.7228 75.8020 592 614 0.9959 12.639� 1.10 4.38 0.22 34.96� 3.88 16.95
SIN1412 16 11.7082 75.8285 11.7082 75.8285 721 744 0.9952 11.320� 1.06 4.81 0.23 41.75� 4.85 14.19
SIN1413 17 11.6704 75.8333 11.6704 75.8333 452 522 0.9968 10.887� 1.13 4.09 0.22 38.62� 4.84 15.34
SIN1415 18 11.7575 75.7566 11.7575 75.7566 369 403 0.9978 11.263� 3.17 3.76 0.21 35.03� 11.37 16.92
SIN1416 19 11.7756 75.7868 11.7756 75.7868 554 575 0.9966 10.909� 0.60 4.26 0.22 39.72� 3.36 14.92
SIN1417 20 12.1206 75.7655 12.1206 75.7655 612 632 0.9985 23.697� 3.02 4.46 0.23 18.46� 2.83 32.10
SIN1418 21 12.1360 75.7875 12.1360 75.7875 851 854 0.9988 11.112� 0.57 5.25 0.24 45.23� 3.71 13.10
SIN1419 22 11.8738 75.7669 11.8738 75.7669 267 287 0.9990 10.656� 0.60 3.46 0.20 34.94� 2.99 16.96
SIN1421 23 11.8662 75.9119 11.8662 75.9119 732 756 0.9973 10.723� 0.56 4.87 0.23 44.47� 3.67 13.33
SIN1424 24 12.0025 75.9023 12.0025 75.9023 910 915 0.9994 26.120� 1.16 5.48 0.25 19.66� 1.62 30.14
SIN1429 25 12.3190 75.4559 12.3190 75.4559 483 526 0.9979 9.709� 0.49 4.14 0.22 43.69� 3.54 13.56
SIN1428 26 12.3728 75.3631 12.3728 75.3631 396 423 0.9983 11.537� 0.57 3.84 0.21 34.88� 2.82 16.99
SIN1430 27 12.4531 75.6417 12.4531 75.6417 732 761 0.9985 6.943� 0.50 4.92 0.23 69.02� 6.62 8.59
SIN1359 28 12.5845 75.5030 12.5686 75.5520 322 329 0.9992 10.363� 0.68 3.60 0.20 40.55� 3.72 15.99
SIN1427 29 12.4261 75.4552 12.4261 75.4552 729 752 0.9985 9.437� 0.54 4.89 0.23 50.52� 4.32 11.73
SIN1365 30 12.7098 75.4695 12.6704 75.6160 443 492 0.9989 9.031� 0.67 4.06 0.22 50.85� 4.98 11.65
SIN1361 31 12.7098 75.4695 12.6704 75.6160 443 492 0.9989 9.031� 0.67 4.06 0.22 50.85� 4.98 11.65
SIN1362 32 12.7566 75.4401 12.8587 75.6123 585 630 0.9991 8.010� 0.52 4.51 0.23 61 55� 5.55 9.63

|{Continued on next page
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Table 2.1| Continued from previous page

Sample ID
Sample
latitude

( � N)

Sample
longitude

( � E)

Mean
basin

latitude *

( � N)

Mean
basin
longi-
tude *

( � E)

Mean
basin

elevation
(m)

E�ective
basin el-
evation *

(m)

Mean basin
topographic

shielding
factor §

10 Be
concentration ¶ �
1� (�10 4 atoms

gqtz
�1 yr �1 )

Surface pro-
duction rate †

(atoms gqtz
�1

yr �1 )

Erosion rate **

(m Ma �1 )
Integration
time „„ (ka)

Spallogenic Muogenic

SIN1363 33 12.8373 75.2663 12.9895 75.3918 326 376 0.9987 5.767� 0.53 3.75 0.21 75.71� 8.43 7.83
SIN1367 34 12.8833 75.4181 12.9497 75.5164 484 526 0.9980 7.050� 0.65 4.18 0.22 66.46� 7.50 8.92
SIN1367…… 7.664 � 1.01 61.14 � 9.21 9.69
SIN1368 35 12.9295 75.4067 13.0276 75.4590 487 542 0.9986 7.050� 0.50 4.23 0.22 67.06� 6.37 8.84
SIN1369 36 12.9638 75.3649 13.0828 75.3625 380 434 0.9969 7.725� 0.66 3.92 0.21 57.91� 6.20 10.23
SIN1432 37 13.0933 75.2341 13.0933 75.2341 527 595 0.9980 7.015� 0.41 4.40 0.22 63.13� 5.37 9.39
SIN1376 38 13.4612 74.8311 13.4796 75.0117 265 300 0.9986 12.188� 0.60 3.57 0.20 34.12� 2.76 17.37
SIN1379 39 13.4731 75.0358 13.4441 75.0953 478 509 0.9975 19.896� 1.82 4.16 0.22 22.95� 2.69 25.82
SIN1380 40 13.5069 75.0212 13.5368 75.0352 297 321 0.9978 13.345� 0.92 3.63 0.20 31.54� 3.03 18.79
SIN1433 41 13.1952 75.1435 13.1952 75.1435 349 382 0.9986 9.023� 0.53 3.77 0.21 44.04� 3.79 13.45
SIN1435 42 13.2657 75.1261 13.2657 75.1261 491 518 0.9977 10.225� 0.52 4.16 0.22 41.67� 3.40 14.22
SIN1436 43 13.3690 75.0511 13.3690 75.0511 297 319 0.9983 10.948� 0.96 3.61 0.20 35.16� 3.93 16.85
SIN1440 44 13.8120 74.8680 13.8120 74.8680 280 306 0.9975 17.243� 0.81 3.59 0.20 21.77� 1.78 27.22
SIN1443 45 14.4508 74.7795 14.4508 74.7795 543 543 0.9997 15.609� 0.71 4.32 0.22 27.66� 2.20 21.42
SIN1373 46 14.6001 74.3844 14.9373 74.8362 497 508 0.9998 28.710� 1.22 4.24 0.22 15.84� 1.29 37.41
SIN1374 47 14.8908 74.7874 15.0914 74.9817 577 579 1.0000 38.211� 1.62 4.47 0.22 12.19� 1.02 48.61
Eastward-draining catchments:
SIN1401 48 11.4963 76.5470 11.4963 76.5470 1533 1626 0.9993 34.372� 1.73 8.92 0.31 22.20� 1.95 26.69
SIN1310 49 11.6181 76.5908 11.6394 76.5407 1014 1015 1.0000 37.148� 1.58 5.87 0.25 15.90� 1.32 37.27
SIN1311 50 11.5100 76.6973 11.4474 76.6700 2051 2072 0.9990 63.394� 1.86 11.90 0.35 16.94� 1.36 34.98
SIN1323 51 11.2933 76.8926 11.1861 76.6783 1159 1288 0.9979 23.958� 1.23 7.07 0.28 28.82� 2.47 20.56
SIN1320 52 11.2826 76.6551 11.3305 76.6309 2098 2104 0.9992 112.884� 2.99 12.12 0.36 9.57� 0.79 61.92
SIN1322 53 11.3384 76.8813 11.3899 76.8481 1616 1665 0.9966 77.526� 2.68 9.15 0.31 10.88� 0.91 54.47
SIN1337 54 10.9719 76.6551 10.9804 76.6686 1096 1102 0.9971 8.835� 0.67 6.19 0.26 70.08� 6.98 8.46
SIN1402 55 11.3567 76.7759 13.3567 76.7759 1821 1854 0.9971 32.786� 1.98 10.32 0.33 26.32� 2.48 22.51
SIN1405 56 11.1548 76.5074 11.1548 76.5074 1551 1640 0.9973 19.708� 1.11 8.95 0.31 38.62� 3.45 15.34
SIN1353 57 11.8645 76.1429 11.7284 76.0381 837 845 0.9996 26.297� 1.27 5.20 0.24 20.58� 1.73 28.79
SIN1409 58 11.5695 76.0204 11.5695 76.0204 931 949 0.9991 21.527� 1.26 5.58 0.25 24.39� 2.21 24.30
SIN1422 59 11.8231 75.8312 11.8231 76.8312 828 830 0.9997 32.340� 3.67 5.14 0.24 14.98� 2.11 39.56
SIN1423 60 11.8562 76.0375 11.8562 76.0375 844 848 0.9997 33.117� 1.46 5.21 0.24 14.76� 1.23 40.15
SIN1354 61 12.4868 75.7945 12.4946 75.7204 1092 1096 0.9996 21.062� 1.09 6.27 0.26 29.78� 2.54 19.90
SIN1356 62 12.4802 75.7570 12.4755 75.7085 1076 1079 0.9997 21.022� 1.07 6.20 0.26 29.64� 2.51 19.99
SIN1357 63 12.4516 75.7121 12.4446 75.7092 1141 1142 0.9999 27.447� 1.35 6.48 0.26 23.47� 2.00 25.25

|{Continued on next page
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Table 2.1| Continued from previous page

Sample ID
Sample
latitude

( � N)

Sample
longitude

( � E)

Mean
basin

latitude *

( � N)

Mean
basin
longi-
tude *

( � E)

Mean
basin

elevation
(m)

E�ective
basin el-
evation *

(m)

Mean basin
topographic

shielding
factor §

10 Be
concentration ¶ �
1� (�10 4 atoms

gqtz
�1 yr �1 )

Surface pro-
duction rate †

(atoms gqtz
�1

yr �1 )

Erosion rate **

(m Ma �1 )
Integration
time „„ (ka)

Spallogenic Muogenic

SIN1358 64 12.3842 75.5329 12.3994 75.5167 1015 1019 0.9994 18.327� 0.94 5.93 0.25 32.88� 2.77 18.02
SIN1371 65 12.9468 75.7935 13.0562 75.6703 974 976 0.9999 28.744� 1.27 5.80 0.25 20.47� 1.68 28.95
SIN1301 66 12.2892 77.4333 12.8403 77.4458 805 810 0.9999 14.195� 0.87 5.14 0.24 38.08� 3.42 15.56
SIN1385 67 12.1214 77.7825 12.4021 77.8660 741 757 0.9996 12.851� 0.83 4.92 0.23 40.70� 3.75 14.56
SIN1388 68 11.9537 77.6490 11.8347 77.4280 766 784 0.9988 18.180� 1.07 4.98 0.24 29.01� 2.59 20.43
SIN1403 69 10.9443 76.7148 10.9443 76.7148 752 797 0.9961 8.493� 0.85 4.95 0.24 56.92� 6.88 10.41
SIN1437 70 13.2221 75.1870 13.2221 75.1870 932 932 0.9999 47.135� 1.53 5.63 0.25 10.80� 0.86 54.87
SIN1438 71 13.2041 75.2219 13.2041 75.2219 1047 1061 0.9992 34.569� 1.33 6.18 0.26 16.14� 1.30 36.72
SIN1439 72 13.3221 75.1599 13.3221 75.1599 814 819 0.9995 23.765� 0.79 5.20 0.24 20.67� 1.56 28.67
Cauvery main-stream samples:
SIN1355 73 12.4483 75.9704 12.3244 75.7501 958 963 0.9998 23.930� 1.25 5.70 0.25 24.36� 2.10 24.33
SIN1308 C1 12.2915 77.1692 12.3324 76.3243 857 864 0.9999 35.696� 1.34 5.31 0.24 15.20� 1.21 38.99
SIN1303 C2 12.2810 77.4359 12.5419 76.6119 828 833 0.9999 31.075� 1.41 5.20 0.24 22.26� 1.90 26.62
SIN1389 C3 11.9738 77.6773 12.5147 76.7166 815 823 0.9999 24.233� 1.24 5.16 0.24 22.26� 1.90 26.62
SIN1389…… 23.043 � 1.01 23.45 � 1.89 25.27
SIN1390 C4 10.9566 78.3535 11.9458 77.0708 679 728 0.9996 22.638� 1.08 4.79 0.23 22.56� 1.87 26.27

* Mean Basin latitude, mean basin longitude, and e�ective basin elevation were calculated as per Portenga and Bierman [2011]. These were the coordinates and
elevations entered into the CRONUS-Earth online calculator (http://hess.ess.washington.edu/).

§Catchment-averaged topographic shielding factor determined from the 90 m SRTM DEM using the algorithm of Codilean [2006] based on 5 � intervals in both azimuth
and elevation angles.

¶ Measured 10 Be concentration corrected for the blank. Propagated errors (1 � ) include the analytical uncertainties in the measured nuclide concentrations and the error
of the blank.

†Production rate according to time-dependent scaling model of Lal [1991]/Stone [2000], see details in Balco et al. [2008].
** Catchment-averaged erosion rate (with units L/T) based on the time-dependent production rate scaling model of Lal [1991]/Stone [2000]. The reported uncertainty

(external uncertainty) includes the measured errors from the counting statistics and the blank correction, as well as production rate and scaling uncertainties.
„„ Erosion rates averaged over the time to erode one e-folding penetration length of 10 Be production by neutron spallation [�60 cm in rock; von Blanckenburg, 2005].
……Replicate sample of SIN1367 and SIN1389, grain size of 250-400�m.
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Table 2.2: Summary of cosmogenic10Be analytical and derived erosion rate data of bedrocks

Sample ID Lithology * Geomorphic
setting

T „ Latitude
( � N)

Longitude
( � E)

Elevation
(m)

10 Be
concentration …

� 1� (� 104

atoms gqtz
�1 )

Topographic
shielding
factor §

Production rate ¶

(atoms gqtz
�1

yr �1 )

Erosion rate †

(m Ma �1 )
Integration
time (ka)

Spallogenic Muogenic

IN-02-2012 B1 Quartzite Stream bed 6.5 15.8227 75.0988 600 14.177� 0.824 0.9130 0.22 4.18 29.47� 2.59 20.49
IN-03-2012 B2 Quartzite Gorge sidewall 9.2 15.8228 75.0988 603 30.823� 1.226 0.9130 0.22 4.18 12.81� 1.04 47.13
IN-04-2012 B3 Quartzite Gorge sidewall 8 15.8228 75.0988 606 62.117� 2.010 0.9005 0.22 4.14 5.84� 0.49 103.39
IN-05-2012 B4 Quartzite Gorge Sidewall 8.5 15.8224 75.0989 627 19.501� 0.825 0.7838 0.22 3.66 19.13� 1.50 31.56
IN-06-2012 B5 Quartzite Ridge 8.5 15.8216 75.0986 654 147.340� 3.452 1 0.22 4.76 2.37 � 0.22 254.76
IN-07-2012 B6 Vein quartz Stream bed 4 14.9504 74.5844 124 2.173� 0.396 0.5578 0.19 1.79 129.85� 26.19 4.65
IN-11-2012 B7 Gneiss Stream bed 3.4 14.2307 74.8121 473 3.597� 0.517 0.9921 0.21 4.06 115.49� 18.50 5.13
IN-17-2012 B8 Charnockite Stream bed 5.5 12.4561 75.7151 1096 4.568� 0.654 0.6995 0.26 4.39 96.99� 15.49 6.11
IN-14-2012 B9 Charnockite Stream bed 3 12.2064 75.6737 952 6.770� 0.924 0.9485 0.25 5.35 74.38� 11.49 7.97
IN-18-2012 B10 Charnockite Stream bed 4.5 12.2908 77.1702 603 3.375� 0.565 0.9895 0.22 4.34 128.36� 23.63 4.62
SIN1305 B11 Charnockite Stream bed 5 12.2590 77.4476 344 2.805� 0.42 0.9586 0.20 3.48 143.39� 25.38 4.13

* Sample B1-B6 have a bulk density of 2.65 g cm�3 and sample B7-B11 have a bulk density of 2.70 g cm�3 .
„ Average sample thickness (cm).
…In situ produced cosmogenic nuclide concentrations based on sample mass and10 Be/ 9Be ratios. The subtracted average laboratory process blank 10 Be/ 9Be ratios are

1.7 � (0.5) �10 �15 (for sample B1-B10) and 3.1 � (0.23) �10 �15 (for sample B11).
§Topographic shielding factor at each sampling site was calculated using the CRONUS-Earth geometric calculator [Balco et al., 2008], based on �eld measurements of

the horizon angle at 10� increments.
¶ Production rate according to Lal [1991]/Stone [2000] scaling model.
†Erosion rate according to time-dependent Lal [1991]/Stone [2000] scaling, see details in Balco et al. [2008].
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Table 2.3 : E�ect of production rate on 10Be-derived catchment-averaged erosion
rates

Sample Basin ID Erosion rate (m Ma �1 ) as calculated by production rate scaling model after …

St De Du Li Lm

SIN1344 1 38.07 � 3.73 38.50 � 4.21 38.87 � 4.25 38.54 � 3.93 40.72 � 3.95
SIN1326 2 92.49 � 13.98 90.25 � 14.32 91.21 � 14.47 90.44 � 13.90 94.58 � 14.24
SIN1328 3 112.60 � 13.69 109.12 � 14.27 110.37 � 14.43 109.35 � 13.63 114.28 � 13.82
SIN1345 4 31.87 � 2.91 32.74 � 3.43 32.97 � 3.45 32.75 � 3.15 34.54 � 3.12
SIN1346 5 43.26 � 4.80 43.20 � 5.19 43.72 � 5.25 43.28 � 4.94 45.84 � 5.05
SIN1348 6 69.46 � 7.42 69.35 � 8.29 69.48 � 8.29 69.24 � 7.70 72.04 � 7.64
SIN1333 7 52.55 � 5.48 52.53 � 6.08 52.95 � 6.12 52.62 � 5.70 55.21 � 5.72
SIN1330 8 77.32 � 10.35 77.19 � 11.20 77.03 � 11.16 76.90 � 10.60 79.76 � 10.63
SIN1331 9 64.08 � 6.92 63.72 � 7.63 64.07 � 7.66 63.78 � 7.15 66.63 � 7.15
SIN1332 10 48.57 � 4.57 49.27 � 5.34 49.38 � 5.34 49.25 � 4.89 51.38 � 4.79
SIN1350 11 64.24 � 7.09 63.50 � 7.68 64.07 � 7.74 63.65 � 7.26 66.73 � 7.32
SIN1351 12 76.26 � 10.36 75.25 � 10.93 75.69 � 10.99 75.30 � 10.47 78.60 � 10.63
SIN1407 13 48.74 � 4.17 48.94 � 4.85 49.33 � 4.88 49.02 � 4.43 51.45 � 4.36
SIN1410 14 57.12 � 9.03 56.85 � 9.44 57.27 � 9.50 56.97 � 9.16 59.70 � 9.40
SIN1411 15 32.30 � 3.61 33.17 � 4.11 33.37 � 4.13 33.23 � 3.86 34.96 � 3.88
SIN1412 16 38.99 � 4.56 39.79 � 5.11 39.97 � 5.13 39.84 � 4.82 41.75 � 4.85
SIN1413 17 35.97 � 4.54 36.56 � 4.98 36.85 � 5.01 36.64 � 4.75 38.62 � 4.84
SIN1415 18 32.48 � 10.60 33.02 � 10.90 33.33 � 10.99 33.10 � 10.84 35.03 � 11.37
SIN1416 19 37.04 � 3.16 37.65 � 3.76 37.93 � 3.78 37.73 � 3.42 39.72 � 3.36
SIN1417 20 16.34 � 2.53 17.44 � 2.88 17.51 � 2.88 17.47 � 2.76 18.46 � 2.83
SIN1418 21 42.47 � 3.52 43.18 � 4.27 43.33 � 4.27 43.24 � 3.84 45.23 � 3.71
SIN1419 22 32.47 � 2.80 32.79 � 3.26 33.16 � 3.29 32.89 � 2.99 34.94 � 2.99
SIN1421 23 41.72 � 3.47 42.38 � 4.18 42.58 � 4.19 42.44 � 3.77 44.47 � 3.67
SIN1424 24 17.39 � 1.45 18.79 � 1.94 18.75 � 1.92 18.79 � 1.70 19.66 � 1.62
SIN1429 25 41.08 � 3.36 41.28 � 3.97 41.67 � 4.00 41.43 � 3.6 43.69 � 3.54
SIN1428 26 32.35 � 2.64 32.81 � 3.15 33.14 � 3.18 32.93 � 2.86 34.88 � 2.82
SIN1430 27 66.68 � 6.44 65.59 � 7.14 66.13 � 7.20 65.80 � 6.64 69.02 � 6.62
SIN1359 28 38.06 � 3.52 38.04 � 3.98 38.50 � 4.02 38.21 � 3.70 40.55 � 3.72
SIN1427 29 47.87 � 4.13 48.03 � 4.84 48.34 � 4.87 48.17 � 4.41 50.52 � 4.32
SIN1365 30 47.92 � 5.24 47.36 � 5.66 47.94 � 5.72 47.61 � 5.38 50.39 � 5.48
SIN1361 31 48.33 � 4.76 47.95 � 5.28 48.48 � 5.33 48.18 � 4.95 50.85 � 4.98
SIN1362 32 59.14 � 5.38 58.22 � 6.02 58.79 � 6.08 58.49 � 5.58 61.55 � 5.55
SIN1363 33 73.69 � 8.26 71.12 � 8.59 72.17 � 8.72 71.57 � 8.24 75.71 � 8.43
SIN1367 34 64.19 � 7.29 62.67 � 7.72 63.42 � 7.81 63.01 � 7.36 66.46 � 7.50
SIN1367* 58.76 � 8.88 57.65 � 9.15 58.31 � 9.25 57.95 � 8.92 61.14 � 9.21
SIN1368 35 64.80 � 6.20 63.24 � 6.76 63.99 � 6.84 63.58 � 6.33 67.06 � 6.37
SIN1369 36 55.53 � 5.98 54.44 � 6.40 55.13 � 6.48 54.76 � 6.09 57.91 � 6.20
SIN1432 37 60.78 � 5.21 59.59 � 5.88 60.24 � 5.94 59.91 � 5.41 63.13 � 5.37
SIN1376 38 31.72 � 2.59 31.82 � 3.04 32.25 � 3.08 32.02 � 2.78 34.12 � 2.76
SIN1379 39 20.70 � 2.45 21.49 � 2.80 2169 � 2.83 21.62 � 2.65 22.95 � 2.69
SIN1380 40 29.17 � 2.83 29.41 � 3.21 29.80 � 3.25 29.60 � 3 31.54 � 3.03
SIN1433 41 41.57 � 3.61 41.30 � 4.11 41.82 � 4.16 41.54 � 3.80 44.05 � 3.79
SIN1435 42 39.10 � 3.22 39.20 � 3.79 39.60 � 3.82 39.41 � 3.45 41.67 � 3.40
SIN1436 43 32.74 � 3.69 32.83 � 4.04 33.26 � 4.09 33.03 � 3.84 35.16 � 3.93
SIN1440 44 19.67 � 1.63 20.20 � 1.99 20.47 � 2.01 20.34 � 1.80 21.77 � 1.78
SIN1443 45 25.26 � 2.03 25.84 � 2.51 26.13 � 2.53 26.06 � 2.26 27.66 � 2.20
SIN1373 46 13.97 � 1.15 14.68 � 1.49 14.87 � 1.50 14.84 � 1.33 15.84 � 1.29
SIN1374 47 „ 11.29 � 1.19 11.43 � 1.20 11.42 � 1.05 12.19 � 1.02
SIN1401 48 19.56 � 1.74 21.85 � 2.42 21.43 � 2.36 21.71 � 2.11 22.20 � 1.95
SIN1310 49 „ 15.27 � 1.60 15.17 � 1.59 15.25 � 1.40 15.90 � 1.32
SIN1311 50 „ 17.02 � 7.80 16.48 � 7.57 16.86 � 1.54 16.94 � 1.36
SIN1323 51 25.99 � 2.25 28.02 � 2.98 27.73 � 2.93 27.89 � 2.62 28.82 � 2.47
SIN1320 52 7.91 � 0.67 9.67 � 4.47 9.31 � 4.32 9.58 � 0.90 9.57 � 0.79
SIN1322 53 9.14 � 0.78 10.75 � 4.98 10.48 � 4.87 10.68 � 1.01 10.88 � 0.91
SIN1337 54 67.43 � 6.77 67.56 � 7.71 67.62 � 7.70 67.42 � 7.10 70.08 � 6.98
SIN1402 55 „ 26.14 � 3.04 25.52 � 2.95 25.92 � 2.68 26.32 � 2.48
SIN1405 56 35.45 � 3.20 37.98 � 4.18 37.36 � 4.09 37.69 � 3.68 38.62 � 3.45
SIN1353 57 „ 19.64 � 2.04 19.62 � 2.03 19.64 � 1.81 20.58 � 1.73
SIN1409 58 21.86 � 2.00 23.40 � 2.55 23.33 � 2.53 23.37 � 2.29 24.39 � 2.21
SIN1422 59 „ 14.26 � 2.21 14.23 � 2.20 14.26 � 2.09 14.98 � 2.11

|{Continued on next page

* Replicate sample; grain size 250-400�m.
„ Samples appear to be saturated with respect to `St' scaling model.
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Table 2.3| Continued from previous page

Sample Basin ID Erosion rate (m Ma �1 ) as calculated by production rate scaling model after …

St De Du Li Lm

SIN1423 60 „ 14.06 � 1.48 14.03 � 1.47 14.06 � 1.30 14.76 � 1.23
SIN1354 61 27.08 � 2.33 28.60 � 2.99 28.50 � 2.97 28.61 � 2.66 29.78 � 2.54
SIN1356 62 26.95 � 2.31 28.45 � 2.96 28.36 � 2.95 28.47 � 2.64 29.64 � 2.51
SIN1357 63 „ 22.58 � 2.39 22.45 � 2.37 22.58 � 2.11 23.47 � 2.0
SIN1358 64 30.14 � 2.57 31.52 � 3.25 31.47 � 3.23 31.54 � 2.90 32.88 � 2.77
SIN1371 65 „ 19.51 � 2.01 19.49 � 2.0 19.57 � 1.78 20.47 � 1.68
SIN1301 66 35.38 � 3.21 36.20 � 3.84 36.35 � 3.84 36.32 � 3.50 38.08 � 3.42
SIN1385 67 37.99 � 3.52 38.72 � 4.15 38.90 � 4.16 38.82 � 3.81 40.70 � 3.75
SIN1388 68 26.40 � 2.38 27.66 � 2.94 27.71 � 2.94 27.68 � 2.66 29.01 � 2.59
SIN1403 69 54.16 � 6.58 54.49 � 7.20 54.76 � 7.22 54.49 � 6.82 56.92 � 6.88
SIN1437 70 „ 10.24 � 1.07 10.23 � 1.07 10.29 � 0.93 10.80 � 0.86
SIN1438 71 „ 15.42 � 1.60 15.37 � 1.59 15.47 � 1.39 16.14 � 1.30
SIN1439 72 „ 19.57 � 1.89 19.63 � 1.89 19.66 � 1.65 20.67 � 1.56
SIN1355 73 21.87 � 1.90 23.30 � 2.46 23.26 � 2.45 23.32 � 2.19 24.36 � 2.10
SIN1303 C2 15.18 � 1.28 16.41 � 1.71 16.41 � 1.70 16.44 � 1.51 17.27 � 1.44
SIN1308 C1 „ 14.46 � 1.48 14.44 � 1.47 14.48 � 1.29 15.20 � 1.21
SIN1389 C3 19.90 � 1.72 21.17 � 2.21 21.19 � 2.21 21.21 � 1.98 22.26 � 1.90
SIN1389* 21.05 � 1.71 22.31 � 2.24 22.34 � 2.23 22.36 � 1.98 23.45 � 1.89
SIN1390 C4 20.19 � 1.69 21.43 � 2.18 21.47 � 2.18 21.45 � 1.94 22.56 � 1.87

…Abbreviations correspond to those used in the CRONUS-Earth online calculator
(http://hess.ess.washington.edu/): `St' = Lal [1991]/Stone [2000]; `De' = Desilets et al. [2006];
`Du' = Dunai [2010]; `Li' = Lifton et al. [2005]; `Lm' = Time dependent version of St-model [Balco
et al., 2008].
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Table 2.4 : Catchment characteristics

Sample Basin ID 1 River Catchment
type 2

Catchment
area (km 2 )

Mean basin
elevation (m)

Rainfall (mm
yr �1 )3 �1�

Outcropping rock units 4

GN GR CH AL SC MR-UR MV-MS

Westward-draining catchments:
SIN1344 1 Bharatpuzha PG? 5788 294 1616 � 467 63 3 27 7 0 0 0
SIN1326 2 Bharatpuzha tributary ESP 18 703 1555 � 28 100 0 0 0 0 0 0
SIN1328 3 Bharatpuzha tributary ESP 42 728 1524 � 50 100 0 0 0 0 0 0
SIN1345 4 Bharatpuzha tributary PG ? 2900 398 1269 � 405 94 1 0 5 0 0 0
SIN1346 5 Bharatpuzha tributary ESP y? 991 191 1965 � 101 36 0 64 0 0 0 0
SIN1348 6 Bharatpuzha tributary ESP y? 137 961 1766 � 70 0 7 58 35 0 0 0
SIN1333 7 Chaliyar (Beypore) ESP �� 2885 483 2300 � 306 38 0 61 0 1 0 0
SIN1330 8 Chaliyar tributary ESP y 305 1132 1834 � 208 0 0 100 0 0 0 0
SIN1331 9 Chaliyar tributary ESP ? 368 795 2408 � 133 88 0 6 0 6 0 0
SIN1332 10 Chaliyar tributary ESP z 443 791 1959 � 241 0 0 100 0 0 0 0
SIN1350 11 Chaliyar tributary ESP y? 46 556 2663 � 11 0 0 100 0 0 0 0
SIN1351 12 Chaliyar tributary ESP y? 83 809 2641 � 13 35 0 65 0 0 0 0
SIN1407 13 Chaliyar tributary ESP 19 552 1967 � 38 0 0 100 0 0 0 0
SIN1410 14 Kuttiyadi tributary ESP 2 707 2928 � 2 0 0 100 0 0 0 0
SIN1411 15 Kuttiyadi tributary ESP 15 592 2927 � 6 0 0 100 0 0 0 0
SIN1412 16 Kuttiyadi tributary ESP 11 721 2943 � 7 0 0 100 0 0 0 0
SIN1413 17 Kuttiyadi tributary ESP y? 30 452 2971 � 8 100 0 0 0 0 0 0
SIN1415 18 Mahe ESPy? 120 369 2903 � 8 41 0 59 0 0 0 0
SIN1416 19 Mahe ESP 61 554 2899 � 9 77 0 23 0 0 0 0
SIN1417 20 Valapattanam tributary ESP ? 22 612 2885 � 54 100 0 0 0 0 0 0
SIN1418 21 Valapattanam tributary HL 2 851 2778 � 22 100 0 0 0 0 0 0
SIN1419 22 Valapattanam tributary ESP y? 45 267 2871 � 13 100 0 0 0 0 0 0
SIN1421 23 Valapattanam tributary ESP ? 47 732 2616 � 97 39 45 0 0 0 16 0
SIN1424 24 Valapattanam tributary HL 97 910 2418 � 167 100 0 0 0 0 0 0
SIN1429 25 Ariakaduva ESPy? 202 483 3920 � 139 0 0 100 0 0 0 0
SIN1428 26 Ariakaduva tributary ESP y? 118 396 4216 � 108 0 0 100 0 0 0 0
SIN1430 27 Chandragiri ESP? 63 732 3272 � 184 100 0 0 0 0 0 0
SIN1359 28 Chandragiri tributary ESP y? 36 322 3587 � 42 100 0 0 0 0 0 0
SIN1427 29 Chandragiri tributary ESP 54 729 4021 � 75 59 0 20 0 21 0 0
SIN1365 30 Netravati ESPy?? 3204 355 3587 � 343 91 0 9 0 0 0 0
SIN1361 31 Netravati tributary ESP y?? 747 443 3341 � 310 85 0 15 0 0 0 0
SIN1362 32 Netravati tributary ESP y?? 627 585 3338 � 426 89 0 11 0 0 0 0
SIN1363 33 Netravati tributary ESP y?? 1092 326 3753 � 176 99 0 0 0 0 0 1
SIN1367 34 Netravati tributary ESP y?? 113 484 3583 � 178 100 0 0 0 0 0 0

|{Continued on next page47
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Table 2.4| Continued from previous page

Sample Basin ID River Catchment
type

Catchment
area (km 2 )

Mean basin
elevation (m)

Rainfall (mm
yr �1 ) �1�

Outcropping rock units

GN GR CH AL SC MR-UR MV-MS

SIN1368 35 Netravati tributary ESP y?? 338 487 3599 � 159 100 0 0 0 0 0 0
SIN1369 36 Netravati tributary ESP y?? 200 380 3802 � 83 94 0 0 0 0 0 0
SIN1432 37 Gurupura ESPy? 39 527 3947 � 14 100 0 0 0 0 0 0
SIN1376 38 Swarna ESPy?? 333 265 4986 � 94 57 0 0 0 0 0 43
SIN1379 39 Swarna tributary ESPy?? 141 478 5007 � 61 64 0 0 0 0 0 36
SIN1380 40 Swarna tributary ESPy?? 40 297 5104 � 37 52 0 0 0 0 0 48
SIN1433 41 Swarna tributary ESPy? 58 349 4285 � 89 0 0 0 0 0 0 100
SIN1435 42 Swarna tributary ESPy? 20 491 4562 � 51 0 0 0 0 0 0 100
SIN1436 43 Swarna tributary ESPy? 4 297 4834 � 38 0 0 0 0 0 0 100
SIN1440 44 Sita tributary ESPy? 97 280 4361 � 109 60 0 0 0 0 0 40
SIN1443 45 Agnashini ESP? 783 543 2874 � 306 0 0 0 0 0 0 100
SIN1373 46 Gangavali ESP? 3770 497 1867 � 847 4 4 0 0 0 0 92
SIN1374 47 Gangavali HL 2134 577 1217 � 423 0 0 0 0 0 0 100
Eastward-draining catchments:
SIN1401 48 Moyar NP 321 1533 1415 � 167 22 0 78 0 0 0 0
SIN1310 49 Moyar tributary HL 77 1014 1216 � 170 100 0 0 0 0 0 0
SIN1311 50 Moyar tributary NP 94 2051 1136 � 53 0 0 100 0 0 0 0
SIN1323 51 Bhavani NP ? 1463 1159 1154 � 252 17 17 50 16 0 0 0
SIN1320 52 Bhavani tributary NP 176 2098 1291 � 87 0 0 100 0 0 0 0
SIN1322 53 Bhavani tributary NP 62 1616 939 � 37 0 0 100 0 0 0 0
SIN1337 54 Bhavani tributary HL 4 1096 1270 � 22 0 100 0 0 0 0 0
SIN1402 55 Bhavani tributary NP 130 1821 1050 � 73 0 0 100 0 0 0 0
SIN1405 56 Bhavani tributary NP 195 1551 1580 � 97 0 0 58 0 42 0 0
SIN1353 57 Kabini HL 1473 837 2409 � 366 74 8 9 0 4 5 0
SIN1409 58 Kabini tributary HL 125 931 2737 � 50 53 0 47 0 0 0 0
SIN1422 59 Kabini tributary HL 44 828 2864 � 14 62 0 0 0 38 0 0
SIN1423 60 Kabini tributary HL 27 844 2009 � 89 54 0 0 0 0 46 0
SIN1354 61 Cauvery tributary HL 156 1092 2701 � 239 100 0 0 0 0 0 0
SIN1356 62 Cauvery tributary HL 99 1076 2785 � 219 100 0 0 0 0 0 0
SIN1357 63 Cauvery tributary HL 21 1141 2774 � 169 100 0 0 0 0 0 0
SIN1358 64 Cauvery tributary HL 16 1015 3838 � 48 0 0 100 0 0 0 0
SIN1371 65 Hemavati HL 592 974 2636 � 459 96 0 0 0 0 0 4
SIN1301 66 Arkavati HL 4158 805 721 � 48 64 36 0 0 0 0 0
SIN1385 67 HL 1562 741 767 � 21 37 0 63 0 0 0 0
SIN1388 68 Palar HL 1609 766 629 � 16 0 6 94 0 0 0 0
SIN1403 69 Cauvery tributary NP ? 84 752 1192 � 76 100 0 0 0 0 0 0
SIN1437 70 Tungabhadra tributary HL 1 932 4271 � 44 0 0 0 0 0 0 100

|{Continued on next page
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Sample Basin ID River Catchment
type

Catchment
area (km 2 )

Mean basin
elevation (m)

Rainfall (mm
yr �1 ) �1�

Outcropping rock units

GN GR CH AL SC MR-UR MV-MS

SIN1438 71 Tungabhadra tributary HL 111 1047 4069 � 111 37 0 0 0 0 0 67
SIN1439 72 Tungabhadra tributary HL 147 814 4556 � 213 0 0 0 0 0 0 100
Main streams:
SIN1355 73 Cauvery tributary HL 1081 958 2545 � 778 74 0 22 0 4 0 0
SIN1308 C1 Cauvery HL 22139 857
SIN1303 C2 Cauvery HL 35508 828
SIN1389 C3 Cauvery HL 39416 815
SIN1390 C4 Cauvery FP 5 68768 679

1 ID=Catchment n umber shown in Figures 2.1 and 2.2; main stream sample abbreviation: C=Cauvery.
2Abbreviations of catchment types: HL: Basin situated in the highland (Deccan Plateau); NP: Basin situated in Nilgiri Hills; NP ? : Basin covering Nilgiri Hills and

lowland; ESP: Escarpment basins; ESPy : Basin covering escarpment and Nilgiri Hills; ESP ? : Basin covering escarpment and highland (Deccan Plateau); ESPz : Basin
covering escarpment, Nilgiri Hills and highland; ESP �� : Basin covering highland, Nilgiri Hills, escarpment and coastal plain; ESP y? : Basin covering escarpment and coastal
plain; ESPy?? : Basin covering highland, escarpment and coastal plain; PG? : Basin situated in the Palghat Gap (see text).

3Mean annual rainfall obtained from 56 years Asian Precipitation Highly Resolved Observational Data Integration Towards Evaluation (APHRODITE) daily gridded
data averaged during the period of 1951-2007.

4Abbreviations of rock units: GN: Gneiss; GR: Granite; CH: Charnockite/granulite; AL: Alluvium; SC: Schist; MR-UR: Ma�c and ultrama�c rocks; MV-MS:
Metavolcanics and metasedimentary rocks.

5Flood plain sample.

49



C
hapter

2.
10B

e-derived
erosion

rates

Table 2.5 : Catchment-averaged hydromorphometric and vegetation parameters in southern Peninsular India

Sample
Basin
ID 1

Mean slope
( � )

Median
slope ( � )

Local relief � 1�
Mean ksn

2

(m 0:9 )
Mean ksn

3

(m 0:9 ) �2�
EVI 4 Tree cover5

(%)

5 km 2 km 1 km 0.5 km 0.25 km

Westward-
o wing catchments:
SIN1344 1 7.94 2 503 � 532 255 � 329 175 � 211 111 � 132 63 � 70 52.64 27.64 � 1.13 0.36 23.99
SIN1326 2 24.04 25 1931 � 107 1086 � 175 639 � 200 378 � 159 201 � 92 228.96 140.49� 28.42 0.48 60.50
SIN1328 3 22.55 21 1848 � 231 1089 � 348 569 � 279 359 � 184 194 � 108 241.44 115.26� 21.87 0.51 53.92
SIN1345 4 5.82 1 506 � 560 253 � 348 171 � 219 107 � 136 61 � 71 54.37 31.19 � 1.65 0.34 18.66
SIN1346 5 12.81 9 559 � 466 275 � 336 180 � 223 113 � 142 65 � 76 116.05 21.86 � 2.48 0.36 25.72
SIN1348 6 18.69 18 1529 � 417 760 � 321 384 � 237 250 � 155 142 � 88 224.03 118.09� 16.21 0.47 56.35
SIN1333 7 16.91 15 973 � 696 485 � 419 303 � 273 190 � 168 105 � 88 148.19 65.18 � 2.80 0.44 46.53
SIN1330 8 20.55 19 1748 � 511 914 � 460 505 � 355 320 � 225 174 � 120 305.43 147.74� 13.51 0.44 55.47
SIN1331 9 13.50 11 1223 � 525 610 � 338 345 � 233 220 � 148 124 � 80 161.91 94.76 � 9.61 0.48 51.80
SIN1332 10 13.87 13 1235 � 510 589 � 349 340 � 231 209 � 141 114 � 74 194.21 86.87 � 6.94 0.45 49.08
SIN1350 11 19.90 19 1466 � 488 675 � 406 368 � 257 230 � 164 129 � 91 215.06 90.92 � 14.87 0.48 56.68
SIN1351 12 21.90 21 1793 � 361 982 � 363 542 � 291 334 � 194 179 � 108 288.96 129.96� 12.73 0.47 61.49
SIN1407 13 20.71 21 1866 � 284 913 � 271 484 � 209 297 � 148 163 � 88 169.30 94.29 � 13.07 0.52 58.65
SIN1410 14 24.55 25 1511 � 65 805 � 52 529 � 88 330 � 123 186 � 89 237.38 80.59 � 44.39 0.47 53.91
SIN1411 15 21.58 22 1364 � 90 863 � 147 484 � 164 310 � 121 175 � 76 151.82 108.06� 8.28 0.42 49.42
SIN1412 16 21.39 21 1690 � 81 949 � 155 496 � 175 309 � 137 177 � 85 177.87 118.41� 16.04 0.43 57.01
SIN1413 17 21.77 23 1563 � 332 770 � 394 392 � 256 246 � 166 137 � 94 87.96 76.58 � 12.51 0.46 56.53
SIN1415 18 18.46 18 1054 � 268 587 � 307 315 � 214 207 � 144 120 � 85 101.29 62.56 � 5.56 0.42 53.33
SIN1416 19 18.72 19 1165 � 102 758 � 181 418 � 175 418 � 175 276 � 122 134.40 83.41� 5.64 0.42 60.48
SIN1417 20 13.43 12 1000 � 80 632 � 133 307 � 154 196 � 110 112 � 69 66.89 74.49 � 13.23 0.46 60.74
SIN1418 21 11.76 11 972 � 93 587 � 68 281 � 90 173 � 78 93 � 54 74.80 57.96 0.49 60.75
SIN1419 22 13.93 13 901 � 215 426 � 271 232 � 175 148 � 114 85 � 66 91.87 39.43 � 6.64 0.47 48.22
SIN1421 23 15.36 14 1121 � 193 703 � 175 363 � 196 228 � 139 130 � 83 126.06 97.67 � 14.74 0.51 61.59
SIN1424 24 8.26 6 913 � 298 358 � 226 193 � 134 125 � 92 73 � 54 19.93 22.58 � 2.41 0.46 52.32
SIN1429 25 17.63 17 1061 � 310 629 � 190 384 � 155 252 � 111 143 � 68 160.57 73.80 � 3.63 0.46 61.98
SIN1428 26 17.20 17 908 � 200 592 � 184 352 � 155 236 � 107 136 � 64 134.91 66.57 � 4.55 0.47 54.33
SIN1430 27 14.51 14 1075 � 109 686 � 178 346 � 168 221 � 108 124 � 61 239.78 86.30 � 6.72 0.48 59.93
SIN1359 28 11.52 11 737 � 125 396 � 154 253 � 120 172 � 85 102 � 50 40.85 24.97 � 4.39 0.45 59.94
SIN1427 29 16.04 16 1107 � 86 720 � 92 381 � 142 244 � 93 137 � 54 191.35 98.49 � 7.24 0.48 60.90
SIN1365 30 12.41 11 616 � 443 345 � 297 234 � 190 150 � 117 85 � 62 100.57 45.79 � 1.65 0.43 42.53
SIN1361 31 12.29 11 830 � 412 438 � 287 284 � 187 183 � 117 103 � 62 123.44 52.73 � 3.17 0.45 56.01
SIN1362 32 11.09 9 690 � 337 397 � 264 250 � 180 165 � 115 95 � 61 121.84 63.82 � 4.45 0.44 47.00
SIN1363 33 14.58 14 702 � 485 404 � 337 261 � 213 164 � 131 91 � 68 251.17 44.57 � 2.72 0.43 40.16
SIN1367 34 14.55 14 874 � 256 562 � 237 330 � 188 215 � 128 120 � 72 119.38 63.34 � 8.33 0.44 49.01
SIN1368 35 14.69 14 955 � 319 564 � 270 340 � 188 210 � 119 113 � 64 168.40 69.09 � 5.67 0.46 47.09

|{Continued on next page
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Sample
Basin
ID 1

Mean slope
( � )

Median
slope ( � )

Local relief � 1�
Mean ksn

2

(m 0:9 )
Mean ksn

3

(m 0:9 ) � 2�
EVI 4 Tree cover5

(%)

5 km 2 km 1 km 0.5 km 0.25 km

SIN1369 36 16.61 15 1031 � 522 571 � 425 321 � 258 195 � 160 105 � 86 119.36 50.97 � 7.41 0.43 38.39
SIN1432 37 15.43 14 1445 � 421 700 � 397 360 � 247 214 � 152 115 � 84 206.63 70.47 � 12.00 0.46 44.38
SIN1376 38 14.10 12 553 � 372 337 � 287 202 � 192 134 � 127 77 � 71 86.20 42.67 � 4.59 0.41 45.30
SIN1379 39 13.87 12 886 � 122 578 � 180 321 � 193 207 � 136 116 � 79 61.87 71.67 � 8.63 0.44 61.18
SIN1380 40 15.55 14 779 � 44 516 � 224 288 � 196 183 � 135 101 � 77 61.50 39.73 � 11.81 0.45 54.04
SIN1433 41 13.78 13 1193 � 167 545 � 299 275 � 202 169 � 128 92 � 72 104.85 55.72 � 7.33 0.46 51.40
SIN1435 42 15.91 15 1195 � 145 675 � 195 358 � 166 215 � 121 118 � 76 163.22 81.36 � 13.96 0.46 60.21
SIN1436 43 16.09 15 922 � 108 556 � 235 294 � 184 187 � 126 103 � 77 100.32 64.66 � 12.39 0.44 52.32
SIN1440 44 13.86 11 907 � 345 486 � 328 274 � 216 171 � 143 95 � 85 112.13 45.64 � 6.59 0.43 46.82
SIN1443 45 5.09 4 297 � 177 153 � 109 102 � 83 74 � 62 47 � 39 14.08 23.82 � 3.46 0.38 29.29
SIN1373 46 3.88 2 279 � 210 163 � 151 121 � 107 82 � 71 49 � 40 34.37 27.48 � 1.63 0.31 23.74
SIN1374 47 1.82 1 139 � 37 77 � 28 65 � 23 46 � 17 30 � 12 14.82 12.00 � 0.47 0.24 11.03
Eastward-
owing catchments:
SIN1401 48 8.77 7 863 � 450 375 � 278 199 � 165 131 � 105 77 � 58 64.77 48.44 � 7.64 0.37 42.19
SIN1310 49 3.94 4 358 � 116 156 � 47 103 � 38 73 � 28 47 � 18 14.72 14.55 � 1.06 0.33 27.86
SIN1311 50 10.73 9 1011 � 355 494 � 276 282 � 179 179 � 111 103 � 59 60.73 116.59 � 28.23 0.33 24.78
SIN1323 51 13.43 12 1158 � 439 588 � 321 363 � 217 230 � 137 128 � 75 91.08 86.93 � 4.79 0.36 32.96
SIN1320 52 11.63 11 914 � 363 425 � 133 266 � 117 181 � 81 107 � 47 25.43 53.75 � 6.15 0.39 34.88
SIN1322 53 16.64 15 1556 � 284 794 � 318 422 � 253 266 � 160 146 � 86 90.62 170.29 � 33.39 0.47 35.80
SIN1337 54 14.55 14 1454 � 107 872 � 237 385 � 172 233 � 120 123 � 69 163.28 43.00 � 15.91 0.45 71.64
SIN1402 55 14.42 12 1309 � 390 653 � 333 360 � 237 229 � 153 129 � 87 62.11 108.59 � 17.05 0.42 30.14
SIN1405 56 15.93 15 1459 � 169 730 � 249 380 � 198 247 � 131 140 � 77 99.42 101.91 � 9.79 0.39 46.76
SIN1353 57 6.99 5 602 � 436 269 � 247 186 � 147 124 � 88 75 � 45 24.53 22.49 � 1.08 0.43 39.48
SIN1409 58 10.37 9 1124 � 446 499 � 316 254 � 189 160 � 117 91 � 63 50.55 44.37 � 4.24 0.46 45.07
SIN1422 59 8.59 8 943 � 93 390 � 188 162 � 73 113 � 55 70 � 37 26.27 27.05 � 3.46 0.45 58.90
SIN1423 60 8.44 7 545 � 41 315 � 128 186 � 102 119 � 73 70 � 43 38.46 21.79 � 3.59 0.40 35.50
SIN1354 61 9.56 9 852 � 311 405 � 168 221 � 96 152 � 63 90 � 38 28.58 41.30 � 4.43 0.46 43.04
SIN1356 62 8.41 8 790 � 309 356 � 157 186 � 72 132 � 54 81 � 35 28.29 34.39 � 4.50 0.45 41.32
SIN1357 63 5.28 5 666 � 188 304 � 92 115 � 44 82 � 35 53 � 24 9.39 4.76 � 1.14 0.42 25.38
SIN1358 64 10.62 10 993 � 80 487 � 119 267 � 99 168 � 80 94 � 47 45.61 34.80 � 15.72 0.44 43.75
SIN1371 65 5.05 4 369 � 238 173 � 101 131 � 59 93 � 41 59 � 25 14.32 13.62 � 0.66 0.41 33.18
SIN1301 66 2.78 2 239 � 141 129 � 94 101 � 67 67 � 46 41 � 27 20 21.02 � 1.03 0.24 4.48
SIN1385 67 5.65 3 470 � 266 256 � 197 169 � 140 111 � 94 65 � 53 101.56 35.47 � 1.70 0.23 12.76
SIN1388 68 11.57 10 774 � 187 459 � 184 308 � 159 201 � 114 112 � 66 47.03 49.82 � 1.61 0.24 22.35
SIN1403 69 13.07 11 1422 � 214 759 � 442 396 � 319 235 � 209 124 � 118 173.66 58.19� 8.47 0.36 41.80
SIN1437 70 5.20 4 1263 � 22 417 � 115 133 � 31 83 � 28 42 � 28 49.45 15.50 0.35 26.81
SIN1438 71 12 12 1096 � 316 529 � 183 283 � 125 184 � 86 104 � 52 32.60 55.57 � 4.94 0.33 27.91

|{Continued on next page
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Sample
Basin
ID 1

Mean slope
( � )

Median
slope ( � )

Local relief � 1�
Mean ksn

2

(m 0:9 )
Mean ksn

3

(m 0:9 ) � 2�
EVI 4 Tree cover5

(%)

5 km 2 km 1 km 0.5 km 0.25 km

SIN1439 72 9.66 9 814 � 275 386 � 157 217 � 109 145 � 77 84 � 46 46.68 32.60 � 2.68 0.37 39.67
SIN1355 73 6.11 5 491 � 314 233 � 181 162 � 104 109 � 65 67 � 35 21.62 20.27 � 1.04 0.44 41.19

1 ID=Catchment n umber shown in Figures 2.1 and 2.2.
2Normalised steepness indexksn , calculated by integral method (see text for details).
3Normalised steepness indexksn , calculated by slope-area regression method (see text for details).
4From MODIS sensor subsetted land products (MYD13Q1), v005.
5From VCF (Vegetation Continuous Field) MOD44B v005.
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Phanerozoic surface history of
southern Peninsular India from
apatite (U-Th-Sm)/He data

Mandal, S.K., Fellin, M.G., Burg, J.-P., Maden, C., 2015. Phanerozoic surface history of
southern Peninsular India from apatite (U-Th-Sm)/He data. Geochemistry, Geophysics,
Geosystems. https://dx.doi.org/10.1002/2015GC005977.

It has been reformatted for this thesis.

Keywords: Apatite (U-Th-Sm)/He, passive margin, Deccan Plateau, escarpment, south-
ern Peninsular India.

Abstract

Quantifying bedrock cooling histories is crucial for understanding the long-term land-
form evolution across the passive margins and its control onto the sediment routing
system. To constrain the lower-temperature cooling history and its relationship to the
Phanerozoic tectonic events of southern Peninsular India, we present new apatite (U-
Th-Sm)/He (AHe) analyses of 39 Precambrian basement samples. The new AHe ages
range from 38.1� 6.8 to 364.2� 44.6 Ma: they are younger than 50 Ma in the Palghat
Gap region and older than 200 Ma in the interior of the Deccan Plateau. Thermal mod-
eling based on AHe data indicates enhanced cooling and exhumation in the interior of
the Deccan Plateau by Permian-Triassic times followed by a gradual cooling up to the
present. This discrete episode of cooling is associated with continental extension that
preceded the Early Jurassic breakup of Gondwana. Bedrock cooling and exhumation on
the southeastern and southern limits of the Deccan Plateau was likely accomplished by
Late Cretaceous drainage reorganization. The distribution of old (>200 Ma) AHe ages
over the >2600 m high Nilgiri Plateau re
ects very low erosion/exhumation rates and
adds to examples of long-lived post-orogenic topography. The relatively younger AHe
ages from the�30 km wide low mountain pass (Palghat Gap) within the Western Ghat
Mountains attest for intense Cenozoic erosion likely facilitated by the erodible litholog-
ical backbone of the Neoproterozoic shear zone. AHe ages across the western coastal
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plain challenge the widely held notion of �3 km of post-breakup isostatic rebound in
response to erosion of the margin. Instead, the new AHe data are more compatible with
less than 1-1.5 km of crustal denudation along the coastal strip.
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3.1 Introduction

Much of the present-day landscape of the dispersed components of Gondwana is char-
acterized by regionally continuous low-relief, 1-2 km a.s.l. continental interior plateau
separated from the adjacent low-elevation coastal regions by dissected escarpments [e.g.,
Japsen et al., 2012]. These escarpments are found along the 140-130 Ma southeastern
Brazilian margin, the 100-80 Ma southeastern Australian margin, the 90-88 Ma eastern
Madagascar margin, and the ca. 65 Ma western Indian margin. The landform evo-
lution along these passive margins has long been a topic of study [e.g., Emmel et al.,
2012a,b; Ferraccioli et al., 2011; Gunnell et al., 2003; King, 1967; Seward et al., 2004].
The postrift evolution of these passive margin escarpments remains debated [e.g., Braun
and van der Beek, 2004] as di�erent initial conditions for the margin may result in very
di�erent denudation histories while leading to similar present-day morphologies [e.g.,
Braun and van der Beek, 2004; Gallagher and Brown, 1999; Gilchrist et al., 1994]. In-
dia is one such Gondwana relic. It was involved in intracontinental rifting during the
Late Paleozoic and became a separate landmass in the Late Cretaceous when successive
phases of rifting isolated it from other Gondwana-derived continents [e.g., Chatterjee
et al., 2013]. The eastern and western seaboard of Peninsular India has been a passive
continental margin for �130 Ma and �65 Ma, respectively [Chatterjee et al., 2013]; yet,
the landscape in its southern part retains signi�cant topographic relief, with the highest
elevation reaching over 2500 m above sea level (Figure 3.1). The Archean Dharwar Cra-
ton [Jayananda et al., 2013; Meert et al., 2010] and the Mesoarchean-Cambrian Southern
Granulite Terrane [Collins et al., 2014; Plavsa et al., 2015; Santosh et al., 2015] make up
the core of southern Peninsular India. It consists of metamorphic and igneous basement
rocks (Figure 3.2) [Naqvi and Rogers, 1987; Ramakrishnan and Vaidyanadhan, 2010].
The absence of pre-Quaternary sedimentary rocks hinders constraining the synrift and
postrift development of the landscape and limits our understanding of linkages between
large-scale tectonics and topography. The present-day landscape is characterized by
a mosaic of extensive plateaus elevated at di�erent heights, separated by precipitous
erosional escarpments [Gunnell and Radhakrishna, 2001; Mandal et al., 2015b] (Figure
3.1). The eastern edge of the Deccan Plateau is di�used with no steep scrap except
but in the southernmost part, whereas the western edge is sharply demarcated from the
Konkan-Kanara coastal plain by the Western Ghat escarpment (WGE). The otherwise
continuous WGE is dissected by the�30 km wide E-W trending Palghat Gap, which
is 
anked on its northern and southern side by the high plateaus (Figure 3.1). Exten-
sional tectonics associated with the breakup and subsequent spreading of Gondwana
has long been suggested to control the formation of the continental interior landscapes
[e.g., Campanile et al., 2008; Gunnell and Fleitout, 1998; Gunnell et al., 2003; Widdow-
son, 1997]. Nevertheless, the timing and origin of the Palghat Gap and the composite
plateaus remains hitherto contentious. Considerable debate exists as to whether the in-
terior plateau: (i) remained high since rifting and breakup of India from Seychelles (ca.
65 Ma) [Campanile et al., 2008], (ii) was uplifted and rejuvenated during the Neogene
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[Bonnet et al., 2014; Radhakrishna, 1993], (iii) is a `relic' inherited from the earlier oro-
genic event that predates the Mesozoic rifting event [Gunnell, 1998b], or (iv) acquired
some component of its present-day elevation during the Late Cenozoic by large-scale
buckling of the Indian continental lithosphere [M•uller et al., 2015]. The later proposi-
tion comes from the discovery of buckled oceanic lithosphere in the central Indian Ocean
[e.g., Beekman et al., 1996; Bull and Scrutton, 1990, 1992] and the existence of large
regional compressional stresses within the Indian plate [e.g., Cloetingh and Wortel, 1985,
1986; Gowd et al., 1992].

Similar to many other high-elevation passive margins worldwide [e.g., Japsen et al.,
2012], the low-lying coastal strip (Figure 3.1), whose origin has been attributed to the
eastward retreat of the WGE [Gunnell and Harbor, 2010; Widdowson and Gunnell,
1999], stretches between the inland plateau, to the east, and the Arabian Sea coast, to
the west. Earlier apatite �ssion track (AFT) study inferred �3-4 km of denudation along
the coastal strip and �1.5 to 2.5 km of denudation on the inland plateau in the Late
Cretaceous-Paleogene times [Gunnell et al., 2003; Sahu et al., 2013]. O�shore sediment
mass balance analysis estimated�3 km of denudation close to the coast [Campanile
et al., 2008]. These estimates stand in apparent contradiction to the proposed�1-
1.5 km of denudation along the coastal strip based on stratigraphy of the Deccan lava
[Widdowson, 1997]. Thus, the understanding of the Cenozoic denudation on the coastal
plain remains relatively ill understood.

In the context of assessing burial, exhumation, and hypsometric history of a landscape,
thermochronometric methods are crucial to constrain the late cooling history of the
exposed rocks. Earlier studies of long-term denudation history in Peninsular India are
mostly based on AFT analysis [Gunnell et al., 2003; Kalaswad et al., 1993; Sahu et al.,
2013]. The AFT method alone cannot provide reliable constraints on cooling below
60-50� C. In contrast, apatite (U-Th-Sm)/He (AHe) thermochronometry is sensitive to
temperatures between�90 and 30 � C [e.g., Farley, 2000; Flowers et al., 2009; Shuster
et al., 2006]. The sensitivity of the AHe technique to low temperatures makes it ideal
for quantifying the timing, magnitude, and extent of shallow deposition and erosion
episodes in passive margins, which in turn can help constrain the landscape history e.g.,
Ault et al., 2013; Cogn�e et al., 2011; Emmel et al., 2012a; Thomson et al., 2013.

This work reports the �rst apatite AHe data across southern Peninsular Indian es-
carpment. Integrating AHe data from 39 samples with previously published AFT data
[Gunnell et al., 2003; Herman et al., 2013] allows determining the magnitude and timing
of the late-stage rock cooling. These subsurface cooling histories were evaluated in light
of geological observations and allow addressing several key questions with respect to
landform evolution: (1) What is the timing and magnitude of late-stage rock cooling
across the escarpment? (2) What are the e�ects of Mesozoic extensional tectonics on
the landscape of southern Peninsular India? (3) What is the magnitude of post-breakup
(�65 Ma) erosion along the western coastal plain of the study area?
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Figure 3.1: SRTM 90 m digital elevation model (http://srtm.csi.cgiar.org/) showing
the topographic overview and the major rivers across the escarpment of southern Penin-
sular India (location in Figure 3.2). Bathymetric contours based on ETOPO1 digital
elevation model (http://www.ngdc.noaa.gov/). Thick black line = major water divide,
thin blue lines = major eastward- (towards Bay of Bengal) and westward-
owing (to-
wards Arabian Sea) rivers, and black circles = sampling locations. Rectangular boxes
are swath pro�le extents and black dashed lines (A-A0, B-B0, C-C0, and D-D0) are to-

pographic transects of Figures 3.5-3.7.
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referenced in the text.

3.2 Regional Setting

3.2.1 Geological overview

Peninsular India results from the collage of continental blocks that were part of several
supercontinents in Earth history starting from Ur at ca. 3.0 Ga through Columbia at
ca. 1.9 Ga, Rodinia at ca. 1 Ga, Pannotia at ca. 0.54 Ga, and Pangea at ca. 0.25 Ga
[e.g., Meert et al., 2010; Nance et al., 2014; Rogers and Santosh, 2003]. Southern Penin-
sular India comprises the Archean Dharwar Craton (DC) and Mesoarchean to Cambrian
crustal blocks collectively known as the Southern Granulite Terrane (SGT; Figure 3.2)
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[Collins et al., 2014; Ghosh et al., 2004; Santosh et al., 2015]. The Dharwar Craton is
broadly divided into the older Western Dharwar Craton (WDC; 3.3 { 2.7 Ga) and the
younger Eastern Dharwar Craton (EDC; 3.0 { 2.5 Ga) [Meert et al., 2010]. The EDC
basement consists mostly of Late Archean to Paleoproterozoic granites, granodiorites,
greenstone belts, and volcanics overlain unconformably by the Mesoproterozoic Cudda-
pah Super Group (Figure 3.2) [Meert et al., 2010; Ramakrishnan and Vaidyanadhan,
2010]. The WDC is separated from the EDC by the 2.5 Ga Closepet Granite [Friend
and Nutman, 1991] and is dominated by Archean Tonalitic{Trondhjemitic{Granodioritic
(TTG) gneisses, volcanic-sedimentary greenstone-granite sequence, and 2.6-2.5 Ga gran-
itoids (Figure 3.2) [Jayananda et al., 2006, 2008; Naqvi and Rogers, 1987]. The SGT is
subdivided into several units with distinct protolith origins and tectonothermal histories;
it is dominated by Archean orthogneisses and charnockites, with some minor ma�c gran-
ulite, migmatitic gneisses, granite, and high-grade metasedimentary rocks [Collins et al.,
2014 and references therein]. Basement rocks of the southern SGT were overprinted by
Ediacaran to Cambrian tectonics (ca. 620-540 Ma) related to collision and the formation
of Pannotia (Gondwana) [Collins et al., 2014 and references therein; Ghosh et al., 2004;
Plavsa et al., 2015].

The more recent geological history of Peninsular India re
ects extension linked to the
breakup of Gondwana and subsequent continental dispersion. Intracontinental rifting
began in the Late Carboniferous [Biswas, 1999; Chakraborty et al., 2003]. During the
Early Cretaceous (�130 Ma), conjoined Antarctica-Australia rifted from the India-Sri
Lanka-Seychelles-Madagascar plate, and creating the eastern passive margin of Peninsu-
lar India [Chatterjee et al., 2013; Gibbons et al., 2013; Storey, 1995]. During the Meso-
zoic, the western part of Peninsular India was subjected to two major rifting events: (i)
separation of the Sri Lanka-India-Seychelles block from Madagascar at�90 Ma [Storey
et al., 1995; Torsvik et al., 2000], and (ii) separation of Seychelles from India at�65
Ma [Chatterjee et al., 2013; Collier et al., 2008; Minshull et al., 2008; Torsvik et al.,
2013]. Near the southern tip of the western continental margin, the �rst signs of Meso-
zoic tectonic-thermal event are dated at 144� 6 Ma by K-Ar whole rock ages from
dolerite dykes attributed to rifting and breakup of Eastern Gondwana [Radhakrishna
et al., 1999]. Felsic volcanic rocks from St Mary's island, o� the western coast of Penin-
sular India, yield whole rock K-Ar and 40Ar- 39Ar ages between 84 and 93 Ma related to
the Marion hot spot and rifting of Seychelles-India from Madagascar [Bardintze� et al.,
2010; Pande et al., 2001; Storey et al., 1995]. Leucogabbro and ma�c dykes from central
Kerala and Karnataka, western Peninsular India have similar K-Ar and 40Ar/ 39Ar ages
between 85 and 90 Ma [Kumar et al., 2001; Radhakrishna et al., 1994]. The Mesozoic
tectonic-thermal event culminated with the massive outpouring of Deccan lavas at the
Cretaceous-Cenozoic boundary and rifting between Seychelles and India [e.g., Chenet
et al., 2007; Hofmann et al., 2000; Schoene et al., 2015]. The emplacement of the Deccan
continental 
ood basalts is widely considered to be a direct product of the proto-Reunion
plume beneath the northwestern margin of the Indian continent [e.g., Courtillot et al.,
1999; Hooper, 1990; Jerram and Widdowson, 2005; Torsvik et al., 2013].
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Barring a narrow coastal strip with Quaternary-Recent sediments and alluvium, the large
onshore part of southern Peninsular India currently lacks Phanerozoic sedimentary rocks
(Figure 3.2). Isolated Mesozoic-Cenozoic sediments are only present with in the eastern
and western pericratonic basins [Gupta, 2006; Ramakrishnan and Vaidyanadhan, 2010].

3.3 Topography and drainage network

The most striking topographic feature of Peninsular India is the �1600 km long and up
to �2600 m high escarpment (WGE) parallel to the western continental margin between
21°150 N and 8°120 N latitude at a distance of 10 to 75 km from the coast (Figure 3.1).
The escarpment is bordered to the east by a composite extensive plateau (Maharashtra,
Karnataka, and Mysore Plateaus, collectively known as the Deccan Plateau; Figure
3.1). The plateau is wide to the north, and gradually tapers toward the south, where an
arcuate escarpment separates the Nilgiri Plateau (average elevation�2000 m) from the
Mysore Plateau (average elevation�800 m). The precipitous edge of the Nilgiri Plateau
extends in a sweeping arc from its western to its southeastern side, where it is separated
from the Tamilnadu plain by a �1500 m high escarpment (Figure 3.1). Most of the
Deccan Plateau appears as low-relief surface dotted with meters high and irregularly
spaced granitoid, quartzite, banded iron formation (BIF), and charnockite/granulite
hills (inselbergs). From the great escarpment, the plateau elevation gently decreases
eastward to sea level over a distance of ca. 500-1000 km, whereas to the west the inland
plateau to coastal plain transition is abrupt. This asymmetry is re
ected in the drainage
network: east of the main drainage divide,>800 km long rivers 
ow toward the Bay of
Bengal, whereas west of the main drainage divide, short streams (<200 km) run across
and nearly orthogonal to the western slope of the escarpment (Figure 3.1). In general,
the main drainage divide is located atop the escarpment rim, 50-125 km inland of the
west coast. However, the drainage divide lies inboard of the escarpment rim between
14°300 N and 13°300 N latitude (Figure 3.1).

A 30 km wide low mountain pass, referred to as the `Palghat Gap', interrupts the gen-
erally continuous escarpment morphology between 10°300 N and 11� N latitude (Figure
3.1). The gap region has a maximum elevation of�300 m a.s.l., whereas the present-
day topography attains the highest elevation of Peninsular India,>2500 m a.s.l. on its
northern and southern sides.

3.4 Previous thermochronological data

A relatively large number (n = �150) of apatite �ssion track (AFT) ages exist for south-
ern Peninsular India (Figure 3.3a) [Gunnell et al., 2003; Herman et al., 2013; Kalaswad
et al., 1993; Sahu et al., 2013]. The oldest age (411� 24 Ma) is located in the Nilgiri
Plateau and the youngest age (49� 7 Ma) occurs at the southern tip of Peninsular
India. In general, ages<65 Ma occur along the western coastal plain, but unusually, so
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also do some of the oldest (Figure 3.3a). Inland plateaus show ages older than 100 Ma.
There is no clear-cut age increase from the coast up and across the escarpment [Gunnell
et al., 2003; Sahu et al., 2013]. Most of the samples located near the perimeter of the
Deccan 
ood basalt province yield ages>100 Ma, thus e�ectively rule out resetting due
to heating by a large Deccan plume heat source [Gunnell et al., 2003].

AFT thermochronometry suggests that southern Peninsular India underwent acceler-
ated erosion during the Late Cretaceous, with possible denudation peaks at�90-80 Ma
and �65 Ma related to the rifting of India from Madagascar and Seychelles [Gunnell
et al., 2003]. The AFT data reported by Sahu et al. [2013] from eastern Peninsular
India suggests accelerated cooling during the Late Cretaceous (�95-65 Ma), which they
ascribed to an increase in topography in response to ascending Deccan plume.

3.5 Apatite (U-Th-Sm)/He Thermochronometry

3.5.1 Samples, methods, and results

AHe thermochronometry is based on thermally activated di�usion of radiogenic helium
within apatite [Zeitler et al., 1987] and is sensitive to temperatures from �90 to 30 �

C, depending on cooling rate, crystal size, apatite composition, and accumulation of
radiation damage in the crystal [Farley, 2000; Flowers et al., 2009; Gautheron et al., 2013,
2009; Shuster et al., 2006]. We acquired new AHe data on 124 apatites from 39 samples of
Archean-Proterozoic basement rocks extending across southern Peninsular India (Figure
3.2). Bedrock samples were mainly collected along one north-south trending corridor
from the Mysore Plateau through the Nilgiri Plateau and Palghat Gap and two west-east
trending corridors from the western coastal plain through the inland plateau. Thirteen
additional samples were collected in the inland plateau and western coastal plain (Figure
3.1). Single inclusion-free crystals of apatite were selected based on morphology and
clarity. Individual apatites were analyzed for U, Th, and He at the ETH Zurich. Between
two and six replicates of every sample were measured. The� -ejection correction of
Farley et al. [1996] was applied to all raw AHe ages. Details of analytical methods
are provided in the supporting information (see Appendix B). Analytical results are
reported in Table 3.1. Analytical uncertainties for individual analyses are based on
the propagated errors from the U, Th, Sm, and He analyses. Ten fragments from an
apatite crystal of the standard Durango were processed together with and identically to
our samples to validate the reproducibility and accuracy of our measurements and AHe
age determinations. The ages of individual fragments scattered by 7% (1�), which is
signi�cantly less than the scatter of individual apatite ages for almost all samples (Table
3.1). The mean age of all Durango fragments is in very good statistical agreement with
the nominal age of the Durango apatite (31.44� 0.18 Ma) and di�ers by only 3%. Grain
size is reported in Table 3.1 as the equivalent spherical radius (Rs) and were computed
following the formulation of Ketcham et al. [2011].
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Four samples (SIN1338, SIN1340, SIN1370, and SIN1377) yielded anomalously old AHe
ages, which were excluded from their corresponding populations. The remainder uncor-
rected AHe ages range from 15.8� 2.3 to 274.7� 0.9 Ma, while the � -ejection corrected
ages range from 20.9� 3.0 to 398.4� 1.3 Ma (Table 3.1 and Figure 3.3b). The corrected
AHe ages de�ne a broad continuum with the oldest ages in the inland plateau and the
youngest ages in the Palghat Gap region. The relationship of AHe ages with elevation
for the whole data set shows a poor positive correlation (R2 = 0.26, p<0.01; Figure
3.4a). There is no relationship between ages and distance from the 0 m isobath (Figure
3.4b). The corrected mean AHe ages and published AFT ages [Gunnell et al., 2003;
Herman et al., 2013] are shown in Figures 3.5-3.7, which facilitate comparison between
the two datasets. The A-A0transect (location in Figure 3.1) shows ages consistently older
than 200 Ma, except for samples SIN1304 and SIN1306 located near the southeastern
edge of the plateau (Figure 3.5a). The B-B0transect (location in Figure 3.1) displays an
overall age pattern that mimics the topography with southward increasing ages up to
the Nilgiri Plateau and then ages decreasing from the Nilgiri Plateau to the Palghat Gap
(Figure 3.6a). The age pattern along the D-D0transect shows no relationship between
age and elevation (Figure 3.7a). Finally, the C-C0transect (location in Figure 3.1) shows
no clear age-elevation pattern to the west of the escarpment whereas the age pattern
roughly mimics the topography to the east (Figure 3.7b). The spatial patterns of AHe
and AFT ages are similar along the four transects: AHe ages are either younger than or
overlap within error with the AFT ages with the exception of sample SIN1445, which
has a mean AHe age of 364.2� 44.6 Ma while the adjacent AFT age is 226� 14 Ma.

3.5.2 Correlations between AHe age, eU, and grain size

4He retentivity in apatite is sensitive to the radiation damage from U and Th decay
in the crystal. Accumulation of radiation damage increases the He retentivity and the
annealing of damage reduces it [Gautheron et al., 2009; Shuster and Farley, 2009; Shuster
et al., 2006]. For some thermal histories, this e�ect can cause the e�ective apatite
closure temperatures to vary by several tens of degrees [e.g., Flowers et al., 2009] and
produce positive correlations between AHe age and e�ective Uranium (eU) concentration
[Flowers, 2009; Flowers and Kelley, 2011]. eU weights the decay of the two parent
isotopes for their � productivity [Flowers et al., 2007]. Apatites from our samples are
characterized by a relatively large eU range, with individual eU values from 0.46 to 82.16
ppm (Figures 3.8a-c) and mean sample eU values from 1.23 to 73.93 ppm (Figure 3.9a).
A positive correlation between AHe age and eU was obtained from apatite grains in �ve

Figure 3.3 (preceding page): Distribution of published apatite �ssion track (AFT)
[after Gunnell et al., 2003; Herman et al., 2013; Sahu et al., 2013] and (U-Th-Sm)/He
(AHe) thermochronometry data across southern Peninsular India. SRTM 90 m DEM-
derived shaded relief map of the southern Peninsular India. (a) Sample locations
(squares) color-coded for AFT age group. Dashed rectangular boxes = swath pro-
�le extents as in Figure 3.1. (b) Sample locations (circles) color-coded for AHe age

group.
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samples (SIN1321, SIN1325, SIN1335, SIN1339, and SIN1342). In two other samples
(SIN1366 and SIN1377), only a subset of grains de�nes this positive correlation, while
one grain represents an outlier (Figure 3.8a). For the remaining samples, apatite grains
display either a negative (SIN1304, SIN1312, SIN1315, SIN1318, SIN1327, SIN1347,
SIN1352, SIN1375, and SIN1446; Figure 3.8b) or no correlation (SIN1306, SIN1307,
SIN1309, SIN1324, SIN1336, SIN1349, SIN1360, SIN1378, and SIN1383; Figure 3.8c).

4He di�usivity in apatite is also a�ected by the size of the di�usion domain i.e. the grain
size, such that the closure temperature of the AHe system increases with grain size [Dod-
son, 1979]. As discussed in Gautheron et al. [2009], the dependence or independence of
ages from grain size bears important indications on the He retentivity. Analyzed apatites
are characterized by a broad spectrum of grain size, with individual equivalent spherical
radius (Rs) values from 32.77 to 124.20�m (Table 3.1, Figures 3.8d-f) and mean sample
equivalent spherical radius values from 35.72 to 124.20�m (Figure 3.9b). In some sam-
ples (SIN1307, SIN1315, SIN1318, SIN1325, SIN1327, SIN1335, SIN1349, SIN1377, and
SIN1383) there is a positive correlation between AHe age and grain size (Figure 3.8d),
while this correlation is moderately to weakly negative in samples SIN1312, SIN1352,
SIN1366, and SIN1381 (Figure 3.8e). No correlation between AHe age and grain size is
noted in the remainder samples (Figure 3.8f).

The negative correlation or the lack of correlation between ages and eU in some of our
samples may result from the combined e�ects of eU and grain size. For instance, sample
SIN1352 has negative age-eU and grain size-eU correlations (Figures 3.8b, e). Its eU
varies over a range between 36 and 73 ppm, its grain sizes range from 38-53�m. For
cooling rates between 0.1 and 10� C Ma�1 , the di�erence in radiation damage calculated
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based on the4He concentration following Shuster et al. [2006] would cause about 10� C
di�erences in closure temperature. The di�erence in grain size alone would also result
in about 10� C di�erence in closure temperature. Thus, in this case the two e�ects
could cancel out. Other possible explanations for the negative age-eU correlations could
be the interference of other e�ects such as zoning of the parent isotopes in the grains
[Farley et al., 2011]. Apatites with rims enriched in U and Th are subject to a greater
loss of4He by � -ejection than predicted by assuming homogeneous concentrations and,
therefore, zoned patterns result in younger ages. Apatites with enriched cores would
yield older ages than predicted with homogeneous parents' distribution. Our analyses
are based on full apatite dissolution that does not allow correcting for heterogeneous
isotope content.

3.5.3 AHe age dispersion

A 15-20% sample standard deviation is typical for cratonic AHe data lacking strong
AHe age-eU correlations [e.g., Ault et al., 2013; Flowers, 2009]. Therefore, we used
the standard deviation of the sample as a statistical measure of the scattering of AHe
dataset. Of 39 samples, 20 have<20% sample standard deviation, while 17 are char-
acterized by >20% sample standard deviation. Sample SIN1314 yielded only one AHe
age (Table 3.1). Three samples (SIN1339, SIN1342, and SIN1366) with larger dispersion
(�28%) show an AHe age-eU correlation and can be explained by the in
uence of radi-
ation damage on apatite4He retentivity [e.g., Flowers, 2009; Flowers and Kelley, 2011].
In addition, three samples (SIN1318, SIN1327, and SIN1383) with larger dispersion
(�35%) show an AHe age-grain size correlation and can be explained by the in
uence of
grain size on apatite 4He retentivity [Fitzgerald et al., 2006; Reiners and Farley, 2001].
Therefore, among the samples with high dispersion, we used for time-temperature (t-T)
path interpretation those characterized by correlation of AHe age with either grain size
or eU. We excluded the ten samples with large AHe age dispersion (�24%) because we
do not fully understand and cannot correct for the possible cause(s) of such dispersion.
Factors contributing to AHe age dispersion can be implantation of4He from neighboring
U and Th-rich phases [Gautheron et al., 2012; Spiegel et al., 2009], U and Th-enriched
micro-inclusions [Farley, 2002], U-Th zoning [Ault and Flowers, 2012; Fitzgerald et al.,
2006; Flowers and Kelley, 2011], and/or micro-fractures within the grain [Beucher et al.,
2013; Brown et al., 2013].

3.5.4 Thermal history simulations

Thermal history simulations were carried out using the inverse modeling capabilities of
Hefty (version 1.8.3) [Ketcham, 2005] and the radiation damage accumulation and an-
nealing model (RDAAM) of Flowers et al. [2009]. For each model, we use the single grain
uncorrected AHe age and 1� standard deviation, grain radius measured as equivalent
spherical radius [Ketcham et al., 2011], and the U, Th, and Sm concentrations in apatite
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as constraints. Additional constraints incorporated in the thermal history simulations
are the adjacent AFT ages or average regional AFT ages from previous studies [Gunnell
et al., 2003; Herman et al., 2013], where sampled sites were far apart. We could only
input central AFT ages and their 1-sigma errors because single-grain ages and track
lengths are not reported in the literature. Additional simulation details are reported
in supporting information Table B.1 (see Appendix B). Models assumed no apatite eU
zonation. For southern Peninsular India, no constraints are available concerning the
temperature from which samples might have cooled during the Mesozoic-Cenozoic. The
thermal history simulations begin at 550 Ma, when the geological constraints indicate
peak metamorphic temperatures up to 900-1050� C in the SGT [Collins et al., 2014;
Plavsa et al., 2015]. Therefore, we assumed that prior to 550 Ma the rocks were at
temperatures too high for retention of any radiation damage in apatite. We choose a
generous t-T box to allow unsupervised simulations of the cooling histories. Finally,
we let the samples cool to surface conditions by setting the present-day average sur-
face temperature at 25 � 5� C [Attri and Tyagi, 2010]. For each inverse simulation,
100,000 random thermal histories satisfying de�ned t-T constraints were generated and
the predicted ages compared against the data input, with paths that yielded both statis-
tical \good"(probability >50%) and \acceptable"(probability of 5%) �ts to the data [see
Ketcham, 2005; Ketcham et al., 2009 for statistical signi�cance of these �ts]. However,
some AHe data sets only allowed modeling \acceptable"�ts.

3.5.4.1 Results of inverse modeling of AHe data

Thermal history simulations have been calculated for 25 samples and examples are
shown in Figures 3.5-3.7. Only the 400 Ma onward portion of the thermal histories
is depicted in Figures 3.5-3.7, although the simulations commence at 550 Ma. Geolog-
ical constraints and published AFT data from the DC and SGT together suggested no
substantial Phanerozoic heating either by sediment burial or my magmatism [Gunnell
et al., 2003; Ramakrishnan and Vaidyanadhan, 2010; Sahu et al., 2013]. The widespread
Late Cretaceous Deccan magmatism is restricted only to the North of 15� N latitude
[Sheth, 2007] and few Mesozoic ma�c dykes are distributed only in the vicinity of west-
ern seaboard. Therefore, the cooling episode observed in the modeled thermal histories
of samples from the DC and SGT is interpreted as a discrete erosional episode. For
clarity, the cooling history will be discussed along the topographic transects.

3.5.4.1.1 Plateau interior transect

Along the transect A-A 0, 14 single grain AHe ages were obtained from 5 samples and 4
could be used for t-T simulations (Table 3.1, Figure 3.5a). At the southeastern end of
the transect, two samples from the Cauvery gorge at�350 m elevation yield mean AHe
ages of 93.8� 14.3 Ma and 77.9� 38.6 Ma, respectively. The t-T modeling of sample
SIN1304 (SD1 �14%) �nds `good' paths consistent with slow cooling from 120 to 60�

1standard deviation
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C till about 100 Ma, followed by rapid cooling to near-surface temperatures between
100 and 90 Ma (Figure 3.5b). At the northwestern end of the transect a 364.2� 44.6
Ma AHe age at 725 m elevation is older than the adjacent AFT age of 226� 14 Ma
[Gunnell et al., 2003] and are likely spurious. The eU content of this sample varies
from 23 to 34 ppm, a typical range for apatites. Therefore, these ages are unlikely
related to He loss due to anomalously high-radiation damage. The He re-extractions for
these grains yielded 0.05% and 0.5% of the total He released indicating that \excess"He
due to mineral inclusions is unlikely. An earlier AHe study in eastern Peninsular India
by Sahu et al. [2013] also reported AHe ages older than their AFT age counterparts.
Thus, these \too old"AHe ages could be due either to zonation of U and Th or to He
implantation from neighboring grains with high U content [Spiegel et al., 2009]. In the
middle of the transect, two samples at elevations>900 m yield mean ages of 248.5�
28.0 Ma and 263.2� 38.3 Ma, which overlap within error with three AFT ages that
are within a distance of 30 km and that range from 226� 14 to 285 � 2 Ma [Gunnell
et al., 2003] (Figure 3.5a). The overlap may re
ect very rapid cooling through both the
AFT partial annealing zones (PAZ) and AHe partial retention zones (PRZ) during the
Late Permian/Early Triassic. Alternatively, this overlap re
ects the radiation damage
accumulated during a long residence of the rocks in the AHe PRZ, thus resulting in high
AHe closure temperatures. For these samples, we could model only \acceptable"t-T
paths. The best �t path shows rapid cooling to near-surface temperatures by Early
Triassic (�250 Ma) followed by slow cooling to temperatures �50 � C up to the present
(Figure 3.5c). The corresponding t-T history predicts for the mean sample AHe age a
closure temperature between 80 and 90� C. The AFT closure temperature for cooling
rates <1 � C Ma�1 is 98� C, and this suggests that the Permian/Early Triassic cooling
has been relatively rapid across the AFT PAZ only.

Assuming a geothermal gradient between 10 and 15� C km�1 [e.g., Agrawal and Pandey,
2004; Roy and Rao, 2000] and a surface temperature of 25� C, the thermal history
consistently indicates that the central Deccan Plateau was within 1-1.5 km of the surface
since at least the Late Permian/Early Triassic.

3.5.4.1.2 North-south corridor across the Deccan Plateau-Nilgiri Plateau
and Palghat Gap

Along the transect B-B0, 58 single grain AHe ages from 20 samples yield corrected ages
between 20.9� 3.0 Ma and 398.3� 1.3 Ma (Table 3.1 and Figure 3.6a). The t-T paths
of 12 of these samples were simulated and 6 of these representative thermal histories
are shown in Figures 3.6b-g. Two samples to the north of the Nilgiri Plateau have
ages of 75.5� 14.6 and 125.6� 37.1 Ma (Figure 3.6a). The 75.5 Ma age (SIN1307)
is located at the edge of the incised valley of the Cauvery River, where two additional
low-elevation samples yielded ages ranging from 78 to 94 Ma (section 3.5.4.1.1). The 126
Ma age (SIN1309) is located�15 km north of the Nilgiri Plateau, where AFT ages range
from 133 to 220 Ma [Gunnell et al., 2003]. These data and the t-T modeling indicate
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Figure 3.5: Swath topographic pro�le with age and elevation of apatite (U-Th-Sm)/He
(AHe) and �ssion track (AFT) samples, and cooling paths. (a) (top): SRTM 90 m
DEM-derived topographic swath pro�le (A-A 0, Figure 3.1) and elevation of each AFT
and AHe sample. Symbols as in Figure 3.3. Shaded area = maximum and minimum
elevation. Thick black line = mean elevation. (bottom): AHe and AFT age-elevation
relationship for A-A 0transect. Color coded for AFT and AHe age group as in Figure 3.3.
(b, c) Thermal history simulation results using the radiation damage accumulation and
annealing model (RDAAM) of Flowers et al., 2009. Only the 400 Ma onward portion
of the thermal histories is depicted, although the simulations commence at 550 Ma.
Black rectangles show the constraints imposed on thermal histories. The results are
shown as path envelopes encompassing the thermal histories that generated good �ts
(yellow paths; probability >50%) and acceptable �ts (outer green shading; probability
of 5%). Also shown the best statistical t-T path represented by thick red line. Black

arrow denotes the mean sample AHe age.
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enhanced cooling to near-surface temperatures at�90 Ma followed by negligible cooling
up to present (Figure 3.6b).

Samples at elevations>2000 m in the Nilgiri Plateau deliver mean AHe ages between
177.0 � 24.5 Ma and 281.2� 98.3 Ma. AFT ages in this region range between 317
and 411 Ma [Gunnell et al., 2003; Herman et al., 2013] (Figure 3.6a). The modeled t-T
history of these samples consistently indicate that the Nilgiri Plateau has been cooling
very slowly from below �50 � C since at least 400 Ma ago (Figures 3.6c, d). Thus, unlike
the samples in the northern sector of this transect and in the interior of the Deccan
Plateau (section 3.5.4.1.1), the high-elevation Nilgiri samples do not record any Late
Permian/Early Triassic or Late Cretaceous change in cooling history. Samples at the
edges of the Nilgiri Plateau (elevations<1500 m) have AHe ages 105.5� 57.3 (SIN1312)
and 168.5� 2.4 Ma (SIN1321) old. AFT ages close to these samples are older than 270
Ma [Gunnell et al., 2003; Herman et al., 2013]. The t-T paths of these samples follow
slightly higher cooling rates between�200 and 90 Ma than the samples in the high
plateau (Figure 3.6d).

Samples from the Palghat Gap yield the youngest mean AHe age of all AFT and AHe
ages in the whole southern Peninsular India, at 38.1� 6.8 Ma. Along the southern Nilgiri

ank, two AFT ages at 390 and 460 m elevations are 208 and 271 Ma old, respectively
[Herman et al., 2013]. No AFT ages are available in the Palghat Gap. These ages
and the modeled t-T paths indicate that these regions resided in a temperature window
below or close to the AFT closure but above the AHe closure during the Jurassic and
the Cretaceous before rapid cooling to the surface during the Cenozoic (Figures 3.6e-g).

3.5.4.1.3 East-west corridors from the coastal plain to the inland plateau

Fourteen samples from two corridors across the Western Ghat escarpment yield mean
AHe ages between 57.4� 8.7 and 237.7� 97.8 Ma (Figures 3.7a, b). Along both
corridors, there are only two ages younger than 100 Ma and both are at low elevations.
Along the northern corridor both the AFT [Gunnell et al., 2003] and the AHe ages range
between 150 and 317 Ma with no discernible pattern from the coastal plain to the inland
plateau (Figure 3.7a). The exception is sample (SIN1434) located at 114 m elevation at
the foot of the escarpment; it has an age of 80.5� 7 Ma. South of the D-D0transect,
another sample (SIN1360) at 197 m elevation, also at the foot of the escarpment, has an
age of 65.7� 15.8 Ma (Figure 3.3b). The age pattern implies that the escarpment may
have been locally incised enough to expose rejuvenated ages while much of the plateau
margin has resided near the present day surface since the Triassic. Nevertheless, using
the RDAAM helium kinetic model [Flowers et al., 2009] for the AHe simulations and
integrating nearby AFT ages, a more complicated history emerges, as exempli�ed with
sample SIN1377 (Figure 3.7c). Its mean AHe age is 149.7� 18.9 Ma and, according to
modeled t-T paths, it was already at about 120� C before 200 Ma as controlled by the
nearby AFT date. It cooled from 120� C to 60� C between 200 and 100 Ma and rapidly to
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40-30� C about 100 Ma ago. The t-T path simulation of the 81 Ma old sample (SIN1434)
shows a similar history (Figure 3.7d). According to its best �t t-T path, it may have
resided at temperatures as low as 80� C before 200 Ma, followed by cooling from 80�

C to about 60� C between 200 and 90 Ma and from 60� C to near-surface temperature
during the last 90 Ma. Collectively these data indicate that the regional cooling at the
plateau margin was long-lived and slow and assuming a geothermal gradient of�15 � C
km�1 and a surface temperature of 25� C, the thermal histories demonstrate that the
rocks have resided in the upper�1.5 km of the crust since the Late Cretaceous.

Along the southern transect (Figure 3.7b) all AFT ages are located on the Nilgiri Plateau
and are older than 270 Ma (section 3.5.4.1.2). No AFT age is available along the coastal
plain. The AHe ages along the coastal plain range from 57.4� 8.7 to 122.2 � 93.3
Ma with the youngest age (SIN1335) close to the coast (Figure 3.3b). These ages and
their pattern suggest that the coastal plain has experienced similar cooling histories
(Figures 3.7c-e) in the southern (C-C0) and northern (D-D 0) sections. Rocks have resided
within a few kilometers of the present day surface since the Triassic, then underwent
cooling through the AFT PAZ during the Mesozoic with rapid cooling to near-surface
temperatures between 120-100 Ma followed by gradual cooling to the surface. Good t-T
paths could only be generated for the youngest age (57 Ma, SIN1335; Figure 3.7f), that
indicate locally �nal cooling from about 70 � C to the surface may have taken place after
60 Ma.

3.6 Discussion

3.6.1 Cooling during Carboniferous-to-Late Jurassic intracontinental
rifting

The new AHe data from the southeastern edge of the Deccan Plateau are<100 Ma,
whereas elsewhere in the upland plateau they are predominantly>200 Ma. The t-
T simulations demonstrate that the presently exposed surfaces of the interior Deccan

Figure 3.6 (preceding page): Swath topographic pro�le with age and elevation of
apatite (U-Th-Sm)/He (AHe) and �ssion track (AFT) samples, and cooling paths. (a)
(top): SRTM 90 m DEM-derived topographic swath pro�le (B-B 0, Figure 3.1) and ele-
vation of each AFT and AHe sample. Symbols as in Figure 3.3. Shaded area and line
as in Figure 3.5. (bottom): AHe and AFT age-elevation relationship for A-A0transect
(oriented N-S and obliquely to the WGE). Color coded for AFT and AHe age group as
in Figure 3.3. Note that the transect shows a distinct inverted V-shaped age pattern for
both thermochronometers, mimicking the topography. (b-g) Thermal history simula-
tion results using the radiation damage accumulation and annealing model (RDAAM)
of Flowers et al., 2009. Only the 400 Ma onward portion of the thermal histories is
depicted, although the simulations commence at 550 Ma. Rectangles and arrows as in
Figure 3.5. For sample SIN1315 and SIN1321, the imposed constraints fall outside the
limit of the temperature axis. Color coding of lines and path envelopes encompassing

the thermal histories as in Figure 3.5.
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Figure 3.7: Swath topographic pro�le with age and elevation of apatite (U-Th-Sm)/He
(AHe) and �ssion track (AFT) samples, and cooling paths. (a, b) (top): SRTM 90 m
DEM-derived topographic swath pro�les (D-D 0and C-C0, Figure 3.1) and elevation of
each AFT and AHe sample. Symbols as in Figure 3.3. Shaded area and line as in
Figure 3.5. (a, b) (bottom): AHe and AFT age-elevation relationship for D-D 0and
C-C0transect, respectively (oriented E-W and orthogonally to the WGE). Color coded
for AFT and AHe age group as in Figure 3.3. (c-f) Thermal history simulation results
using the radiation damage accumulation and annealing model (RDAAM) of Flowers
et al., 2009. Only the 400 Ma onward portion of the thermal histories is depicted,
although the simulations commence at 550 Ma. Rectangles and arrows as in Figure
3.5. Color coding of lines and path envelopes encompassing the thermal histories as in

Figure 3.5.
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Figure 3.8: Individual apatite (U-Th-Sm)/He (AHe) ages as a function of e�ective
Uranium (eU) and grain size. (a) Samples with positive AHe age-eU correlation; (b)
Samples with negative AHe age-eU correlation; (c) Samples with no AHe age-eU cor-
relation; (d) Samples with positive AHe age-Rs correlation; (e) Samples with negative
AHe age-Rs correlation; (f) Samples with no AHe age-Rs correlation. Errors are plot-
ted at 1� , propagated from the analytical uncertainties on the U, Th, Sm, and He

measurements.

Plateau were at near-surface conditions by Permian-Triassic times. This is consistent
with the cooling histories of other Eastern Gondwana fragments such as Madagascar
[e.g., Emmel et al., 2012a; Seward et al., 2004], Sri Lanka [e.g., Emmel et al., 2012b],
and East Antarctica [e.g., Arne, 1994; Lisker et al., 2003, 2007]. Enhanced cooling in
the Eastern Gondwana fragments is coeval with continental extension that preceded the
Early Jurassic breakup of East Gondwana from West Gondwana [e.g., Biswas, 1999;
Chatterjee et al., 2013; Harrow�eld et al., 2005]. Several researchers have argued that
there is a close temporal and causal link between Permian-Triassic extension, exhuma-
tion, and sedimentation in the adjacent intracontinental rift basin [Biswas, 1999; Emmel
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Figure 3.9: (a) Sample mean apatite (U-Th-Sm)/He (AHe) age as a function of mean
e�ective Uranium (eU) value for each of 39 samples. Errors are plotted as the 1�
standard deviation of the mean AHe age and mean eU value. (b) Sample mean AHe
age as a function of mean grain size for each of 39 samples. Errors are plotted as the
1� standard deviation of the mean AHe age and mean grain size. Color coding denotes

age groups as in Figure 3.3b.

et al., 2012a, 2004, 2012b; Seward et al., 2004]. According to Emmel et al. [2012a], the
Carboniferous to Late Jurassic continental sedimentation in the Karoo Basin is possi-
bly the erosion products of the western Madagascar basement and according to Emmel
et al. [2012b], the Permian-Jurassic continental detritus in the Rovuma, Mozambique,
and Cauvery Basin are possibly the products of erosion of the Sri Lankan basement. In
eastern and central Peninsular India, dominantly coarse to medium-grained sandstone
was deposited in several grabens [Biswas, 1999; Chakraborty et al., 2003]. Gravity stud-
ies and drill-hole data indicate a maximum sediment thickness of�4 km [Mishra et al.,
1999; Veevers and Tewari, 1995] and fossil plant assemblages indicate a Carboniferous-
Jurassic depositional age [Ramakrishnan and Vaidyanadhan, 2010]. The paleocurrent
directions of the Permian-Triassic sediments in the Pranhita-Godavari Basin, at the
northeastern margin of Deccan Plateau (Figure 3.2), are from southwest to northeast
[Lakshminarayana, 2002], and U-Pb/Hf analyses of detrital zircons indicate sources from
the Dharwar Craton [Amarasinghe et al., 2015; Veevers and Saeed, 2009]. Much of the
presently exposed surface of the Deccan Plateau was thus exhumed when synrift sedi-
ments of the Pranhita-Godavari Basin were deposited. We infer that, like for Madagas-
car, Sri Lanka, and East Antarctica [Emmel et al., 2012a,b; Thomson et al., 2013], the
formation of low-relief plateau surface was completed by ca. 200 Ma ago.

3.6.2 Mesozoic-to-Cenozoic cooling events of the Deccan Plateau

Previous AFT studies by Sahu et al. [2013] demonstrated relatively slow to almost
negligible cooling of basement rocks between�200 and 90 Ma, followed by a moderate
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cooling episode (�5-20 � C) between �90 Ma and 65 Ma. Our data are consistent with
little cooling from 200 to 90 Ma but do not detect the �90-65 � C cooling step, with
the exception of sample SIN1309 (Figure 3.6b), which is located at least 500 km south-
west of the area studied by Sahu et al. [2013]. The samples of Sahu et al. [2013] are
mainly adjacent to the Deccan volcanic province and the Late Cretaceous-Early Cenozoic
discrete cooling event is attributed to kilometer-scale pre-volcanic uplift related to the
Deccan plume. Thus, as suggested by Sheth [2007], we infer that this event might
have a�ected northern Peninsular India only, while southern Peninsular India may have
remained unperturbed.

Gunnell et al. [2003] discussed the signi�cance of initial track lengths for AFT annealing
models inferring that the most likely correct initial track length of 14.5 �m are those
resulting in less than 1 km of erosion of the plateau during the Cenozoic. Our data
are consistent with this interpretation because Cenozoic erosion in excess of 1-1.5 km
in the upland would have a�ected the AHe ages, which instead are all older than 70
Ma. 40Ar/ 39Ar dating of cryptomelane in laterites from the Deccan Plateau attest for
intense Late Eocene to Mid-Oligocene weathering(s) of the landsurface [Bonnet et al.,
2014]. Such enhanced weathering required low-relief surfaces covered by a humid tropical
forest under warm and/or at least wet climatic conditions [Vasconcelos et al., 1994].
Therefore, our favored scenario is that the Deccan Plateau already constituted a stable
surface during the Early Cenozoic, as inferred from our AHe data. Moreover, Gunnell
et al. [2003] described conspicuous denudation peaks of 70-80 m Ma�1 between 200
and 100 Ma in the highland area, closer to the eastern margin of India, which should
re
ect high denudation rates in response to Middle Jurassic (�167 Ma) rifting of East
Gondwana from West Gondwana and Early Cretaceous (�130 Ma) rifting of conjoined
India-Sri Lanka-Seychelles-Madagascar from the Antarctica-Australia [Chatterjee et al.,
2013]. Even our easternmost samples do not detect such a cooling event, implying that
the amount of erosion has been also moderate during these rifting events.

A minor heating episode resulting from eastern India passing over the Kerguelen hotspot
during the separation of the Indian plate from Antarctica at ca. 120 Ma has been
suggested by Biswall and Seward [2003]. This reheating episode is discernable neither
in the AFT data reported in earlier studies on Peninsular India [Gunnell et al., 2003;
Kalaswad et al., 1993; Sahu et al., 2013] nor in our t-T simulations.

Our samples detect Late Cretaceous cooling in a few locations along or in the vicinity
of the Cauvery River where the AHe ages are 76 and 94 Ma old. This age pattern hints
to rejuvenation where active rivers incised deeply enough the southeastern edges of the
Deccan Plateau to exhume the AHe PRZ. Stream capture may rapidly take down local
base level and promote rapid dissection and rejuvenation of the plateau. Such a process
may have been triggered by drainage reorganization along the Cauvery River as inferred
by Subrahmanya [1996] and Radhakrishna [1992]. Accordingly, we suggest that the
large-scale reorganization of the Cauvery drainage basin occurred in the Late Cretaceous
and caused the enhanced erosion detected in the t-T history of our AHe data (Figure
3.5b). This time period also coincides with Campanian to Late Maastrichtian increase
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in sediment 
ux and grain size (Ariyalur Formation with a thickness up to 3 km) in the
o�shore Cauvery basin [Gunnell, 1998b]. There, Late Cretaceous, predominantly coarse
detritus is interpreted to source from the continental hinterland [Bakkiaraj et al., 2010;
Madhavaraju et al., 2006]. According to the Fast Ocean-Atmosphere Model (FOAM)
paleoclimate simulations [Goswami, 2012], the eastern part of the present sub-continental
India witnessed a major climatic change during the Cenomanian-Turonian time (�90
Ma) [Chatterjee et al., 2013]. The drainage reorganization and subsequent enhanced
erosion may be due to this climate change.

3.6.3 Origin of Palghat Gap

A signi�cant result is the presence of AHe ages younger than 90 Ma along the southern

ank of the Nilgiri Plateau and particularly in the Palghat Gap region. The ca. 30 km
wide E-W trending topographic breach (mean elevation = �140 m) through the West-
ern Ghat Mountains is superimposed on the Precambrian Palghat-Cauvery shear zone
interpreted to represent a strand of Mozambique Ocean that closed at circa 550-500 Ma
[e.g., Collins et al., 2014, 2007; Plavsa et al., 2015; Santosh et al., 2009, 2012]. Jacob
and Narayanaswami [1954] and Arogyaswamy [1963] consider that the gap originated
from structurally controlled 
uvial and marine erosion. D'Cruz et al. [2000] also at-
tributed the low-lying topography to greater erodibility of the highly deformed rocks
compared to the relatively erosion resistant charnockites/granulites 
anking the north-
ern and southern 
anks of the Palghat Gap. The Palghat Gap has also been attributed
to neo-tectonic activity [Nageswara Rao and Srinivasan, 1980; Srinagesh and Rai, 1996;
Sunil et al., 2010]. However, given the tectonic quiescence of the region since at least
65 Ma, the later hypothesis seems unsuited. These di�erent interpretations are a direct
consequence of lack of data and thus it becomes important to appraise the evolution of
the Palghat Gap in the context of our AHe data.

The t-T simulations indicate that the rocks close to and in the gap cooled slowly from
below 120� C to �60 � C between the Early Triassic (�250 Ma) and the Early Cenozoic
and rapidly cooled to near-surface temperature sometime in the last 40 Ma. The exact
timing of the last event remains imprecise, due to the uncertainties inherent to the mod-
elling of AHe data [Ketcham, 2005]. Assuming a paleo-geothermal gradient similar to
that of present day [Roy and Rao, 2000], we infer a post ca. 40 Ma erosional depth of�2
km in the gap region. This value is equivalent to the current elevation di�erence between
the bottom of the gap and the top of the Nilgiri Plateau. Enhanced erosion in the Pal-
ghat Gap during the Cenozoic could correlate with Miocene high clastic sediment in
ux
in the o�shore Kerala-Konkan basin [Campanile et al., 2008]. This increased sedimenta-
tion rate was hitherto unexplained. This time period also coincides with the transition
from dominantly marine to 
uvial depositional environment in the Kerala-Konkan basin
[Campanile et al., 2008], suggesting that the Palghat Gap may have formed during that
time. Furthermore, without evidence for Cenozoic reappraisal of tectonic activity in
southern Peninsular India, the enhanced erosion in the Palghat Gap could correlate
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with an increase in precipitation. Hence, we suggest that the enhanced erosion in the
Palghat Gap could correlate with the timing of monsoon intensi�cation over south Asia
[Dettman et al., 2001; Molnar et al., 1993; Zhisheng et al., 2001]. Accelerated erosion
can be attributed to the relatively rapid retreat of the Western Ghat escarpment facil-
itated by the escarpment perpendicular weak lithological backbone of the Precambrian
Palghat-Cauvery shear zone [e.g., Ghosh et al., 2004; Plavsa et al., 2015], as it has been
proposed earlier [D'Cruz et al., 2000; Gunnell and Harbor, 2010]. Our interpretation
suggests a possible association between timing of gap formation, monsoon intensi�cation
over south Asia and elevated sediment 
uxes on the Arabian Sea margin.

3.6.4 E�ect of Palghat Gap on the present-day topography of the Nil-
giri Plateau

The Nilgiri and Kodaikanal Plateau are the highest landforms in southern Peninsular
India and they constitute the shoulders of the Palghat Gap, which was eroded during
the Cenozoic. This observation raises the question whether part of the high elevation
of these plateaus could be related to the e�ect of isostatic rebound associated with the
erosion of the Palghat Gap. No data are available for the Kodaikanal Plateau, which
therefore we do not consider in the following discussion. AFT and AHe data suggest
that the presently exposed surface of the Nilgiri Plateau was near the surface by Triassic-
Jurassic times, implying that the plateau has undergone little erosion since ca. 200 Ma
(Figures 3.6c-d). 10Be abundances in modern stream sediments yield millennial-scale
erosion rates of only 10-17 m Ma�1 , supporting that the Nilgiri Plateau constitutes a
stable landform [Mandal et al., 2015b]. The preservation of high-elevation and relief of
the Nilgiri Plateau (some 1500 m higher than the Deccan Plateau and�2300 m above
the Palghat Gap) thus re
ects extremely low long-term erosion rates, but its origin
remains problematic, given the location in the interior of a craton.

A simple isostatic calculation taking into account �2 km erosion of the Palghat Gap and
an average crustal thickness of 40 km [Singh et al., 2015; Sunil et al., 2010], demonstrates
that the maximum uplift of the gap shoulder should be �300 m. Therefore, the present
day relief of the Palghat Gap 
anks is not purely erosional response. Several researchers
concluded that the southern Granulite Terrain was structured during Neoproterozoic-
Early Cambrian (550-490 Ma) orogenic events [e.g., Collins et al., 2014 and references
therein; Plavsa et al., 2015]. Metamorphic conditions are estimated at 900-1000� C for
pressure>10 kbar [Collins et al., 2014 and references therein]. The present day Moho
under the region is 44-36 km deep, suggesting that the orogenic crust was thickened to>
70 km. Therefore, whether the elevated topography can be considered `relict' landscape
of this thickened crust needs to be addressed in future geophysical work dedicated at
de�ning whether the imaged Moho is inherited from the Neoproterozoic orogeny or is
younger. Furthermore, the respective contributions of rift 
ank uplift and crustal root
buoyancy need to be constrain in explaining the high-elevation and relief of the Nilgiri
Plateau.
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3.6.5 Mesozoic-to-Cenozoic cooling events of the coastal plain and im-
plications for the evolution of the Western Ghat escarpment

Basement rocks of the coastal plain in the central Western Ghat region (between 12.5�

and 13.5� N latitude) yield AHe ages from ca. 66 and 178 Ma (Figure 3.3b). With two
exceptions, AHe and AFT ages are practically indistinguishable (Figure 3.7a), indicating
rapid cooling through the AHe PRZ by the Early Triassic ( �250 Ma) followed by slow
cooling to temperatures �50 � C up to the present. Based on AFT lengths modeling
Gunnell et al. [2003] suggest 3-4 km of denudation along the western coastal plain
with a maximum erosion rate of 100-150 m Ma�1 between 70 and 50 Ma. Based on
the sediment mass balance calculations, Campanile et al. [2008] estimated�3 km of
denudation during the Cenozoic at the western seaboard of Peninsular India. Had 3-4
km of erosion occurred after the�65 Ma Seychelles-India breakup event, then the AHe
ages obtained from the coastal plain would also be predominantly younger than that age
of rifting. Instead, our data are more compatible with 1-1.5 km of erosion in the coastal
plain as estimated using stratigraphy of the Deccan lava [Widdowson, 1997]. The sample
with 57 Ma AHe age may represent resetting due to local topography>2 km. This is
particularly applicable to the southern Western Ghat, where this young age coincides
with >2.5 km elevation of the Nilgiri Plateau immediately west of this sample. To better
solve the o�shore sediment mass balance, we suggest that erosion of the Palghat Gap
should be taken into consideration to avoid overestimating erosional depth if only the
coastal plain is considered [Campanile et al., 2008].

AHe ages collected along the coastal strip are predominantly older than the ca. 65 Ma
rifting event, suggesting that exhumation since continental breakup and passive margin
formation has not been su�cient to completely reset the AHe ages. Based on the relation
between cooling rate and closure temperature [Dodson, 1973] and given a geothermal
gradient of �15 � C km�1 and an average surface temperature of 25� C, AHe ages younger
than 65 Ma would imply AHe closure temperatures higher than 45� C and cooling rates
higher than 0.3� C Ma�1 . This would result in at least 1.3 km of exhumation. The
present day escarpment in the northern transect (D-D0) is �1 km high. If this height is
taken as a proxy for the amount of total exhumation, then 2 km of isostatic rebound in
response to erosion should have a�ected the coastal plain. Such an amount of isostatic
rebound-driven exhumation is only predicted for very low values of elastic plate thickness
(Te = 1 km) [e.g., Braun and van der Beek, 2004]. The e�ective elastic thickness (Te)
estimated for Peninsular India along the western coastal plain varies between 15 and
20 km [Ratheesh-Kumar et al., 2015]. Such relatively high Te values compared to the
model predictions rule out the isostatic rebound in response to erosion and remain in
accordance with the older ages collected within the coastal plain.

Our AHe ages do not show any systematic relationship with geographical position (i.e.
distance to the coast or the present-day escarpment). Similar AHe age patterns without
systematic age progression from coast to escarpment have been obtained for the south-
eastern Australian margin [e.g., Persano et al., 2002] and the Eritrean margin [Balestrieri
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et al., 2005]. However, fundamental di�erences in AHe ages exist between our dataset
and those reported from the southeastern Australia and Eritrean margins. Along those
margins most of the AHe ages are either younger or close to the age of rifting along the
Tasman and the Red Sea. These AHe age patterns have been interpreted as related to a
plateau degradation (PD) scenario [Balestrieri et al., 2005; Brown et al., 2002; Persano
et al., 2002] amongst the competitive models of escarpment evolution in high-elevation
passive margins [e.g., Braun and van der Beek, 2004]. Due to the shallow exhumation,
our AHe data provide little constraints for determining the most appropriate scenario of
escarpment evolution along the western continental margin of Peninsular India. How-
ever, on the basis of the short term erosion rates from cosmogenic nuclides10Be [Mandal
et al., 2015b], we favor an escarpment retreat [Gilchrist and Summer�eld, 1990].

3.7 Conclusions

We reported new AHe ages with the purposes of investigating the Phanerozoic surface
history of southern Peninsular India. The results yield coherent data patterns and pro-
vide key insights into the spatial variability in cooling histories across the region. Mean
AHe ages range from 38 to 364 Ma, with older ages in the Deccan Plateau and younger
ages in the Palghat Gap region. These results of low-temperature thermochronometric
study, coupled with geologic constraints, allow the following conclusions:

1. The exposed rocks of the inland plateau were within 2 kilometers from the surface
by Permian-Triassic times. Subsequent erosion was gradual over the next 200 Ma.
This strengthens the idea of general planation during the Late Paleozoic to Early
Mesozoic previously postulated in the neighboring eastern Gondwana fragments
[Emmel et al., 2012a,b; Thomson et al., 2013]. Exceptions are the rocks on the
southeastern and southern limits of the Deccan Plateau, where exhumation was
controlled by drainage reorganization correlated with sedimentation record in the
o�shore basins.

2. The old AHe ages obtained from the�2600 m high Nilgiri Plateau re
ect very
low erosion rates during the last�200 Ma. Therefore, the Nilgiri Plateau adds to
examples of very long-lived topography.

3. The AHe ages demonstrate erosion of the Palghat Gap during the Cenozoic (post
ca. 40 Ma). This time period was coeval with accelerated continental sedimen-
tation in the o�shore Kerala-Konkan basin. Given the regional Cenozoic tectonic
inactivity, the erosion of the Palghat Gap might relate with strengthening of sum-
mer monsoon over south Asis. The enhanced erosion in the Palghat Gap corridor
may have been controlled by the relatively weak lithological backbone of the Neo-
proterozoic Palghat-Cauvery shear zone, as previously assumed [D'Cruz et al.,
2000].
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4. AHe ages across the western coastal plain of Peninsular India con
ict with the
idea of �3 km post break-up erosional rebound of the margin. Our new data are
more compatible with less than 1-1.5 km of erosion along the coastal strip.
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Table 3.1: Apatite (U-Th-Sm)/He data from southern Peninsular India

Grain
ID

Mass
(�g)

RS
*

(�m)
L „

(�m)
U

(ppm)
Th

(ppm)
Sm

(ppm) eU…
4He
(ncc) FT

§
Raw
age

(Ma)

Corr.
age

(Ma)

Error ¶

(Ma)

Deccan Plateau
Sample† : SIN1307, Gneiss, 12.290833 � N, 77.17019 � E, 603 m
A2 5.55 62.59 176.26 5.51 10.96 84.35 8.09 0.32 0.77 54.89 70.86 0.75
A4 13.62 84.12 272.40 6.00 1.31 76.17 6.31 0.89 0.83 77.56 93.41 0.89
A7 25.52 106.05 305.82 6.31 1.59 64.23 6.68 1.63 0.86 72.77 84.18 0.79
A8 2.72 45.58 233.62 6.73 2.01 47.62 7.20 0.09 0.68 37.40 54.62 0.27
A9 5.73 61.46 241.59 8.18 14.84 16.65 11.67 0.46 0.76 56.40 74.37 0.21

75.5 � 14.6 (19%) **

Sample: SIN1304, Charnockite, 12.25821 � N, 77.44797 � E, 343 m
A1 1.65 40.52 163.65 15.44 23.70 6.10 21.00 10.19 0.65 54.07 83.63 0.25
A2 2.19 45.27 165.70 5.06 9.92 2.70 7.39 6.29 0.68 71.31 104.75 0.36
A4 3.09 50.53 190.62 15.09 33.78 6.32 23.03 21.85 0.71 56.43 79.59 0.22
A7 1.83 41.89 166.02 2.23 19.22 321.86 6.74 4.90 0.64 68.97 107.41 0.62

93.8 � 14.3 (15%)
Sample: SIN1306, Charnockite, 12.25882 � N, 77.44772 � E, 353 m
A5 1.86 42.42 172.91 16.89 32.72 5.76 24.58 10.02 0.66 40.35 61.57 0.19
A6 1.96 43.62 173.63 15.18 14.60 5.05 18.61 16.12 0.67 81.34 121.95 0.35
A8 1.94 43.00 173.06 0.82 6.97 326.37 2.46 0.98 0.65 32.35 50.04 0.80

77.9 � 38.6 (50%)
Sample: SIN1309, Gneiss, 11.70778 � N, 76.64252 � E, 903 m
A1 1.55 41.40 130.50 3.36 2.60 570.98 3.97 2.78 0.66 70.83 106.66 0.28
A2 4.27 56.50 204.31 6.00 5.02 722.19 7.18 14.53 0.75 77.82 104.42 0.05
A3 1.90 41.76 121.22 8.66 4.79 684.00 9.79 8.42 0.70 76.76 110.25 0.10
A4 2.46 46.25 142.34 5.26 5.70 105.63 6.60 12.86 0.71 128.70 181.22 0.54

125.6 � 37.1 (30%)
Sample: SIN1352, Gneiss, 11.512028 � N, 76.01875 � E, 706 m
A2 3.63 53.24 178.74 61.47 6.27 178.04 62.94 182.42 0.74 145.69 196.09 0.67
A5 1.28 38.07 121.60 27.49 0.24 87.57 27.54 29.91 0.65 154.27 236.43 1.59
A6 2.56 45.74 208.14 35.66 0.20 50.53 35.70 72.71 0.69 145.28 210.09 1.98

A7 „„ 4.05 59.87 163.27 0.42 0.19 108.81 0.46 16.14 0.76 1139.16 1504.90 0.75
214.2 � 20.5 (10%)

Sample: SIN1370, Gneiss, 13.089222 � N, 75.474167 � E, 739 m
A1 8.60 70.87 249.93 23.22 6.73 184.79 24.80 196.57 0.80 167.0 208.82 0.59
A3 3.17 50.01 213.48 48.01 7.32 104.21 49.73 157.55 0.71 181.8 254.72 0.75

A2 „„ 6.69 65.70 258.12 24.83 9.35 93.91 27.03 484.35 0.78 474.3 611.85 1.88
231.8 � 32.5 (14%)

Sample: SIN1381, Gneiss, 13.51275 � N, 75.162556 � E, 641 m
A1 16.37 88.88 282.31 8.44 1.23 25.21 8.73 112.41 0.84 143.64 170.71 0.61
A2 4.38 56.38 234.28 4.65 0.92 13.55 4.86 17.75 0.74 151.95 204.91 1.70
A3 3.49 52.83 182.26 2.80 0.20 14.63 2.84 8.37 0.74 153.55 208.15 3.44

194.6 � 20.7 (11%)
Sample: SIN1383, Gneiss, 13.300306 � N, 75.589944 � E, 755 m
A3 4.24 54.03 153.63 8.65 11.46 242.47 11.34 71.34 0.76 262.47 345.35 3.06
A4 2.44 47.72 158.43 6.25 8.12 219.73 8.16 12.12 0.70 108.19 154.36 0.48
A6 2.62 49.23 149.01 4.59 6.33 142.33 6.08 13.62 0.71 152.20 213.43 0.67

237.7 � 97.8 (41%)
Sample: SIN1384, Gneiss, 13.066028 � N, 77.28725 � E, 928 m
A4 8.88 72.39 242.57 49.59 126.12 118.29 79.22 701.96 0.80 181.94 228.65 1.70
A5 4.28 54.81 246.66 36.11 120.99 119.12 64.54 293.11 0.72 193.38 268.31 2.13

248.5 � 28.0 (11%)
Sample: SIN1445, Granite, 14.262278 � N, 76.347139 � E, 725 m
A1 1.51 40.42 152.85 27.65 27.08 113.75 34.02 72.65 0.64 255.22 395.79 3.71
A3 3.07 50.82 213.60 18.54 21.53 87.15 23.60 93.60 0.70 233.86 332.69 1.44

364.2 � 44.6 (12%)
Sample: SIN1446, Granite, 13.199278 � N, 77.269361 � E, 931 m
A1 2.24 44.02 191.95 29.69 84.96 512.66 49.65 106.60 0.67 172.90 258.06 3.77
A2 4.42 56.50 236.30 12.36 40.44 214.86 21.87 118.78 0.73 221.34 303.89 1.76
A3 2.26 47.63 144.51 35.75 109.44 534.64 61.47 120.74 0.69 157.56 227.76 1.05

263.2 � 38.3 (15%)
Nilgiri Plateau and Palghat Gap region
Sample: SIN1312, Charnockite, 11.49115 � N, 76.68691 � E, 1313 m
A1 0.95 34.00 122.43 0.18 2.62 17.62 0.79 0.44 0.57 91.69 160.37 1.91
A3 2.47 45.77 175.75 2.01 38.46 52.99 11.05 4.76 0.67 30.88 46.01 0.20
A4 2.35 45.87 151.45 1.88 5.46 45.96 3.16 3.45 0.69 76.42 110.19 0.48

|{Continued on next page
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105.5 � 57.3 (54%)
Sample: SIN1314, Charnockite, 11.41808 � N, 76.728 � E, 2420 m
A3 6.72 59.36 162.49 4.44 15.11 29.76 7.99 51.70 0.79 170.92 216.19 2.82

Sample: SIN1315, Charnockite, 11.40461 � N, 76.73561 � E, 2579 m
A2 6.14 63.83 235.11 4.91 1.68 7.22 5.31 27.98 0.77 155.45 200.88 4.67
A3 3.37 51.18 199.81 3.63 18.01 15.21 7.87 19.45 0.71 132.40 186.96 0.51
A4 7.63 67.55 211.89 3.08 0.57 15.35 3.21 25.60 0.80 183.53 229.53 5.64

205.8 � 21.7 (11%)
Sample: SIN1318, Charnockite, 11.454556 � N, 76.6775 � E, 2122 m
A1 1.05 33.71 162.10 15.24 44.28 307.56 25.64 15.70 0.57 105.26 183.86 0.81
A2 1.31 35.31 180.91 8.58 4.21 160.06 9.57 11.90 0.61 169.95 279.33 1.40
A4 1.44 38.15 191.72 6.95 2.96 150.16 7.65 14.59 0.62 234.61 380.52 1.72

281.2 � 98.3 (35%)
Sample: SIN1319, Charnockite, 11.212889 � N, 76.609889 � E, 2131 m
A1 2.47 43.68 120.24 75.67 16.30 72.89 79.50 124.91 0.73 116.10 159.68 1.78
A2 7.96 68.72 255.20 65.61 11.69 4.70 68.36 458.33 0.79 154.06 194.35 1.55

177.0 � 24.5 (14%)
Sample: SIN1321, Charnockite, 11.337667 � N, 76.823667 � E, 1152 m
A1 3.11 49.26 144.50 18.44 0.55 285.64 18.57 40.44 0.74 126.18 170.17 0.43
A3 1.35 38.24 140.21 1.67 0.00 135.78 1.67 1.44 0.65 107.00 165.67 1.10
A5 0.95 34.09 113.59 22.53 1.34 365.86 22.84 12.60 0.62 104.58 169.52 0.54

168.5 � 2.4 (1%)
Sample: SIN1324, Granite, 10.926444 � N, 76.554083 � E, 91 m
A1 4.72 56.14 250.14 11.17 30.59 292.37 18.36 17.01 0.73 35.49 48.46 0.11
A2 12.86 79.33 231.10 6.96 12.81 271.46 9.97 31.31 0.83 43.60 52.68 0.11
A3 6.72 64.17 188.48 11.25 18.21 278.03 15.53 19.51 0.79 33.80 42.85 0.09

48.0 � 4.9 (10%)
Sample: SIN1325, Granite, 10.922306 � N, 76.589778 � E, 204 m
A2 0.82 32.77 114.04 17.26 0.16 281.96 17.30 4.31 0.60 54.92 92.26 0.37
A3 2.14 44.11 140.79 18.53 1.56 262.35 18.89 16.17 0.70 72.41 102.98 0.24
A5 1.52 38.31 110.00 21.94 1.92 197.59 22.39 13.39 0.68 71.81 105.53 0.26

100.3 � 7.0 (7%)
Sample: SIN1327, Granite, 10.980889 � N, 76.576778 � E, 446 m
A3 3.40 53.43 177.55 22.71 18.34 30.88 27.02 32.40 0.73 64.91 88.69 0.14
A4 0.89 35.16 100.97 30.33 31.94 23.68 37.83 6.75 0.61 37.13 60.97 0.21
A5 12.20 78.78 167.06 7.95 10.11 47.07 10.32 108.73 0.81 157.11 193.47 0.33
A6 4.06 54.97 304.39 5.46 7.42 11.80 7.20 10.84 0.75 68.14 90.70 0.27

108.5 � 58.3 (54%)
Sample: SIN1329, Granite, 10.939556 � N, 76.530306 � E, 154 m
A1 12.23 82.04 309.01 30.17 54.83 126.07 43.05 268.43 0.81 93.40 115.35 0.31
A2 8.51 68.57 215.87 1.08 0.93 14.89 1.30 15.24 0.80 246.55 306.72 1.08

211.0 � 135.3 (64%)
Sample: SIN1338, Gneiss, 10.977667 � N, 76.644083 � E, 895 m
A1 1.17 36.32 137.61 16.96 20.14 53.32 21.69 3.73 0.62 27.03 43.74 0.27
A3 2.25 44.98 160.63 7.34 10.30 28.57 9.76 33.48 0.69 274.73 398.35 1.25

A4 „„ 1.35 37.93 135.97 3.12 3.14 15.07 3.86 24.70 0.64 817.31 1276.30 4.12
221.0 � 250.7 (113%)

Sample: SIN1339, Gneiss, 10.978389 � N, 76.640639 � E, 892 m
A1 1.15 35.95 140.94 33.53 1.99 41.28 34.00 11.83 0.62 56.03 90.12 0.26
A2 1.69 40.75 125.78 79.60 10.88 83.51 82.16 83.22 0.68 110.18 161.32 0.22
A4 5.08 59.89 225.25 58.98 3.56 99.14 59.82 161.65 0.76 97.63 128.34 0.17

126.6 � 35.6 (28%)
Sample: SIN1340, Gneiss, 10.9805 � N, 76.605417 � E, 810 m
A1 1.16 36.13 143.45 10.68 0.15 22.03 10.72 24.50 0.62 353.60 568.67 2.07
A2 2.76 48.27 172.28 20.30 0.40 91.55 20.39 34.77 0.72 112.86 157.39 0.54
A3 0.98 34.14 119.39 44.52 2.87 93.70 45.20 26.42 0.62 109.50 177.75 0.62

167.6 � 14.4 (9%)
Sample: SIN1341, Granite, 10.831389 � N, 76.586556 � E, 123 m
A2 2.50 44.58 230.17 4.82 3.94 229.23 5.75 2.31 0.67 28.31 42.19 0.14
A6 3.13 50.62 190.49 4.78 3.88 265.31 5.69 3.99 0.72 39.22 54.68 0.10

48.4 � 8.8 (18%)
Sample: SIN1342, Granite, 10.74675 � N, 76.663556 � E, 89 m
A2 5.53 60.70 231.83 5.56 14.41 263.74 8.95 20.06 0.76 72.01 95.33 0.84
A3 5.99 62.70 230.54 2.46 4.20 312.06 3.45 3.93 0.77 31.62 41.25 1.68
A4 5.11 60.09 224.93 1.63 1.89 330.03 2.07 1.08 0.75 15.75 20.87 3.03
A5 5.31 60.43 235.24 1.88 5.43 273.08 3.16 2.22 0.75 22.11 29.51 2.09

|{Continued on next page
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46.7 � 33.5 (72%)
Sample: SIN1343, Gneiss, 10.896694 � N, 76.517111 � E, 69 m
A1 5.96 62.59 182.83 11.99 1.98 148.73 0.50 4.33 0.79 248.8 316.1 12.09
A3 43.20 124.20 304.61 7.32 30.72 186.66 14.54 192.67 0.88 55.60 62.95 0.22

189.5 � 179.0 (94%)
Sample: SIN1347, Migmatite, 10.700583 � N, 76.435111 � E, 59 m
A2 2.06 43.92 167.90 13.73 14.16 277.96 17.06 3.92 0.68 20.22 29.88 0.08
A3 6.92 65.42 252.09 12.43 12.04 255.39 15.26 15.93 0.78 27.31 35.15 0.06
A4 5.54 60.79 204.65 13.22 6.34 310.11 14.70 15.64 0.77 34.59 44.78 0.02
A5 1.81 42.21 152.13 10.81 6.93 277.30 12.44 3.57 0.67 28.50 42.42 0.09

38.1 � 6.8 (18%)
Sample: SIN1404, Granite, 10.812361 � N, 76.7966111 � E, 152 m
A1 6.29 63.16 280.19 63.03 75.04 356.02 80.66 214.75 0.76 77.47 102.07 1.10
A2 2.87 47.60 178.93 25.47 10.22 238.39 27.87 62.19 0.72 141.21 197.46 1.54

149.8 � 67.5 (45%)
Western Coastal Plain
Sample: SIN1335, Charnockite, 11.160222 � N, 75.98725 � E, 90 m
A3 2.17 44.29 174.98 2.08 23.56 205.62 7.62 3.34 0.66 35.94 54.60 0.43
A4 1.49 38.75 140.82 1.80 13.71 154.79 5.02 1.35 0.63 31.86 50.45 0.52
A5 2.52 46.65 172.88 6.17 12.19 180.81 9.04 5.92 0.69 46.69 67.23 0.38

57.4 � 8.7 (15%)
Sample: SIN1336, Gneiss, 11.186222 � N, 76.286056 � E, 59 m
A2 5.06 59.31 197.56 0.65 -0.03 28.99 0.64 3.97 0.77 210.49 273.47 2.39
A3 3.60 52.81 189.39 1.93 -0.03 54.45 1.92 1.01 0.74 26.06 35.26 0.46
A4 4.61 57.69 212.12 1.35 0.01 77.41 1.35 3.79 0.76 104.65 138.46 1.23
A5 3.32 52.84 188.13 1.11 0.23 52.52 1.17 0.64 0.73 29.10 39.90 0.57
A6 4.87 58.76 180.66 1.02 0.06 48.88 1.03 1.52 0.77 52.62 68.25 0.33
A7 2.25 44.25 131.44 1.28 0.03 53.42 1.28 2.10 0.71 127.17 178.16 0.63

122.2 � 93.3 (76%)
Sample: SIN1349, Gneiss, 11.337278 � N, 75.980333 � E, 56 m
A2 1.73 42.12 145.28 4.78 13.57 162.75 7.97 5.05 0.66 65.80 99.87 3.21
A3 4.02 54.12 205.23 5.90 31.80 169.73 13.38 29.55 0.73 99.35 136.97 0.91
A4 2.28 47.47 168.59 6.21 34.69 168.40 14.36 12.30 0.67 68.21 101.18 1.35

112.7 � 21.1 (19%)
Sample: SIN1360, Gneiss, 12.603778 � N, 75.491222 � E, 197 m
A1 4.96 59.96 243.63 0.79 0.61 28.78 0.93 1.28 0.75 49.45 66.13 8.18
A3 2.93 49.81 202.38 1.29 1.33 48.28 1.60 1.51 0.70 57.17 81.30 8.55
A5 1.16 35.86 140.47 1.37 0.99 35.80 1.60 0.32 0.62 30.68 49.63 24.62

65.7 � 15.8 (24%)
Sample: SIN1364, Gneiss, 12.837194 � N, 75.266889 � E, 34 m
A1 16.71 89.87 318.71 36.43 2.49 290.13 37.01 235.70 0.84 69.63 83.12 0.24
A3 5.26 58.23 253.34 11.85 0.84 136.96 12.05 87.14 0.76 245.97 325.65 1.40

204.4 � 171.5 (84%)
Sample: SIN1366, Gneiss, 12.868556 � N, 74.978111 � E, 13 m
A1 3.77 54.25 199.02 7.75 1.28 428.25 8.05 7.08 0.74 40.44 54.74 1.10
A2 2.41 46.82 207.59 22.91 3.95 373.48 23.84 31.01 0.68 97.57 143.02 0.89
A3 1.28 36.59 132.23 3.46 1.97 351.36 3.93 4.61 0.62 150.98 243.74 7.16
A4 1.68 41.74 207.43 16.95 3.32 364.50 17.73 7.48 0.68 45.31 66.83 1.24
A5 4.58 57.80 159.76 11.16 2.15 363.09 11.67 19.73 0.76 65.66 86.94 0.73

119.1 � 77.5 (65%)
Sample: SIN1375, Gneiss, 14.692083 � N, 74.323778 � E, 27 m
A1 6.79 65.62 254.16 7.19 3.57 292.18 8.03 25.46 0.78 82.33 105.97 0.66
A2 3.11 50.56 195.18 2.72 1.15 149.70 2.99 6.77 0.72 125.81 175.43 3.53
A3 4.32 57.59 214.06 4.23 1.75 242.43 4.64 12.56 0.75 108.13 145.03 1.63
A4 2.30 45.48 163.81 0.95 2.07 69.42 1.44 0.87 0.69 45.65 66.44 9.93
A5 2.49 45.20 181.53 8.39 28.27 282.38 15.03 6.27 0.68 30.21 44.21 0.93

107.4 � 54.1 (50%)
Sample: SIN1377, Gneiss, 13.461194 � N, 74.831083 � E, 3 m
A1 „„ 4.14 55.68 249.34 0.18 16.80 0.76 4.12 89.93 0.72 942.49 1308.59 4.38
A2 7.26 67.61 225.35 28.67 9.24 125.30 30.84 152.57 0.79 124.36 158.35 0.47
A3 7.48 69.88 169.25 17.82 8.44 172.53 19.80 111.48 0.79 136.52 172.14 0.53
A4 2.44 46.42 263.09 16.93 6.34 87.18 18.42 22.72 0.70 92.53 131.96 0.88
A5 3.93 53.13 193.66 21.68 6.94 85.17 23.31 48.97 0.72 97.83 136.21 0.64

149.7 � 18.9 (13%)
Sample: SIN1378, Gneiss, 13.461056 � N, 74.997222 � E, 78 m
A2 23.52 97.89 339.89 18.97 34.44 127.26 27.07 536.84 0.85 153.45 180.35 0.85

|{Continued on next page
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Table 3.1| Continued from previous page

Grain
ID

Mass
(�g)

RS
*

(�m)
L „

(�m)
U

(ppm)
Th

(ppm)
Sm

(ppm) eU…
4He
(ncc) FT

§
Raw
age

(Ma)

Corr.
age

(Ma)

Error ¶

(Ma)

A3 6.23 64.23 217.90 21.27 34.36 140.42 29.34 133.73 0.77 133.21 172.08 0.77
A5 8.57 69.39 301.27 19.51 29.87 82.99 26.53 174.50 0.78 140.03 179.10 0.78
A6 2.23 44.56 142.84 21.56 52.34 144.84 33.87 51.43 0.69 124.40 179.45 0.69

177.7 � 3.8 (2%)
Sample: SIN1434, Gneiss, 13.237305 � N, 75.111083 � E, 114 m
A4 1.58 41.35 137.25 10.31 5.99 141.01 11.72 5.12 0.66 50.14 75.48 0.27
A6 1.08 35.37 117.52 14.49 15.30 192.24 18.09 5.72 0.62 53.25 85.44 0.27

80.5 � 7.0 (9%)

* Equivalent spherical radius computed after Ketcham et al. [2011].
„ Average apatite grain length.
…E�ective uranium concentration, weights U and Th for their �-productivity, computed as U (ppm)

+ 0.235 � Th (ppm).
§�-ejection correction factor computed after Farley et al. [1996].
¶ 1� propagated error from the analytical uncertainties on U, Th, Sm, and He analyses.
†Sample information: sample name, lithology, latitude and longitude (degree decimal) coordinate

system (WGS84 datum), elevation.
** Sample mean age� standard deviation (% std. dev.).
„„ Indicate apatite grain with anomalously old AHe age. These ages were not considered for sample

mean AHe age calculation.
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Chapter 4

Geomorphic 
uvial markers
reveal transient landscape
evolution in tectonically quiescent
southern Peninsular India

Keywords: Escarpment, passive margin, river pro�le, knickpoint, drainage capture.

Abstract

The morphology of nineteen adjacent westward-
owing and four eastward-
owing major
catchments draining across the Western Ghat escarpment in southern Peninsular India
was studied to examine how the channel patterns and their longitudinal pro�les re
ect
the landscape evolution. Field surveys were complemented with the quantitative mor-
phometric analysis of 
uvial channel pro�les using digital topographic data. Results
show distinctive di�erences between eastward- and westward-
owing drainage systems.
The channel pro�les of eight westward-
owing drainage basins show an apparent mor-
phological equilibrium characterized by concave upward shape, whereas most channels
from the other basins display knickpoint(s). All studied eastward-
owing drainage basins
display the morphological signature of disequilibrium in the form of knickpoints along
the channel pro�les. The eastern and western margins of southern Peninsular India
have experienced major tectonic events�120 and �65 Ma ago, respectively, and are
since then tectonically quiescent. All studied westward-
owing basins share the same
Arabian Sea base level, 
ow over comparable lithologies and developed under similar
climatic conditions. The studied eastward-
owing basins have the Bay of Bengal as
base level and similar climatic conditions. Therefore, the spatial variations in catch-
ment morphometry is interpreted as a dynamic response to complex interactions and
feedbacks between (i) pre-existing topography along and across the escarpment margins,
and (ii) vigorous drainage piracy in more recent times. We hypothesize that the studied
drainage basins have experienced di�erent forcing magnitudes that can be quanti�ed to
a �rst order using the present-day topography.
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4.1 Introduction

Rates and patterns of 
uvial processes into the underlying bedrock control the long-
term landscape evolution of low-latitude/low-altitude environments where glacial or
periglacial activity has been minor or absent [Whipple and Tucker, 1999, 2002]. In-
deed, the 
uvial channel network promotes critical relationships and feedbacks between
relief, elevation, and erosion rates and conveys temporal quantitative information on
tectonic and climate forcing across the landscape [e.g., Attal et al., 2011; Howard, 1994;
Howard et al., 1994; Whipple, 2004; Whipple et al., 1999; Whipple and Tucker, 1999].

Several studies have documented the e�ects of exogenic (e.g., climate or sea level change)
and endogenic (e.g., tectonic rock uplift, rock type) forcing on local 
uvial incision rates
and subsequent channel gradients [Cyr et al., 2014; D'Arcy and Whittaker, 2014; Ferrier
et al., 2013a; Kirby and Whipple, 2012; Seeber and Gornitz, 1983]. The competition
between the exogenic/endogenic forcing and local erosion rates along the entire chan-
nel length sets the geometry of the river pro�le. Longitudinal pro�les are smooth and
concave-up where rivers are undergoing steady (in time) and uniform (in space) tectonic
and climatic forcing, provided bedrock erodibility is uniform. This feature has been
predicted by both conceptual [Gilbert, 1877] and physical [Howard, 1994; Howard et al.,
1994; Whipple and Tucker, 1999, 2002] models and empirically validated in natural �eld
settings [e.g., Cyr et al., 2014; Duvall et al., 2004; Snyder et al., 2000]. Deviation from
this ideal river pro�le, such as the presence of convexities or knickpoints, is evidence
for disequilibrium [e.g., Crosby and Whipple, 2006; Harkins et al., 2007; Whittaker and
Boulton, 2012]. Disequilibrium conditions are often attributed to either non-uniform or
unsteady tectonic and/or climatic forcing along the channel reaches. Such conditions are
also generated when a river encounters boundaries between bedrocks of di�erent erodi-
bility [Duvall et al., 2004; Hack, 1973; Miller, 1991]. The occurrence of disequilibrium
conditions can also be attributed to discrete river capture [e.g., Bishop, 1995; Whipple
et al., 2013] or local slope events [e.g., Korup et al., 2010; Walsh et al., 2012]. All these
possibilities make di�cult deciphering which primary forcing is operating in landscape
dynamics.

Disequilibrium conditions are predominantly reported from tectonically active settings
where non-uniform and/or unsteady tectonic forcing and non-uniform rainfall result
in singular morphometric signatures such as gorges, elevation-accordant relict surfaces
and knickpoints propagating between adjusting and relict portions of the landscape
[e.g., Clark et al., 2006; Harkins et al., 2007; Seeber and Gornitz, 1983]. Evidence for
disequilibrium are rarely reported from areas where tectonic forcing halted tens of million
years ago [e.g., Harbor and Gunnell, 2007; Miller et al., 2013; Nugent, 1990; Prince
and Spotila, 2013; Weissel and Seidl, 1998]. In this work, we attempt to understand
disequilibrium in river pro�les of the tectonically quiescent southern Peninsular India.
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Our motivation stemmed from previous account of river disequilibrium in this area
[Gunnell and Radhakrishna, 2001; Harbor and Gunnell, 2007]. The present study builds
on the previous work by exploring how longitudinal pro�les and river networks can be
used as quantitative markers of the main forcing process(es) operating in the long-term
landscape evolution of southern Peninsular India. Description of the dynamics of river
incision [Whipple and Tucker, 1999, 2002] and the availability of digital elevation data
has provided analytic tools to quantify morphologic aspects of river longitudinal pro�les.
The quantitative analyses helped mapping the spatial distribution of 
uvial knickpoints
and discuss their potential origin(s) in southern Peninsular India.

4.2 Study area

4.2.1 Geologic and geomorphologic setting

Peninsular India was subjected to several major rifting events that led to the eventual
breakup of Gondwana during the Mesozoic [Chatterjee et al., 2013; Storey, 1995]. The
eastern margin of Peninsular India dates back to the Early Cretaceous (ca. 130 Ma),
as India separated from Antarctica [Gibbons et al., 2013; Raval and Veeraswamy, 2003;
Storey, 1995]. The western margin was rifted during the Late Cretaceous successively
from Madagascar [ca. 88 Ma; Storey et al., 1995; Torsvik et al., 2000] and Seychelles
Bank [ca. 65 Ma; Collier et al., 2008; Hooper et al., 2010; Hooper, 1990; Minshull et al.,
2008], and subsequently became the passive margin of the Arabian Sea.

Today, southern Peninsular India comprises three physiographic provinces: (1) The 600-
900 m high inland plateau (Deccan Plateau) separated from (2) the low-lying coastal
strip along the western continental margin by (3) the dissected high-relief Western Ghat
Escarpment (Figure 4.1). The NNW-SSE trending Western Ghat Escarpment (WGE) is
approximately 1600 km long, and the escarpment can be followed continuously between 8
and 20� N latitude, regardless of tectonic structures and lithology, except for the�30 km
wide topographic break (Palghat Gap) between 10°300 and 11� N latitude (Figure 4.1).
However, the escarpment relief varies along strike; the southern sector (south of 13°300

N latitude) is characterized by greater relief than the northern sector (north of 13°300 N
latitude; Figures 4.2, 4.3). The southward increase of the escarpment relief is stepped and
broken into several zones, which are correlated with lithological variation along the WGE
[Gunnell and Radhakrishna, 2001]. The relief of the northern sector, where bedrock
lithology dominantly consists of Precambrian granite-greenstone is low and homogeneous
(�700-800 m). Relief of the southern sector, where bedrock lithology alternates between
gneiss and granulite/charnockite, is high (>1200 m) and heterogeneous (maximum relief
>2 km; Figure 4.1). The distance of the escarpment from the present day coastline
decreases rather regularly from�55 km at 19 � N latitude to �25 km at 14.5 � N latitude;
it becomes more erratic further south (Figure 4.1). The morphology of NE-SW trending
Eastern Ghat Escarpment (EGE) is less pronounced (Figures 4.1, 4.2). Between the two
Ghats, the Deccan Plateau is a large low-relief surface with low erosion rates [Mandal
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Figure 4.1: SRTM 90 m digital elevation model [Jarvis et al., 2008; http://srtm.
csi.cgiar.org/] showing the topography and river catchments of southern Peninsular
India. Square in inset contains the study area. D-D0and E-E0= swath pro�les of Figure
4.2; A-A0, B-B0and C-C0= swath pro�les of Figure 4.3. Blue lines = westward- (1:
Talpona River; 2: Galgibaga River; 3: Kali River; 4: Gangavali River; 5: Agnashini
River; 6: Sharavati River, 7: Sita River, 8: Swarna River, 9: Gurupura River, 10:
Netravati River, 11: Chandragiri River, 12: Ariakaduva River, 13: Kuppam River,
14: Valapattanam River, 15: Murat River, 16: Mahe River, 17: Kuttiyadi River, 18:
Chaliyar River, 19: Kadalundy River) and eastward-
owing rivers. Black-bounded

polygons = catchment boundaries of the studied rivers.
.

et al., 2015b], dotted with irregularly spaced and relatively high hills (Figure 4.3). The
plateau elevation gently decreases eastwards from the WGE to the Bay of Bengal. The
drainage network re
ects the geomorphological asymmetry. East of the main divide, long
rivers (>800 km) 
ow towards the Bay of Bengal over the gentle slope of the Deccan
Plateau, whereas west of the divide, short streams (<200 km) run nearly orthogonal to
the western slope of the WGE (Figure 4.1). This study examines both the eastward- and
westward- draining rivers between 11 and 16� N latitudes. The study area is bounded
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Figure 4.2: Topographic swath pro�les (location in Figure 4.1) along the Western
(D-D 0, 60 km wide) and Eastern (E-E0, 50 km wide) Ghats. Heavy black line = mean
elevation; grey shaded area = maximum and minimum elevation. Red dashed line =
mean annual rainfall from calibrated Tropical Rainfall Measuring Mission (TRMM)
Multi-satellite Precipitation Analysis (TMPA) dataset [Hu�man et al., 2007]. Bedrock

lithology indicated below each swath pro�le.
.

to the north by the southern limit of the Deccan continental 
ood basalt province and
to the south by the Palghat Gap (Figure 4.1).

4.2.1.1 Geologic and climatic setting of westward-draining rivers

Barring the narrow coastal strip with Quaternary sediments and alluvium, the geological
setting consists of Archean-Proterozoic basement and cover rocks. North of 13.5� N lati-
tude, the studied rivers mainly 
ow on the 2.9-2.8 Ga metavolcanics and metasediments
and 2.7-2.6 Ga greywacke and volcanics [Naqvi and Rogers, 1987; Ramakrishnan and
Vaidyanadhan, 2010], while south of 13.5� N latitude, the bedrock is mainly Archean (<3
Ga) tonalite-trondjhemite-granodioritic (TTG) gneisses [Meen et al., 1992; Ramakrish-
nan and Vaidyanadhan, 2010] and Meso-Archean (�3 Ga) charnockites and granulites
[Ramakrishnan and Vaidyanadhan, 2010]. Based on the evident di�erence in lithology,
we divided the drainage into northen (between 16� N and 13.5� N latitudes) and southern
(between 13.5� N and 11� N latitudes) sectors.

The region experiences most rainfall during the summer monsoon, from June to Septem-
ber [Grossman and Durran, 1984; Sarker, 1966]. The WGM is a barrier to southwest
winds prompting energetic convection that leads to intense orographic rainfall on the
coastal plains and over the foothill region [Grossman and Durran, 1984]. Rainfalls reach
a maximum (>2000 mm a�1 ) near the toe of the escarpment and sharply decrease to
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Figure 4.3: Swath averaged topographic pro�les across Western and Eastern Ghat
(location in Figure 4.1). Width of swaths = 15 km. Maximum, mean and minimum
elevation pro�le curves projected onto median axis of swath pro�les. Heavy black
line and grey shading as in Figure 4.2. Heavy blue line = mean annual rainfall from
calibrated TRMM data [Hu�man et al., 2007]; blue shaded area = 1� variation of
main annual rainfall. The approximate latitude of the swath pro�les in the upper right

corner.

<1000 mm a�1 towards the Deccan Plateau (Figure 4.3). The amount of rain varies
along the escarpments: moisture condensation is favored where the local relief>1000
m, and the local rain exceeds 5000 mm a�1 [Kripalani and Kumar, 2004].

4.2.1.2 Geologic and climatic setting of eastward-draining rivers

The eastward-draining catchments cover large parts of the Deccan Plateau and the east-
ern coastal strip. In general, the channel morphology alternates between predominantly
bedrock reaches and `mixed' sections, where bedrock is covered by scattered blankets of
coarse alluvium. The substratum predominantly consists of Precambrian metamorphic
and magmatic rocks [Ramakrishnan and Vaidyanadhan, 2010]. The only exception is
the Pennar River, which is partly 
owing across the sedimentary and volcanic Mesopro-
terozoic Cuddapah Basin [Nagaraja Rao et al., 1987]. At the lower reaches, the rivers

ow in the alluvial coastal plain (Figure 4.1). The west-east rainfall gradient is more
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pronounced during the SW Indian summer monsoon, which brings the maximum pre-
cipitation [Kripalani and Kumar, 2004]. From October to December, the coastal zone
receives additional rain from the NE monsoon, yielding there a mean annual precipita-
tion >1000 mm a�1 .

4.3 Methods

4.3.1 Catchments hypsometric analysis

Hypsometry is the quanti�cation of the relative area at a given elevation range within
a de�ned region. It provides a �rst-order measure of the degree of landscape dissection
[Schumm, 1956; Strahler, 1952]. Hypsometric curves can be compared across water-
sheds to infer a transient response to changes in tectonic forcing or spatial variations in
erosional processes [e.g., Montgomery et al., 2001]; they may also be used to infer the
development stages of a given drainage basin [e.g., P�erez-Pe~na et al., 2009, 2010].

The hypsometric analysis of southern Peninsular India was carried out from the 90 m
resolution Shuttle Radar Topography Mission (SRTM) DEM [Jarvis et al., 2008]. The
hypsometric curve was constructed for each catchment by binning the pixel elevations
in each drainage area into 100-200 m equal intervals and then examining the frequency
distribution of those pixels. Rather than constructing traditional hypsometric plots,
the actual elevation was plotted against the normalized cumulative area of watershed;
such plots illustrate more clearly potential hypsometric variations among catchments of
di�erent sizes. For each drainage basin we have also calculated the hypsometric index
[Hurtrez et al., 1999; Strahler, 1952],HI = ( Emean � Emin )=(Emax � Emin ), where Emax ,
Emin and Emean are the maximum, minimum and mean elevation of the watershed,
respectively. The HI is useful for comparing several basins and highlight anomalous
erosional developments in an area [e.g., Hurtrez et al., 1999].

4.3.2 Channel long pro�les analysis

We examined the slope-area relation of each studied stream using the power-law scaling
between local channel slope (S) and upstream contributing drainage area (A), [Flint,
1974; Hack, 1973]:

S = ksA �� (4.1)

where ks is the channel steepness index and� is the concavity index. Equation 4.1
describes the long pro�le of a channel adjusted to the long-term tectonic, climatic, and
lithological conditions. Breaks in this scaling are expected across spatial gradients in
either uplift rate, climatic conditions and/or bedrock erodibility [e.g., Kirby and Whip-
ple, 2012; Wobus et al., 2006]. Scaling breaks may also represent transient adjustments
to an incision wave after a change in uplift rates and/or in base-level [e.g., Crosby and
Whipple, 2006; Harkins et al., 2007; Miller et al., 2012; Whipple et al., 2013]. In both
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Figure 4.4: Pro�le analysis of the Galgibaga River, catchment 2, Figure 4.1, illustrat-
ing along stream variation of slope (plus marks) and mean channel steepness (ksn , �lled
circles). Thick black line is longitudinal stream pro�le on underlying bedrock lithology.

Dashed green line = drainage area. KP = knickpoint.

cases, concave and convex reaches characterize the long pro�les with the presence of
knick-point(s) or -zones [e.g., Harkins et al., 2007; Miller et al., 2013; Whipple et al.,
2013].

The analysis of river longitudinal pro�les was carried out using 90 m resolution SRTM
DEM. Longitudinal pro�les and slope-area data were �rst extracted for trunk streams
and their tributaries. Only fourth and higher Strahler order streams that have drainage
area of �10 km 2 and can be easily seen on satellite images were considered. This
resulted in 156 streams of the westward-
owing catchments and 122 streams of the
eastward-
owing catchments. Given the low-relief of the plateau, where streams are
ephemeral, the number of streams that were picked there from satellite images may
over- or underestimate the actual number of streams in the landscape. Pro�les were
measured from the source point, de�ned by the critical threshold drainage area of�1
km2 [Lague and Davy, 2003]. A smoothing window of 1.8 km was applied to reduce
high-frequency noise and artifacts of the digital elevation model while preserving as
much original information as possible. The raw channel slopes were calculated with
10 m contour intervals. Channel steepness (ks) and concavity indices (� ) were then
obtained by linear regression of local channel slope and drainage area in log-log space.
The analysis of tributary streams was terminated at the con
uence point with the main
stream. The alluvial coastal plain was excluded from the analysis. The upstream bound
on the regression interval was restricted to data segments exhibiting reliable slope-area
scaling [e.g., Wobus et al., 2006]. Direct comparison of steepness (ks) among channels
of di�erent size and/or concavity may be di�cult because of the inherent correlation
between regression intercept (ks) and regression slope (�) of linear arrays in log slope-log
area space. To dampen this caveat and obtain representative comparisons, the steepness
index was normalized to a reference concavity,� ref . In practice, � ref should be the mean
value of measured� of all equilibrium channels in a given study area; however relative
di�erences in ksn are independent of the choice of� ref [Wobus et al., 2006]. We used
� ref = 0.45 because (1) it falls in the middle of the typically observed range of� in
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various landscapes, and (2) it allows immediate direct comparison among the di�erent
drainage basins [e.g., Kirby and Whipple, 2012].

In
ections in the slope-area scaling of river pro�les were identi�ed as knickpoints/knick-
zones. Knickpoint locations were identi�ed as accurately as possible from mean local
� ref calculated by regressing slope-area data in successive 2 km long channel segments.
This calculation aided identifying distinct extrema and transitions in � ref and raw log
slope data along the channel (e.g., Figure 4.4). Location of anthropogenic dams and
reservoirs appears as pseudo-knickpoints. These were carefully checked using satellite
images and were eliminated from further analysis. Final speci�cation followed ground
channel observations. Field measurements were compared to DEM-derived data to check
that the DEM resolution was adequate to capture the overall form of channel pro�les.

4.3.3 First order quanti�cation of transient incision

The state of river \disequilibrium"is de�ned by comparing the actual with the theoretical
longitudinal pro�le (TLP), whose concave up shape represents `equilibrium' [e.g., Clark
et al., 2005; Miller et al., 2013]. The TLP is obtained by a power �t [Y = cX �k ; Hack,
1957, 1973] through the original long pro�le (OLP) data, where Y is channel elevation,
X is the downstream distance from the drainage divide,c and k are the best �tting
constants inverted for each pro�le [Ant�on et al., 2012]. TLPs were constructed to �t
pro�les measured upstream of the knickzone and were extrapolated downstream to the
river mouth. The di�erence between the reconstructed and actual channel elevations
(�Z ) gives a �rst-order estimate of the relative channel lowering after the onset of
disequilibrium.

4.4 Results

4.4.1 Morphometry of drainage basins

Hypsometric curves and indexes of the westward-
owing catchments demonstrate signif-
icant di�erences between the northern and southern sectors of the WGM (Figure 4.5).
Curves of the northern sector have a convex upward shape and higher hypsometric in-
dex values (HI >0.23). Much of the drainage area is located above the convexity, which
generally lies between 600 and 700 m elevation. Note that this elevation range mim-
ics the escarpment elevation in the northern sector. The sole exception is the Swarna
catchment (number 8 in Figure 4.1), with its low HI (0.11). Hypsometric curves of
the southern sector have predominantly concave upward shapes and lower hypsometric
index value (HI <0.20). However, catchments 10, 14, 17, and 18 (Figure 4.1) display
convex upward in
ections in their upper parts (Figure 4.5). Hypsometric curves of the
eastward-
owing catchments display convex in
ections in their middle parts except the
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Figure 4.5: Area-elevation relationship (hypsometry) of the drainage basins, color-
coded for location: dark grey = eastward-
owing catchments; medium grey = westward-

owing catchments in the northern sector; light grey = westward-
owing catchments

in the southern sector (location in Figure 4.1). HI = Hypsometric index value.
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Figure 4.6: Example of channel topographic data derived from a digital elevation
model. Ariakaduva River (number 12, Figure 4.1), originating from the escarpment lip.
(a) Channel pro�le (thick black line) and drainage area (thick gray line) as a function
of downstream distance. (b) Slope and drainage area data with regression line. Slope

was calculated at 10 m vertical in elevation intervals.

Pennar catchment (Figure 4.1), which has a concave up shape. The hypsometric index
of the eastward-
owing catchments is >0.20 (Figure 4.5).

4.4.2 Channel pro�les

4.4.2.1 Westward-
owing river

In map view, the westward-
owing streams generally exhibit two basic con�gurations.
(1) Streams with headwaters directly from the escarpment rim have smooth concave
up long pro�les (e.g., Figure 4.6). (2) Streams with headwaters away from the escarp-
ment rim display single (for 50 of them) or double (for 8 of them) knickpoints. These
knickpoints stand predominantly immediately above the escarpment rim; few are located
further inland (Figure 4.7). All of these knickpoints are distributed between 270 and
2330 m a.s.l. (Figures 4.8a, c, 4.9a) but only 5 above 1200 m elevation, in the Chaliyar
catchment (Figure 4.8b; Table C.2). The lower elevation (<1200 m) knickpoints occur
on diverse rock types and have upstream drainage areas spanning 3 orders of magni-
tude (1.5 to �2000 km 2; Figure 4.9c; Table C.2). Overall, knickpoint elevations roughly
mimic the escarpment topography (Figure 4.8c). They are found at di�erent horizontal
positions with respect to their outlet and water divide (Figures 4.9a, b; Table C.2).

In the 7 catchments of the northern sector (Figure 4.10a), 27 streams have knickpoints
marked by several meters high waterfalls. Long pro�les are presented for two represen-
tative streams (Figures 4.10c, d). Overall, theksn values vary between�6 and 36 m 0:9

above the knickzone, where concavity (�) ranges from �0.30 to 0.60, and between �87
and 436 m0:9 within the knickzones, where pro�les are highly concave (� >1) or in some
cases convex (negative� ) (Figure 4.10b; Table C.1).

Long-pro�les of southern sector catchments 9, 11, 12, 13, 15, 16, and 19 (Figure 4.11a)
are smooth, concave-up (Figure 4.11c). Theirksn values range between 30 and 160 m0:9

(Figure 4.11b) and � values range between 0.29 and 2.7 (mean� = 0.93 � 0.62; Table
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Figure 4.7: Map view distribution of knickpoints (yellow �lled circles) along the
Western Ghat. Physiographic provinces are indicated on the map.

C.1). Thirty-two streams of catchments 10, 14, 17, and 18 display knickpoints (Figure
4.11a). Their ksn values are<25 m0:9 above the knickzone and between 100 and 280 m0:9

within the knickzones (Figure 4.11b; Table C.1). Few streams haveksn >25 m0:9 above
knickzones (Figures 4.11b, d). These anomalous reaches are located on the charnockite
bedrock.

4.4.2.2 Eastward-
owing rivers

Fifty-seven streams, including the trunk and tributaries of the Cauvery catchment have
one to three knickpoints, whereas the others display concave-up pro�les. Eleven streams
of the other three catchments (Pennar, Palar, and Ponnaiyar, Figure 4.1) also show
knickpoints (Figure 4.12a). All of these knickpoints are between 236 and 2220 m el-
evation (Figure 4.9). Sixty-�ve knickpoints (here-after called type 1 knickpoint) are
between 400 and 1200 m elevation (Figures 4.9d, 4.13a-c, 4.14a), twenty-six knickpoints
(here-after called type 2 knickpoint; Figures 4.9d, 4.13b-c) are between 1400 and 2200 m
elevation, and the remainders (here-after called type 3 knickpoint; Figures 4.9d, 4.13b-c)
below 370 m. The latter are only on the trunk stream of the Cauvery River and at the
entrance to narrow bedrock gorges (Figure 4.14b). Type 1 knickpoints occur in diverse
rock types for all catchments and have upstream drainage areas ranging over 4 orders
of magnitude (4-22,000 km2; Figure 4.9f; Table C.4). Type 2 knickpoints occur only in
the Cauvery catchment, in the Nilgiri and Perumalmalai Plateau (Figure 4.12a).

Fifty-six streams of the Cauvery catchment are located in the Deccan Plateau, twenty-
one of which have knickpoints. Their ksn values range between 4 and 49 m0:9 above
the knickzone, and between 11 m0:9 and 70.8 m0:9 below (Figure 4.12b; Table C.3), in
a similar range as for the westward-
owing streams draining the plateau. Long-pro�les
of other streams from the Deccan Plateau show concave-up geometry withksn values
between 4.39 m0:9 and 90.5 m0:9 (Figure 4.12b; Table C.3).
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Figure 4.8: Longitudinal pro�les and knickpoints of westward-
owing drainage basins.
White �lled circles = major knickpoints. (a) Trunk stream and tributaries of the
westward-
owing Galgibaga drainage basin of the northern sector (Catchment number
2, Figure 4.1). (b) Trunk and tributaries of the westward-
owing Chaliyar drainage
basin of the southern sector (Catchment number 18, Figure 4.1). (c) Knickpoints from
all westward-
owing drainage basins projected on a pro�le line (D-D0in Figure 4.1)

parallel to the Western Ghat. Inset = histogram of knickpoint elevations.

Thirty-two streams of the Cauvery catchment are located in the Nilgiri Plateau, twenty-
eight of which have distinct knickpoints (Figure 4.12a). Their ksn values range between
10 m0:9 and 140 m0:9 above the knickzone, and between�25 and 720 m 0:9 within the
knickzone (Figure 4.12b; Table C.3). The other ten streams of the Cauvery catch-
ment are located in the Perumalmalai Plateau (Figure 4.12a), 8 of which exhibiting
pronounced knickpoint. Their ksn values vary between 8 and 208 m0:9 above the knick-
zone, and between 49-640 m0:9 within the knickzone (Figure 4.12b; Table C.3). The
range ofksn values in the Nilgiri and Perumalmalai Plateaus is signi�cantly higher than
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Figure 4.9: Comparison of knickpoint topographic data among the westward- and
eastward-draining basins. (a-c) Left panels = knickpoints of the northern sector; right
panels = knickpoints of the southern sector of Western Ghat (d-f) Knickpoints in

eastward-
owing drainage basins.

anywhere in the Deccan Plateau (Figure C.1). The high channel steepness associated
with charnockite bedrock of these plateaus demonstrates the lithological e�ect on local
channel steepness.

Twelve streams of the Pennar, Palar and Ponnaiyar catchment (Figure 4.12a) are char-
acterized by smooth concave up shape indicating graded streams. Theirksn values vary
between �8 and 30 m 0:9 and � ranges between 0.27 and 0.57 (Table C.3). This range
of � is typically predicted for streams that are in equilibrium with respect to the ex-
ternal forcing factors such as rock uplift, climate, and/or lithology [e.g., Wobus et al.,
2006]. The ksn values of these streams are consistent with those of the Cauvery trib-
utaries draining the Deccan plateau (Figure 4.12b). However, 12 streams deviate from
the smooth concave up shape. Theirksn values are<25 m0:9 and between 25-75 m0:9

above and below the knickpoint, respectively (Figure 4.12b; Table C.3).

Overall, the ksn pattern of the analyzed streams increase through the knickzone, and
gradually decrease in the lower and upper reaches, a pattern characteristic of vertical-
step knickpoints [Kirby and Whipple, 2012; Whipple et al., 2013]. This characteristic
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Figure 4.10: Geological and climatic overview of the northern sector of Western Ghat.
White �lled circles = knickpoints. (a) Simpli�ed geological map after Geological Survey
of India (1993) on a shaded 90 m resolution SRTM DEM. Black-bounded polygons
= drainage basins. Drainage basins numbered as in Figure 4.1. (b) Mean annual
rainfall distribution after the calibrated TRMM dataset [Hu�man et al., 2007]. Trunk
streams color coded for local steepness index (ksn ). 450 m iso-elevation line delineates
the approximate location of the Western Ghat Escarpment. (c) and (d) Longitudinal
pro�les of the named river located in (b). Insets show the slope-area plot for the stream
reaches with calculated concavity (� ) and steepness index (ksn ); solid blue line = slope-
area plot after normal regression; dashed red line = forced regression with� ref = 0.45.
Black arrows in long pro�les indicate regression limits used to calculate the concavity

and steepness index.
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Figure 4.11: Geological and climatic overview of the southern sector of Western Ghat.
(a) to (d) as in Figure 4.10.

pattern is well de�ned in both the slope-area plots (Figure C.2) and in color-coded
steepness index maps (Figures 4.10b, 4.11b, 4.12b).

4.5 Discussion and interpretations

4.5.1 Knickpoints and transient 
uvial dynamics in the westward-

owing catchments

Knickpoints due to base level drop (due to either tectonics or eustasy) migrate at a
rate correlated with the upstream drainage area if bedrock and climatic conditions re-
main uniform [e.g., Bishop et al., 2005; Miller et al., 2013; Niemann et al., 2001; Wobus
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et al., 2006]. Such knickpoints are typically found within a narrow elevation range [e.g.,
Crosby and Whipple, 2006; Harkins et al., 2007; Miller et al., 2013]. In the present study,
knickpoints of the westward-
owing drainage network span a wide elevation range. Fur-
thermore, knickpoints within individual catchments are found at di�erent elevations.
This variability excludes that these knickpoints result from a base level drop due to
tectonic rock uplift, as has been suggested earlier [Ambili and Narayana, 2014]. The
�100 m Holocene sea level fall during the last glacial maximum [Woodro�e and Horton,
2005] may drive transient incision in this region. However, knickpoints in the WGM
are too far away to be attributable to this event. Given the typical knickpoint mi-
gration rate of few meters per ka in passive margins [van der Beek et al., 2001; Nott
et al., 1996], transient incision could only a�ect the coastal plain. Moreover, the channel
steepness pattern is consistent with `vertical-step knickpoints' [Haviv et al., 2010; Kirby
and Whipple, 2012], which form in response to discrete, �nite drops in relative base
level caused by stream capture or drainage reorganization [Whipple et al., 2013]. In the
Western Ghat, the present-day E-W water divide alternate between the gorge-type and
divide-type segments [e.g., Seidl et al., 1996]. The divide of the divide-type segments is
located immediately above the escarpment rim (Figure 4.1). At variance, the divide of
the gorge-type segments is found tens of kilometers inland from the escarpment lip (Fig-
ure 4.1), which has been interpreted as evidence for inland jumps of water divide after
drainage capture [Gunnell and Harbor, 2010; Mandal et al., 2015b]. This interpretation
is consistent with modeling studies [Willett et al., 2014], which advocate that water di-
vides are dynamic features that migrate progressively or through discrete river capture.
Field markers in support of drainage capture are divide parallel drainage lines, barbed
tributaries and large scale low-relief relict landscape above the knickpoints [e.g., Bishop,
1995; Prince and Spotila, 2013]. Such features are distinct along the WGE (Figure
4.15). The presence of convex in
ections in the hypsometry of only those catchments
perturbed by knickpoints are also consistent with drainage area capture [Figure 4.5;
P�erez-Pe~na et al., 2009, 2010]. All westward-
owing streams are superimposed across
the escarpment. Therefore, they should be cogenetic. As climatic and tectonic factors
do not change along the margin, di�erences in the hypsometry likely re
ect di�erences
in drainage behavior. The overall low hypsometric index values (�0.30; Figure 4.5) of
the westward-draining catchments indicate relatively eroded and matured stages [e.g.,

Figure 4.12 (preceding page): Geological and climatic overview of eastward-draining
rivers. Knickpoint locations shown with circles, color-coded for knickpoint type: black
= type 1 knickpoints; white = type 2 knickpoints; green = type 3 knickpoints; red
= knickpoints in westward-
owing catchments (only within the swath extent). (a)
Simpli�ed geological map after Geological Survey of India (1993) draped over shaded
relief DEM of study area. Filled circles = knickpoints. WG = Western Ghat; EG =
Eastern Ghat. Box B-B0= Swath pro�le in c. MR = Moyar River, BR = Bhavani River,
AMR = Amaravati River, AR = Arkavati River, SR = Shimsha River. White �lled
stars 1 (Shivanasamudra Falls) and 2 (Makedatu Falls) = locations of Figure 4.14. (b)
Calibrated TRMM rainfall map draped over the shaded relief DEM. Major streams are
color coded by local steepness index (ksn ). Black circles = knickpoints. (c) Topographic
section along the line B-B0in a. Filled circles = knickpoints within the swath, projected

on line B-B0.
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Figure 4.13: Longitudinal pro�les and knickpoints of eastward-
owing catchments.
(a) Longitudinal pro�les of the trunk and tributaries of the Pennar River (location in
Figure 4.1) with type 1 (black �lled circle) knickpoints. Physiographic provinces crossed
by the streams are shown at the bottom. (b) Longitudinal pro�les of the trunk and
selected tributaries of the Cauvery River with type 1 (black �lled circle), type 2 (white
�lled circle) and type 3 (green �lled circle) knickpoints. 1 = Cauvery River, 2 = Arkavati
River, 3 = Shimsha River, 4 = Moyar River (locations in Figure 4.12). Shapes around
numbers indicate the physiographic province where the rivers are located (hexagon =

Deccan Plateau; circle = Nilgiri Hills). (c) Histogram of knickpoint elevation.
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Figure 4.14: Field photographs of knickpoints on the Cauvery River. (a) Panoramic
view of type 1 knickpoint in the main Cauvery River marked by �76 m high waterfall
(Shivanasamudra Falls; location in Figure 4.12a). Note the steep-sided gorge below the
knickpoint. GPS = N 12 °17033:46800, E 77°10013:727400. (b) Panoramic view of type 3
knickpoint marked by �20 m high waterfall (Makedatu Falls; location in Figure 4.12a).

GPS = N 12°15031:800, E 77°26051:800.

Willgoose and Hancock, 1998], locally punctuated by drainage capture, where the area
above the in
ection points represents the captured relict part of the drainage basins.

The elevation di�erence between capturing escarpment-draining streams (aggressor) and
captured plateau draining streams (victim) are the main triggers of disequilibrium [e.g.,
Bishop, 1995] and the symptomatic vertical-step knickpoints. The high channel steep-
ness in the knickzones promotes abrasion, plucking and undercutting of bedrock and
transient incision below the knickpoint [Whipple et al., 2013]. Accordingly, present-day
knickpoints de�ne a boundary between downstream regions adjusted or adjusting to the
capture-related base level and upstream relict regions that have topographic character-
istics adjusted to the Deccan Plateau.

4.5.1.1 Spatial relationships between drainage pattern and knickpoint dis-
tribution

Given that the knickpoint retreat rate is proportional to the drainage area [e.g., Bishop
et al., 2005; Castillo et al., 2013; Hayakawa and Matsukura, 2003], the distance of the
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Figure 4.15: Drainage patterns and knickpoints in the Western Ghats. (a) Rectan-
gular drainage patterns of the northern sector. (b) Dendritic drainage patterns of the
southern sector. White �lled circles = knickpoint (waterfall). Drainage basin outlined

in black. Number = catchments in Figure 4.1.

Figure 4.16: Longitudinal pro�les of the eastward-
owing main rivers (locations in
Figure 4.1). TLP = Theoretical longitudinal pro�le; OLP = Original longitudinal pro-
�le. �Z = Amount of channel lowering at con
uence with Bay of Bengal. Framed
equations = best-�tting constants used to extrapolate channel pro�le downstream.
Lithology beneath channel longitudinal pro�les as in Figure 4.12a. Geologic bound-

aries at depth are schematic.
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contemporary knickpoints from the water divide may re
ect the size of drainage area
captured from the inland plateau or the time since capture and retreat. Previous studies
have suggested that the drainage pattern along the Western Ghats is structurally con-
trolled [Gunnell and Harbor, 2008, 2010]. In the northern sector, the geological fabrics
of the Archean rocks trends at a low angle to the escarpment and the stream network
shows a rectangular pattern (Figure 4.15a). This pattern provides opportunity for the
escarpment draining streams to capture larger drainage areas from the inland plateau.
Given that the discharge is directly proportional to drainage area, the relatively large
captured area potentially increases the shear stress along the knickpoint lip [Hayakawa
and Matsukura, 2003]. The result are steep-walled gorges during the passing wake of
knickpoints into the low-relief inland plateau. In this scenario, knickpoints only de-
veloped in those tributaries that join the trunk stream below the knickpoint. This is
consistent with the knickpoint distribution in the northern sector of the WGE.

In contrast, dendritic to parallel drainage patterns are typical of channel networks de-
veloped on gneiss and charnockite of the southern sector (Figure 4.15b). The drainage
lines on both the plateau and escarpment side are at high angle to the escarpment and
provide opportunity for the escarpment draining streams to capture individual drainage
lines from the inland plateau [Bishop, 1995]. This may explain why many knickpoints
are found in the southern sector of the WGE. In case of stream capture, the amount of
discrete base level falls depends on the elevation di�erence between the capturing and
the captured streams. The heterogeneous relief of the southern WGE allows streams to
experience variable base level drops after capture. This is consistent with the wide-range
of knickpoint elevations in the catchments (Figure 4.9a).

4.5.2 Knickpoints and transient 
uvial dynamics in the eastward-
owing
catchments

Ubiquitous type 1 knickpoints occupy a wide elevation range (Figures 4.9d). Therefore,
they do not represent an incision wave along the stream network from any shared tectonic
uplift or sea level fall [e.g., Crosby and Whipple, 2006; Niemann et al., 2001]. The overall
low channel steepness above and below the knickzones supports this assertion and the
long-term tectonic stability of the region is further apparent in the bedrock exhumation
histories of southern Peninsular India [Gunnell et al., 2003; Sahu et al., 2013]. The
reconstructed channel pro�les (Figure 4.16) suggest a base level drop of�380-800 m at
the Bay of Bengal con
uence. This base level drop cannot be explained by tectonics or
sea level changes. We explain type 1 knickpoints in the eastward-
owing catchments as
follows.

The sedimentary record of eastern pericratonic basins indicates increasing supply of
terrigenous detritus since the Early Cenozoic [Gupta, 2006; Manmohan et al., 2003;
Shanmugam et al., 2009]. This supply has been interpreted to source from the cratonic
hinterland [Bakkiaraj et al., 2010; Madhavaraju et al., 2006]. Paleocurrent measure-
ments in Late Cretaceous-Early Cenozoic sediments recorded a change of directions
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Figure 4.17: Perspective view of di�use Eastern Ghat escarpments (10� vertical ex-
aggeration) and schematic models of knickpoint initiation. (a) Hypothetical retreat
of the escarpment. (b-c) Schematic diagram showing the evolution of type 1 knick-
point. Dashed blue line indicate pre-incision pro�le. (d) Schematic diagram showing

the evolution of type 3 knickpoint due to subsequent stream capture.

from dominantly south-north to west-east [Manmohan et al., 2003]. This coincides with
the India-Seychelles breakup event, and the formation of the western Peninsular Indian
continental margin. We speculate that the present-day eastward-
owing drainage sys-
tem commenced in the Early Cenozoic as the perennial rivers are mostly fed by the
monsoon established by the Late Miocene [Dettman et al., 2003, 2001; Molnar et al.,
1993; Zhisheng et al., 2001], perhaps earlier [Clift et al., 2008; Guo et al., 2002].

With this hypothesis, elevation di�erences between the plateau and the coastal plain
may be an example of channels that stayed in disequilibrium on the high-lying plateau
while channels on the low-lying coastal plain stayed in quasi-equilibrium with respect
to the shared Bay of Bengal base-level (B1, Figure 4.17b). This mismatch (B2-B1,
Figure 4.17b-c) formed knickpoints. The spatial variation of base-level fall across the
escarpment (Figure 4.16), may thus be attributable to the pre-existing relief variability
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of the escarpment, such that, where the escarpment had comparatively high relief the
rivers experienced relatively greater magnitude of base-level fall. Transient incision
of �380-800 m now migrating through the headwater reaches of the eastward-
owing
catchments is the remnant of an incision wave induced by this incongruity in erosional
base-level. The large catchment area of the eastward-
owing streams, in association
with steep gradients in the knickzones, may have enhanced shear stresses and drive
knickpoint migration into the plateau.

The overall concave-up long pro�les in conjunction with low steepness values characterize
a relic landscape above the knickpoints [e.g., Clark et al., 2006]. The knickpoints sep-
arate this relic landscape from already adjusted landscapes, downstream. As the trunk
streams are the means through which any base level signal is introduced and propa-
gated, tributaries entering the trunk stream encounter base-level drops and developed
knickpoints when the incision wave reached their con
uence. Variable knickpoint retreat
distances from stream mouth in tributaries and main stream may thus be attributable
to the dependence of knickpoint retreat rate on stream power [e.g., Haviv et al., 2010;
Hayakawa and Matsukura, 2003], with knickpoints migrating most rapidly up the large
streams (compare trunk and tributaries; Figures 4.13a-b). In several streams, the re-
sponse to base-level lowering can be followed several kilometers upstream from the main
knickpoint. There the channel reaches are steeper and formed minor knickpoint (see for
example the long pro�les in Figures 4.16c, d).

4.5.2.1 Stream capture: type 3 knickpoint

Type 3 knickpoints are recognized as the relatively young perturbations. In a tecton-
ically quiescent and climatically invariant setting, stream capture and beheading may
perturb local base level [Bishop, 1995]. Radhakrishna [1992] and Subrahmanya [1996]
suggested that the present-day course of the Cauvery River results from the capture
of the plateau-draining upper Cauvery by the lower Cauvery. The transient incision
now headed by type 3 knickpoints and migrating through the main Cauvery River is
the remnant of the corresponding incision wave (Figure 4.17d). The convex in
ection
apparent in the drainage basin hypsometry �ts capture [Figure 4.5; P�erez-Pe~na et al.,
2009, 2010]. The development of knickpoints between the previously adjusted channel
and the headwardly-mobile new base level (Figure 4.13b) suggests that stream incision
has accelerated su�ciently to keep pace with the new base level.

4.5.3 Spatial relationships among lithology, knickpoints and channel
steepness in westward- and eastward-
owing catchments

No apparent spatial association exists between low-elevation (<1200 m) knickpoints
and rock type, or rock type and channel steepness. However, high-elevation (>1200 m)
knickpoints in the westward-
owing Chaliyar catchment and the eastward-
owing Cau-
very catchment (type 2 knickpoint) are associated with charnockite only (Figure 4.12c).
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Charnockite has low bedrock erodibility [Hewawasam et al., 2013]. It is therefore the
strong rock that anchors high-elevation knickpoints, which in turn mark ancient base
level falls in the multi-tiered landscape of the cratonic southern Peninsular India [Gun-
nell, 1998b]. We speculate that the high-elevation knickpoints in lithologically strong
charnockite are generally static or migrating very slowly, because the10Be concentrations
derived from the stream sediments yielded only 9-10 m Ma�1 of erosion rates [Mandal
et al., 2015b].

4.6 Conclusions

The quantitative geomorphological analysis of the 
uvial system in the tectonically qui-
escent southern Peninsular India shows that both eastward- and westward-draining sys-
tems are in a transient state. Without active tectonics for at least 65 Ma, episodic
stream capture and preexisting landscape morphology are the main triggers for channel
disequilibrium in both space and time. This morphological disequilibrium is a long-
lasting phenomenon and may therefore represent an internal driver of transience capable
of operating in the absence of endogenic and exogenic forcing in erosional passive mar-
gins like southern Peninsular India. This �eld-based and morphometric study supports
theoretical, experimental and modeling studies that have argued that river basins are
part of a dynamic system in which drainage systems adjust towards a balance between
boundary conditions at the upstream and downstream ends of the river network. These
�ndings were mostly based on studies in tectonically active settings where rock uplift
rates are vigorous. Our present study shows that dynamic coupling is equally applicable
to tectonically quiescent cratonic areas.
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Conclusions

Despite its antiquity and location on a passive continental margin, the persistence of
elevated topography in southern Peninsular India is a geological paradox. The study was
set out to explore the long-term landform evolution in southern Peninsular India and
has investigated the magnitude and distribution of millennial-scale erosion rates using
cosmogenic nuclides10Be, the main controls on landscape erosion, timing of magnitude of
late-stage rock cooling using apatite (U-Th-Sm)/He thermochronometry and the impacts
of Mesozoic extensional and Late Cenozoic India-Eurasia collisional tectonics on the
contemporary landscape. The study has also sought to know whether river networks and
their long-pro�les can be used as quantitative markers of the main forcing process(es)
operating in the long-term landscape evolution of southern Peninsular India. The general
theoretical literature on the persistence of post-orogenic topography and speci�cally
previous descriptive and quantitative geomorphological work in the context of southern
Peninsular India's topography was inconclusive on several vital questions within the
present-day topographic discourse. The study sought to test two of these hypotheses:

ˆ Whether the high topography is in a state of quasi-equilibrium maintained isostat-
ically by slow decay over geological time,

ˆ Whether some component of its present-day elevation acquired during the Late
Cenozoic by anticipated large-scale buckling of the Indian continental lithosphere.

The latter proposition was raised by the discovery of buckled oceanic lithosphere in the
central Indian Ocean and the reported large regional compressional stresses within the
Indian plate. The main �ndings of this study are chapter speci�c and were summarized
within the respective chapters. The following section synthesizes the main �ndings to
answer the study's research questions.

Tracing the spatial and temporal variability of erosion rates is fundament importance for
understanding the evolution of Earth's surface topography, which re
ects the balance
between tectonics, climate, and their interaction through erosion. This study provides
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a new dataset of 77 catchment-averaged and 11 local erosion rates in southern Penin-
sular India. These rates were obtained using in situ-produced10Be concentrations in
river sediments and bedrocks. Catchment-averaged erosion rates show a clear di�erence
between the across-escarpment, westward-draining catchments and eastward-draining,
over highland catchments. Measured catchment-averaged erosion rates in the highland
vary between 9.6± 0.8 and 70.1� 7.0 m Ma�1 (with a mean of 26.4 � 14.0 m Ma�1 ),
whereas erosion rates of the westward-
owing catchments range from 12.2� 1.0 to
114.3 � 13.8 m Ma�1 (with a mean of 48.6 � 20.9 m Ma�1 ). The di�erence is shown
to be instrumental in supporting ongoing escarpment retreat. Millennial-scale erosion
rates determined from cosmogenic10Be inventories agree broadly with previous long-
term erosion rates estimated using apatite �ssion track data, supporting steady erosion
rate ca. 40 Ma in the upland plateau. In southern Peninsular India, relatively steady
post-orogenic erosion rate likely re
ects a balance between isostatically driven uplift and
erosion, consistent with models of slow decay of post-orogenic topography. The bedrock
erosion rate data nevertheless suggests local and short-term disequilibrium in the overall
steady-state erosional system, providing an explanation for locally high standing surfaces
in the highlands.

New AHe data constrain the Phanerozoic surface history of southern Peninsular India.
The results yield coherent data patterns and provide key insights into the spatial variabil-
ity in cooling histories across the region. The results, coupled with geologic constraints,
suggest that the exposed rocks of the inland plateau remain within 2 km from the sur-
face since Permian-Triassic times. Subsequent erosion was gradual over the next 200
Ma. This results strengthens the idea of general planation during the Late Paleozoic to
Early Mesozoic previously postulated in the neighboring eastern Gondwana fragments.
Exceptions are the rocks on the southeastern and southern limits of the Deccan Plateau,
where local exhumation is interpreted to be controlled by drainage reorganization in the
Late Cretaceous. The old (>200 Ma) AHe age distribution over the >2600 m Nilgiri
Plateau indicates very slow erosion/exhumation rates during the last�200 Ma, which is
consistent with the lowest spatially integrated erosion rates measured by10Be anywhere
in southern Peninsular India. This result serves as a cautionary reminder of the dangers
in attempting to infer tectonics from topography without additional supportive evidence.
The Nilgiri Hills joins a growing number of evidence of long-lived postorogenic topogra-
phy. As with many other cratonic AHe data, age dispersions remains a major problem
in this study, and we do not fully understand and correct for the possible cause(s) of
such dispersion. The �rst step to gain better understanding of the age dispersion is to
understand the U-Th zoning patterns in the apatite and this issue needs to be addressed
in the future studies.
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Supplementary material for
chapter 2

A.1 Data preparation for CRONUS erosion rate calcula-
tions of river sediments

Catchment-averaged erosion rates were calculated using the CRONUS-Earth online cal-
culator (http://hess.ess.washington.edu/), version 2.2 [Balco et al., 2008]. For the ero-
sion rate, � (g cm�2 yr �1 ), the calculator solves the equation:
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where Psp, 0(t) is the thickness-averaged surface nuclide production rate (atoms g�1

yr �1 ) due to spallation as a function of time, � sp is the e�ective attenuation length for
spallogenic production (= 160 g cm�2 ), � is the decay constant, P� (z) is the depth-
dependent muogenic production rate (atoms g�1 yr �1 ), with depth (z) having units
of g cm�2 , and Nm is the measured nuclide concentrations (atoms gqtz

�1 ). For de-
tailed description of the methodology, see Balco et al. [2008], and the supporting on-
line documentation of the CRONUS-Earth (http://hess.ess.washington.edu/math/docs/
al be v2/al be fctn desc.pdf).

The CRONUS-Earth online calculator considers erosion at single points on Earth's sur-
face, but is not capable of weighting altitude and latitude scaling factors for the distri-
bution of elevations represented within a given catchment. In that case, however, Balco
et al. [2008] suggested that using the mean latitude and elevation of the catchment yields
acceptable results for catchments that do not span a large elevation range. However,
the catchments sampled for this study, especially the escarpment draining ones, are
characterized by large elevation ranges. We addressed this complication by calculating
the hypsometrically-weighted e�ective elevation and e�ective latitude using the ArcGIS
model and Matlab function developed by Portenga and Bierman [2011]. For each pixel
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of the catchment of interest, the latitude, longitude, and elevation were extracted from
the 3-arc second (�90 m) resolution Shuttle Radar Topography Mission (SRTM) data
[Jarvis et al., 2008] obtained from CGIAR-CSI database (http://srtm.csi.cgiar.org/).
The ASCII grid �les containing latitude, longitude, and elevation data were introduced
directly into the Matlab script to �nd the e�ective altitude and latitude needed by the
CRONUS online calculator. In essence, the script reduces the distribution of eleva-
tion and latitude across any drainage basin of any shape or size to a single point that
represents the catchment as a whole [see Portenga and Bierman, 2011 for more details].

A.2 Channel steepness

The typical form of a stream channel developed under uniform climate, lithology, and
rock uplift conditions tends to abide by a power-law scaling between local slope,S, and
upstream area,A [Flint, 1974; Hack, 1973]:

S = ksA �� (A.2)

The factor ks is referred to as the channel steepness index (m2� ) and the exponent �
as the concavity index [Wobus et al., 2006]. Stream pro�le parametersks and � are
estimated by linear regression of logS and log A (here after referred to as `slope-area
regression method'). Becauseks and � are strongly correlated [Wobus et al., 2006], it is
common practice to normalize channel steepness with a reference concavity (� ref ). The
normalized channel steepness index (ksn) thus portrays the steepness of the 
uvial part
of a landscape, independent of upstream area and channel-speci�c concavity [Kirby and
Whipple, 2012; Wobus et al., 2006].

Equation A.2 is derived from the stream-power models [Howard, 1994; Whipple, 2009]
that substitute local discharge with drainage area. Substituting discharge with drainage
area requires uniform climatic conditions, which is not the case across southern Peninsu-
lar Indian escarpment. Therefore, the normalized channel steepness index,ksn, derived
from the slope-area regression method su�ers from signi�cant limitations. Another prob-
lem is that the digital topographic data are subject to errors and uncertainty and thus
channel slope data are inherently noisy. An alternative way to capture the orographic
modulation of discharge and to overcome the noisy slope data is to de�ne a scaled dis-
tance along the channel from basin outlet as [Mudd et al., 2014; Perron and Royden,
2013; Royden and Perron, 2013; Willett et al., 2014]:

�(x) =
Z x

0

� A0

A(x 0)P (x 0)

� m
n dx0 (A.3)

where A0 is an arbitrary scaling area, and P is the e�ective precipitation rate. This
approach normalizes distance along the channel by drainage area and precipitation rate,
such that the slope of a line regressed through the elevation and� data (referred to as a
�-plot) represents the channel steepness,ksn. A threshold drainage area of 0.5 km2 was
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used to calculate catchment-averagedksn using this method [e.g., Scherler et al., 2014].
We extracted topographic and hydrologic information such as latitude, longitude, el-
evation, 
ow direction, 
ow length, basin, stream order, and 
ow accumulation from
the �lled SRTM-4 digital elevation model. The � value for each pixel was calculated
according to equation A.3, using the Asian Precipitation Highly Resolved Observational
Data Integration Towards Evaluation of Water Resources (APHRODITE) daily gridded
precipitation data (http://www.chikyu.ac.jp/precip/). Calculations were performed as-
suming concavity, (m/n) = 0.45 and a scaling area (A0) of 1 km2 [Mudd et al., 2014;
Perron and Royden, 2013; Willett et al., 2014; Yang et al., 2015].

A.3 Enhanced vegetation index (EVI)

The Moderate Resolution Imaging Spectroradiometer (MODIS), on board of NASA's
TERRA (since 2000) and AQUA (since 2002) satellites capture data in 36 spectral
bands ranging in wavelengths from 0.4�m to 14.4 �m with varying spatial resolu-
tions. MODIS core mission, standard VI products include the enhanced vegetation index
(EVI) and the normalize di�erence vegetation index (NDVI) to e�ectively characterize
bio-physical/biochemical states and processes from vegetated surfaces (http://modis.
gsfc.nasa.gov/data/dataprod/dataproducts.php?MOD NUMBER=13). Global MODIS
vegetation indices are designed to provide consistent spatial and temporal comparisons
of vegetation conditions. We choose the enhanced vegetation index (EVI) as a vege-
tation proxy because it incorporates blue spectral wavelength and is less sensitive to
soil and atmospheric e�ects than the more widely used normalized di�erence vegetation
index (NDVI). As a result, EVI minimizes canopy background variations and maintains
sensitivity over dense vegetation conditions [Huete et al., 2002].

We calculated average enhanced vegetation index (EVI) values for each catchment based
on MODIS sensor subsetted land products (MYD13Q1), version 5, with 250-m resolu-
tion and 16-day temporal intervals, acquired from http://glovis.usgs.gov/. The EVI is
calculated as:

EV I =
G(NIR � R)

NIR + C1R � C2B + L
(A.4)

whereNIR, R, and B are atmospherically corrected or partially corrected (Rayleigh and
ozone absorption) surface re
ectances from the near-infrared, red, and blue bands;G is a
gain factor; L is the canopy background adjustment that addresses non-linear, di�erential
NIR and red radiant transfer through a canopy, and C1 and C2 are the coe�cients of
the aerosol resistance term, which uses the blue band to correct for aerosol in
uences
in the red band (http://modis.gsfc.nasa.gov/data/atbd/atbd mod13.pdf). We averaged
the EVI data available from July 2002 to September 2014. For tree cover, we used the
continuous (VCF) collection MOD44B v005 to determine the composition of vegetation
within each catchment.
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Table A.1: Results of a forward stepwise multiple regression of catchment-
averaged erosion rates and catchment-averaged topographic, climatic, and veg-

etation metrics

Variable Coe�cient ( � ) Std. Error t p -value
95% Con�dence Interval

Lower Bound Upper Bound

Intercept 2.67 8.79 0.304 0.762 -14.87 20.21
Mean annual rainfall -0.003 0.001 -2.231 0.029 -0.005 0.000
2-km radius local relief -0.010 0.014 -0.728 0.469 -0.037 0.017
Hillslope -0.310 0.615 -0.504 0.616 -1.538 0.917
Channel steepness (ksn ) 0.261 0.026 9.996 <0.01 0.209 0.313
EVI 1 64.590 27.266 2.369 0.021 10.167 119.012

1Enhanced vegetation index
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Figure A.1: Vegetation cover represented by the MYD13Q1 250 m enhanced vege-
tation index (EVI) data (http://glovis.usgs.gov/). Black hatched polygons = sampled

catchments. Dashed black lines = major water divide.
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B.1 (U-Th-Sm)/He analytical methods

Single crystals of apatite were selected based on morphology, clarity, and lack of inclu-
sions using a binocular microscope with cross polar at ETH Zurich. Prior to analysis,
apatite grains were photographed, their dimensions measured, and individual crystals
were wrapped in Pt foil. Apatites were �rst analyzed for 4He by degassing in static
vacuum using Diode laser heating to temperatures around 1000� C and using a sector
�eld mass spectrometer equipped with a Baur-Signer ion source. Gases were pre-cleaned
with liquid nitrogen traps and zirconium-vanadium-iron getters (SAES, St707). Netto
signal intensities were interpolated to the inlet time of the gas into the mass spectrome-
ter, and then compared to the corresponding mean signal from reference gas aliquots of
known absolute amounts analyzed by the same procedure. The degassed apatites were
retrieved, dissolved in HNO3 at �90 � C for 1 hour, spiked with 233U, 230Th, and 149Sm,
and analyzed on an ElementXR ICP-Mass spectrometer for238U, 232Th, and 147Sm. The
apatite mass was computed as the dimensional mass from the apatite radius and length
measurements (Table 3.1). Fragments of the Durango apatite standard were analyzed
by the same procedures for comparison. A hexagonal prism morphology was used as
a reasonable approximation for the alpha-ejection correction [Farley et al., 1996]. AHe
dates were determined assuming that the grains were unzoned in U, Th, and Sm.
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Table B.1: Input parameters for Hefty (version 1.8.3) [Model parameters after
Ault et al., 2013]

Parameters Option/value

Model
Radiation damage accumulation and annealing model
(RDAAM) of Flowers et al. [2009]

Calibrations Other
Model precision Best
Activation energy 29.23 kcal/mol
D0 0.6071 cm2 /sec
Alpha calculation Redistribution
Trapping? Yes
Et 8.126 kcal/mol
 1.00E-13 cm2 /N
Anneal traps? Fission-track annealing model of Ketcham et al. [2007]
rmr 0 0.83
Age alpha correction Ketcham et al. [2011]
Segment parameters 2E, Episodic
t-T path attempted 100000 for all
Grains composition Individually

Grains radius
Individually, measured following the formulation of Ketcham
et al. [2011]

Uncertainties on AHe dates
Applied a 10% uncertainty to attain more viable t-T paths for
a reasonable number of t-T paths attempted
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Table C.1 : Results of morphometric analysis of the westward-
owing rivers

Catchment
name

Channel
identi�cation

number

Segment
number

Amin

(km 2)
Amax

(km 2)
� * Error

(�2� )
ksn

(m0:9 ) „
Error
(�2� )

Talpona 1 1 46 82 -2.20 1.1 105 14.5
Talpona 1 2 85 290 2.70 0.23 95.3 9.6
Talpona 2 1 0.13 7.2 0.36 0.26 8.33 0.6
Talpona 2 2 85 290 2.70 0.23 95.3 9.6
Talpona 3 1 3.6 19 -0.23 0.13 158 8
Talpona 3 2 19 31 3.30 0.96 73.7 8.7
Talpona 4 1 19 31 1.90 0.49 113 5
Talpona 5 1 1.7 47 1.20 0.08 47.8 7.3
Talpona 6 1 2.1 10 -1.00 0.13 91.8 11.7
Talpona 6 2 11 92 1.90 0.2 47.4 7.7
Talpona 7 1 6.4 92 1.20 0.19 52.6 11.3
Talpona 8 1 5.9 11 1.40 0.7 131 3
Talpona 9 1 1.1 19 0.49 0.12 82.2 2.5
Talpona 10 1 0.24 3.4 0.55 0.76 5.74 3.03
Talpona 10 2 4.4 13 0.08 0.18 179 10
Talpona 10 3 16 42 0.12 0.33 62.7 3
Talpona 10 4 48 57 14.00 2.6 103 20.4
Talpona 11 1 1.5 4 -0.84 0.22 83.3 6.7
Talpona 11 2 4 28 1.50 0.17 64.8 11.7
Galgibaga 12 1 0.39 11 0.58 0.13 23.8 1.6
Galgibaga 12 2 11 18 1.20 0.59 122 4
Galgibaga 13 1 5.8 15 0.66 0.27 195 5
Galgibaga 14 1 1.1 1.8 0.89 0.69 23.8 2.1
Galgibaga 14 2 6.5 38 1.00 0.21 87.5 7 3.8
Galgibaga 15 1 4.5 31 1.80 0.3 39.7 10.3
Galgibaga 16 1 0.31 4.5 0.54 0.2 22.5 0.6
Galgibaga 16 2 5.4 9.9 -4.50 1.5 112 16.5
Galgibaga 16 3 10 14 6.50 0.68 143 17
Galgibaga 17 1 0.21 21 0.61 0.08 72.1 2.6
Galgibaga 18 1 0.21 44 0.67 0.09 17.3 2.1
Galgibaga 18 2 150 270 3.70 0.79 133 14
Galgibaga 19 1 1.8 31 0.55 0.73 8.38 1.26
Galgibaga 20 1 0.2 16 0.23 0.12 36.4 2.4

|{Continued on next page
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Catchment
name

Channel
identi�cation

number

Segment
number

Amin

(km 2)
Amax

(km 2)
� * Error

(�2� )
ksn

(m0:9 ) „
Error
(�2� )

Galgibaga 20 2 150 270 3.70 0.79 133 14
Galgibaga 21 1 0.1 3.4 0.71 2 6.57 5
Galgibaga 21 2 38 210 0.64 0.2 197 8
Galgibaga 22 1 3.3 120 0.87 0.08 59.5 5.2
Galgibaga 23 1 1 11 0.54 0.18 14.6 1.9
Galgibaga 23 2 23 44 2.70 0.48 187 10
Galgibaga 24 1 0.58 81 1.00 0.07 33.2 6.2
Galgibaga 25 1 0.92 8.8 0.86 0.12 65.4 5
Galgibaga 26 1 0.46 4.9 0.63 0.23 14.3 1.7
Galgibaga 26 2 11 20 3.50 0.72 181 21

Kali 27 1 0.93 1200 0.38 0.05 16.2 0.5
Kali 27 2 2900 3100 4.80 12 422 23
Kali 28 1 1.3 270 0.34 0.06 9.55 0.67
Kali 29 1 1 26 0.73 0.5 7.55 2.61
Kali 29 2 83 200 2.40 0.81 34.6 11.6
Kali 29 3 2900 3100 -0.03 12 436 25
Kali 30 1 0.57 61 0.64 0.23 17.4 2
Kali 30 2 380 430 13.00 3 132 14

Gangavali 31 1 0.12 1500 0.33 0.04 12.5 0.7
Gangavali 31 2 2200 3000 8.30 3.3 195 54
Gangavali 32 1 0.72 460 0.27 0.03 11.3 0.9
Gangavali 33 1 0.66 62 0.45 0.12 11.5 0.7
Gangavali 34 1 0.22 74 0.34 0.05 8.85 0.58
Gangavali 35 1 0.79 44 0.35 0.04 9.88 0.57
Gangavali 36 1 0.47 48 0.28 0.07 13.4 1
Gangavali 37 1 0.26 170 0.41 0.04 12.7 0.5
Gangavali 38 1 0.34 67 0.43 0.05 11.2 0.4
Gangavali 39 1 0.17 380 0.31 0.08 8.96 1.29
Gangavali 40 1 0.69 84 0.47 0.19 9.42 0.99
Gangavali 41 1 0.22 38 0.56 0.13 8.71 1.12
Gangavali 42 1 0.36 72 0.43 0.09 9.37 0.53
Gangavali 43 1 0.43 34 0.33 0.09 8.82 0.65
Gangavali 44 1 0.61 320 0.35 0.13 10.2 0.74
Gangavali 44 2 540 570 -3.70 26 336 13
Gangavali 45 1 0.097 27 0.63 0.06 8.31 1.5
Gangavali 45 2 58 130 4.10 6.7 17.8 53.8
Agnashini 46 1 0.13 460 0.47 0.07 9.27 0.44
Agnashini 46 2 630 780 10.00 2.5 243 33
Agnashini 47 1 0.9 150 0.55 0.15 6.71 0.76
Agnashini 48 1 0.66 99 0.49 0.08 6.45 0.21
Agnashini 49 1 0.41 72 0.18 0.09 10.1 1.75
Agnashini 50 1 0.2 25 0.42 0.28 8.29 1.09
Agnashini 51 1 0.76 50 0.35 0.39 3.99 2.24
Agnashini 52 1 1.5 80 0.30 0.73 6.82 1.99
Agnashini 53 1 0.33 31 0.58 0.13 9.49 0.69
Agnashini 54 1 0.15 25 0.62 0.11 12 1.3
Agnashini 54 2 65 780 0.61 0.24 249 28
Agnashini 55 1 0.2 18 0.67 0.17 12.5 2.3
Agnashini 55 2 89 170 4.70 0.43 127 22
Sharavati 56 1 0.83 100 0.56 0.16 8.03 1.18
Sharavati 56 2 100 500 1.70 0.92 17.5 4.6
Sharavati 56 3 2000 2200 59.00 12 487 121
Sharavati 57 1 0.78 7.3 0.82 0.76 3.22 9.81
Sharavati 57 2 19 110 1.30 4.9 5.61 16.51
Sharavati 58 1 0.78 39 0.55 0.28 7.08 0.79
Sharavati 59 1 1.6 21 1.20 0.43 14.2 2
Sharavati 60 1 0.38 32 0.56 0.25 8.69 1.56
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Catchment
name

Channel
identi�cation

number

Segment
number

Amin

(km 2)
Amax

(km 2)
� * Error

(�2� )
ksn

(m0:9 ) „
Error
(�2� )

Sharavati 61 1 0.5 60 0.75 0.18 12 2.3
Sita 62 1 3 50 1.50 0.09 35.8 7.1
Sita 63 1 0.27 4.5 0.72 0.27 12.9 1.9
Sita 63 2 7.7 160 3.30 1 13.8 13.819
Sita 63 3 200 240 23.00 3.2 112 43.5
Sita 64 1 0.23 11 0.81 0.33 19.9 3.3
Sita 65 1 0.17 16 0.70 0.16 25.8 2.9

Swarna 66 1 3 9.5 3.10 0.29 45.8 8.4
Swarna 67 1 4.1 65 1.60 0.22 32.9 8.2
Swarna 68 1 2.6 45 1.40 0.13 44.6 7.4
Swarna 69 1 15 140 1.50 0.19 34.5 6.3
Swarna 70 1 3 12 2.20 0.31 57.9 12.6
Gurupura 71 1 1 15 0.46 0.05 122 1
Gurupura 72 1 1.2 11 0.61 0.07 167 3
Gurupura 73 1 3.9 34 1.90 0.36 34.2 8.9
Gurupura 74 1 1.5 16 1.30 0.26 80.7 5.6
Gurupura 75 1 0.4 13 0.30 0.03 140 2
Gurupura 75 2 14 54 2.70 0.36 29.2 7.9
Netravati 76 1 0.58 19 0.42 0.07 93.8 1.8
Netravati 76 2 22 1700 0.49 0.17 11.3 0.9
Netravati 77 1 2.7 38 0.69 0.15 48.1 2.2
Netravati 77 2 39 1700 1.5 0.14 110 15
Netravati 78 1 14 57 -1.4 0.16 80.4 7.6
Netravati 79 1 6.8 56 0.47 0.23 26.1 1.4
Netravati 79 2 84 210 1.1 0.21 280 15
Netravati 79 3 270 1700 2 0.76 42.9 10.6
Netravati 80 1 0.25 5 0.72 0.18 11.9 1.8
Netravati 80 2 6.1 38 0.81 0.41 17.3 4.7
Netravati 80 3 64 270 0.7 0.16 214 3
Netravati 81 1 6.9 16 -3.9 0.32 125 15
Netravati 82 1 0.31 9.6 0.9 0.51 18.2 6.9
Netravati 82 2 16 58 0.42 0.23 210 5
Netravati 83 1 1.1 120 0.74 0.07 101 5.7
Netravati 84 1 13 110 1.6 0.11 39.7 6
Netravati 85 1 8.1 60 0.43 0.11 140 3
Netravati 86 1 0.24 14 0.36 0.06 77.6 1.5
Netravati 86 2 19 58 1.3 0.22 186 8
Netravati 87 1 13 170 2.2 0.34 49.7 14.3
Chandragiri 88 1 2.4 50 0.45 0.06 114 1
Chandragiri 88 2 50 140 1.90 0.82 22 4.5
Chandragiri 89 1 1.1 17 0.56 0.07 126 1
Chandragiri 90 1 1.2 19 0.55 0.05 107 1
Chandragiri 90 2 19 230 1.10 0.42 25.8 3.9
Chandragiri 91 1 11 46 0.42 0.18 141 2
Chandragiri 91 2 46 230 1.90 0.4 21.9 6.1
Chandragiri 92 1 1.4 13 1.30 0.09 33.1 5.7
Chandragiri 92 2 25 77 1.50 1.3 12.9 2.1
Ariakadva 93 1 2.5 26 1.10 0.13 45 5.2
Ariakadva 94 1 2.1 17 0.42 0.06 119 1
Ariakadva 94 2 36 58 4.40 0.56 80.8 12.7
Ariakadva 95 1 0.73 25 0.41 0.05 102 2
Ariakadva 96 1 8.9 200 1.00 0.07 84.5 5.5
Ariakadva 97 1 2.1 13 0.65 0.09 122 2
Ariakadva 97 2 14 29 1.80 0.73 34.6 5.6
Kuppam 98 1 0.48 28 0.33 0.03 85.9 1.6
Kuppam 98 2 32 160 1.20 0.17 44.3 6.2
Kuppam 99 1 1.4 59 0.43 0.04 127 1
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Catchment
name

Channel
identi�cation

number

Segment
number

Amin

(km 2)
Amax

(km 2)
� * Error

(�2� )
ksn

(m0:9 ) „
Error
(�2� )

Valapattanam 100 1 0.6 6.5 0.32 0.24 14.2 1.1
Valapattanam 100 2 8.4 110 1.50 0.09 82.7 11.1
Valapattanam 101 1 1.2 12 0.41 0.05 164 1
Valapattanam 101 2 13 110 1.20 0.15 60 7.1
Valapattanam 102 1 2.7 18 1.30 0.17 87.8 5.5
Valapattanam 102 2 19 75 2.70 0.22 99.8 15.9
Valapattanam 103 1 0.28 2.2 0.65 0.22 46.8 2.8
Valapattanam 103 2 5.6 69 1.50 0.12 106 10.9
Valapattanam 104 1 0.15 58 0.49 0.27 5.05 1.11
Valapattanam 104 2 150 390 2.90 0.29 200 12
Valapattanam 105 1 0.17 120 0.67 0.11 23.5 3.3
Valapattanam 106 1 12 180 0.05 0.09 380 29
Valapattanam 106 2 200 390 3.90 0.88 121 12
Valapattanam 107 1 0.11 7.5 0.64 0.13 23.8 2.2
Valapattanam 107 2 11 220 0.28 0.15 291 9
Valapattanam 108 1 0.34 8 0.46 0.1 49.1 1
Valapattanam 108 2 13 24 2.10 0.29 195 5
Valapattanam 109 1 0.1 2.5 0.37 0.09 43.2 1.7
Valapattanam 109 2 36 68 2.60 0.33 245 11
Valapattanam 110 1 0.26 31 0.37 0.03 119 1
Valapattanam 111 1 0.78 73 0.49 0.03 107 1
Valapattanam 112 1 0.92 17 0.33 0.05 104 2
Valapattanam 112 2 17 44 2.60 0.19 41.9 9.2
Valapattanam 113 1 2.4 27 0.52 0.08 85 1.2
Valapattanam 114 1 1 12 0.51 0.09 103 1
Valapattanam 114 2 13 20 4.90 1.1 27.8 9.3
Murat 115 1 0.84 8.4 0.55 0.08 89.1 0.9
Murat 115 2 11 75 1.20 0.36 12.8 2
Murat 116 1 0.46 8.3 0.47 0.05 99.9 0.8
Murat 116 2 8.5 75 1.20 0.2 16.4 3.1
Mahe 117 1 2.9 50 0.55 0.09 101 1.7
Mahe 118 1 0.47 25 0.29 0.04 89.4 2.2
Mahe 119 1 0.87 10 0.32 0.04 86.5 1.5

Kuttiyadi 154 1 0.24 2.9 0.40 0.17 30.2 1.1
Kuttiyadi 154 2 4 41 0.08 0.14 615 24
Kuttiyadi 155 1 0.88 7.4 0.63 0.18 58.2 2.2
Kuttiyadi 155 2 35 43 0.99 1.4 542 20
Kuttiyadi 120 1 0.26 25 0.15 0.09 46.9 3.5
Kuttiyadi 121 1 0.35 4 0.47 0.1 113 2
Kuttiyadi 156 1 0.091 2 0.96 0.16 16.9 3.1
Kuttiyadi 156 2 4.5 19 1.20 0.18 171 8
Kuttiyadi 122 1 1.1 33 0.40 0.04 161 1
Kuttiyadi 123 1 0.95 12 0.58 0.07 154 2
Kuttiyadi 124 1 0.84 11 0.45 0.04 129 1
Akalpuzha 125 1 1.5 5.6 0.71 0.12 146 3
Akalpuzha 125 2 5.7 23 2.30 0.73 17.1 10.53
Chaliyar 126 1 0.46 8.1 0.37 0.06 139 2
Chaliyar 126 2 8.3 48 1.70 0.33 21.2 6
Chaliyar 127 1 2.2 29 0.62 0.04 217 2
Chaliyar 128 1 0.9 38 0.45 0.03 176 0
Chaliyar 129 1 0.64 21 1.00 0.11 7.88 4.68
Chaliyar 129 2 28 62 2.90 0.13 450 24
Chaliyar 129 3 130 220 2.30 0.73 124 12
Chaliyar 130 1 3.6 130 0.39 0.04 190 1
Chaliyar 131 1 0.41 3.8 -0.15 0.21 23.2 3.2
Chaliyar 131 2 4.9 8.7 1.00 0.17 493 8
Chaliyar 131 3 8.9 130 0.42 0.05 211 2
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name
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identi�cation

number
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number

Amin

(km 2)
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(km 2)
� * Error

(�2� )
ksn

(m0:9 ) „
Error
(�2� )

Chaliyar 132 1 0.52 53 0.33 0.03 138 3
Chaliyar 133 1 0.36 5.5 0.10 0.13 44.5 4.1
Chaliyar 133 2 6 17 0.06 0.26 446 13
Chaliyar 133 3 17 160 1.00 0.09 144 8
Chaliyar 133 4 200 300 9.60 1.4 227 32
Chaliyar 134 1 2.8 160 0.69 0.04 127 3
Chaliyar 135 1 0.5 29 0.92 0.07 51.3 5.3
Chaliyar 136 1 0.54 21 1.00 0.19 12 4.51
Chaliyar 137 1 2 9.1 1.10 0.15 87.8 4.9
Chaliyar 137 2 9.2 16 -0.83 0.33 150 7
Chaliyar 137 3 18 45 4.20 0.61 54 13.4
Chaliyar 138 1 1.8 3.5 -2.30 0.44 111 8
Chaliyar 138 2 3.7 10 0.53 0.29 201 6
Chaliyar 138 3 11 14 5.90 1.3 97.1 12.4
Chaliyar 139 1 1.3 5.7 0.14 0.22 92 2.3
Chaliyar 139 2 6.9 27 0.53 0.16 186 2
Chaliyar 140 1 0.4 76 0.63 0.19 8.85 0.75
Chaliyar 140 2 78 390 2.80 0.22 149 35
Chaliyar 141 1 0.44 9.6 0.12 0.1 88.6 3.4
Chaliyar 141 2 9.7 15 3.30 0.79 88.8 9.1
Chaliyar 141 3 18 73 0.20 0.11 476 12
Chaliyar 141 4 76 360 1.50 0.19 79.8 9.1
Chaliyar 142 1 0.44 25 0.70 0.07 118 3
Chaliyar 142 2 29 360 1.60 0.15 137 15
Chaliyar 143 1 4 18 1.00 0.21 93.5 5.7
Chaliyar 143 2 22 73 0.34 0.21 555 11
Chaliyar 144 1 0.5 2.3 0.09 0.14 99.3 4.6
Chaliyar 144 2 4.4 21 1.20 0.07 187 8
Chaliyar 145 1 2.6 30 0.46 0.04 171 1
Chaliyar 146 1 2.7 46 0.54 0.05 168 1
Chaliyar 147 1 2.5 22 1.20 0.09 79.7 7.5
Chaliyar 148 1 0.39 0.92 0.89 0.4 17.5 2.5
Chaliyar 148 2 2 4 1.80 0.28 101 8.5
Chaliyar 148 3 9 21 2.90 0.69 61.2 12.3
Chaliyar 149 1 0.42 18 0.12 0.04 132 5
Chaliyar 150 1 0.35 1.2 0.26 0.48 44 1.6
Chaliyar 150 2 2.7 56 0.64 0.04 201 3
Kadalundy 151 1 3.5 30 1.90 0.2 144 17
Kadalundy 152 1 1.8 13 1.80 0.3 70.2 12.4
Kadalundy 153 1 0.96 13 0.47 0.06 117 1
Kadalundy 153 2 13 75 1.60 0.38 12.4 2.47

Table C.2 : Knickpoint topographic data of westward-
owing streams

Catchment
name

Channel
identi�cation

number

Elevation
(m)

DFM 1

(km)
DFD 2

(km)
Drainage area

(km 2)

Talpona 1 722 77.03 7.7 84.73
Talpona 2 678 74.89 7.54 82.43
Talpona 3 730 68.85 2.45 71.3

|{Continued on next page
* Best-�t channel concavity
„ Normalized channel steepness calculated using� ref = 0.45
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Catchment
name

Channel
identi�cation

number

Elevation
(m)

DFM 1

(km)
DFD 2

(km)
Drainage area

(km 2)

Talpona 6 719 65.48 1.43 66.91
Talpona 10 807 53.98 3.36 57.34
Talpona 10 319 44.63 12.72 57.35
Talpona 11 546 46.73 1.42 48.15
Galgibaga 12 568 82.03 5.19 87.22
Galgibaga 13 631 85.58 3.67 89.25
Galgibaga 14 647 87.06 3.46 90.52
Galgibaga 16 567 76.15 2.86 79.01
Galgibaga 18 612 90.72 17.44 108.16
Galgibaga 20 609 90.12 6.62 96.74
Galgibaga 21 642 89.34 7.41 96.75
Galgibaga 23 721 84.23 5.92 90.15
Galgibaga 26 724 48.74 4.2 52.94

Kali 27 438 95.48 83.24 178.72
Kali 29 576 141.54 13.11 154.65
Kali 29 421 97.72 56.93 154.65
Kali 30 404 89.51 42.29 131.8

Gangavali 31 420 77.81 103.8 181.61
Gangavali 44 445 80.82 31.75 112.57
Gangavali 44 421 75.48 37.09 112.57
Agnashini 46 449 61.21 49.94 111.15
Agnashini 54 477 59.65 14.84 74.49
Agnashini 55 410 54.27 13.7 67.97
Sharavati 56 618 125.82 18.42 144.24
Sharavati 56 479 54.09 90.15 144.24
Sharavati 57 619 127.2 7.52 134.72

Sita 63 550 53.34 25.81 79.15
Netravati 77 881 133.74 10.36 144.1
Netravati 79 749 129.55 15.14 144.69
Netravati 79 273 119.27 25.43 144.7
Netravati 80 854 137.79 9.37 147.16
Netravati 80 773 130.51 16.66 147.17
Netravati 81 892 130.41 4.13 134.54
Netravati 82 922 130.41 5.34 135.75
Netravati 86 699 107.74 6.76 114.5
Valapattanam 100 713 90.28 5.84 96.12
Valapattanam 102 855 85.84 6.3 92.14
Valapattanam 103 837 77.48 2.08 79.56
Valapattanam 104 745 86.31 25.14 111.45
Valapattanam 106 793 82.95 5.16 88.11
Valapattanam 107 751 81.71 5.78 87.49
Valapattanam 108 697 77.72 3.93 81.65
Valapattanam 109 804 75.2 10.48 85.68
Kuttiyadi 154 731 60.65 2.19 62.84
Kuttiyadi 155 827 63.29 5.09 68.38
Kuttiyadi 155 721 60.72 7.66 68.38
Kuttiyadi 156 729 54.1 3.02 57.12
Chaliyar 129 2240 106.11 10.28 116.39
Chaliyar 131 2331 109.51 3.18 112.69
Chaliyar 133 2109 121.94 3.51 125.45
Chaliyar 133 698 102.75 22.7 125.45
Chaliyar 135 877 112.19 10.52 122.71
Chaliyar 136 866 111.89 9.66 121.55
Chaliyar 137 485 97.07 4.02 101.09
Chaliyar 138 925 99.32 1.34 100.66
Chaliyar 139 598 96.81 4.19 101
Chaliyar 140 821 99.51 13.78 113.29

|{Continued on next page

126



Appendix C: Supplementary material

Table C.2| Continued from previous page

Catchment
name

Channel
identi�cation

number

Elevation
(m)

DFM 1

(km)
DFD 2

(km)
Drainage area

(km 2)

Chaliyar 141 846 104.67 8.32 112.99
Chaliyar 142 784 104.92 9.79 114.71
Chaliyar 143 844 104.36 7.19 111.55
Chaliyar 144 1399 97.08 2.44 99.52
Chaliyar 150 1872 62.94 2.1 65.04
Chaliyar 151 977 103.77 1.1984 104.97

Table C.3: Results of morphometric analysis of the eastward-
owing rivers

Catchment
name

Channel
identi�cation

number

Segment
number

Amin

(km 2)
Amax

(km 2)
� * Error

(�2� )
ksn

(m0:9 ) „
Error
(�2� )

Cauvery 1 1 3.8 2700 0.64 0.14 14.1 0.9
Cauvery 2 1 0.87 26 1.1 0.45 11.1 5.47
Cauvery 3 1 0.68 6.7 0.52 0.14 8.85 1.1
Cauvery 3 2 8.7 16 0.77 1.8 67.4 4.3
Cauvery 4 1 0.3 3.9 0.79 0.18 13 2.6
Cauvery 4 2 16 31 0.47 0.67 48.7 2.5
Cauvery 5 1 0.58 130 0.36 0.07 13.4 0.9
Cauvery 6 1 0.24 12 0.81 0.11 10.6 2.4
Cauvery 6 2 26 36 4 1.9 70.8 9.9
Cauvery 7 1 1.9 760 1.2 0.16 7.64 5.28
Cauvery 8 1 2.6 15 1.4 0.29 23.2 6.6
Cauvery 9 1 3.6 18 2 0.46 19.7 9
Cauvery 10 1 0.12 91 0.55 0.07 9.82 0.37
Cauvery 11 1 0.55 10 0.61 0.07 24.7 1.4
Cauvery 11 2 14 56 0.97 0.75 13 0.8
Cauvery 12 1 2.4 100 1.2 0.12 36.9 8.6
Cauvery 13 1 1.5 56 0.98 0.09 38.5 4.9
Cauvery 14 1 0.44 15 0.92 0.16 8.51 3.64
Cauvery 15 1 3.2 25 0.71 0.33 8.63 0.94
Cauvery 16 1 0.65 150 0.89 0.09 4.94 2.78
Cauvery 17 1 0.27 110 0.66 0.06 9.8 1.01
Cauvery 18 1 1.7 180 0.52 0.09 12.4 0.6
Cauvery 19 1 0.15 2.1 0.58 0.85 6.66 5.15
Cauvery 19 2 4.7 48 2.2 0.21 50.9 14.9
Cauvery 20 1 5.2 36 2.5 0.31 29.1 12.3
Cauvery 21 1 0.28 350 0.4 0.04 11.3 0.4
Cauvery 22 1 5 220 1.1 0.33 3.56 3.739
Cauvery 23 1 1.4 16 0.85 0.14 90.5 4.2
Cauvery 24 1 1.8 1200 0.87 0.09 25.9 5.1
Cauvery 25 1 0.46 4.3 0.68 0.11 48.8 2
Cauvery 25 2 8.3 69 1.6 0.23 30.6 7.4
Cauvery 26 1 0.87 7.9 0.38 0.07 85.4 1
Cauvery 27 1 0.82 440 1 0.11 14.4 5.33
Cauvery 28 1 0.22 76 0.72 0.13 7.71 1.54
Cauvery 29 1 0.15 4 0.28 0.36 11.5 1.2
Cauvery 30 1 0.17 3.1 0.77 0.79 10.6 3.61
Cauvery 30 2 5.6 57 0.92 0.29 11.2 1
Cauvery 31 1 0.26 6.5 0.54 0.09 8.74 0.54

|{Continued on next page

1Distance from divide
2Distance from mouth
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Catchment
name

Channel
identi�cation

number

Segment
number

Amin

(km 2)
Amax

(km 2)
� * Error

(�2� )
ksn

(m0:9 ) „
Error
(�2� )

Cauvery 31 2 9.8 110 1 0.21 26.7 2.3
Cauvery 32 1 0.3 530 0.45 0.18 7.64 0.82
Cauvery 32 2 740 6900 0.88 0.54 17.2 2.1
Cauvery 33 1 0.2 12 0.79 0.14 34.3 4.2
Cauvery 34 1 3.5 530 0.43 0.2 13.1 1
Cauvery 35 1 0.73 69 0.52 0.06 16.3 0.8
Cauvery 36 1 0.45 48 0.73 0.08 23.1 2.4
Cauvery 36 2 54 130 1.4 0.55 30.1 2.5
Cauvery 37 1 0.33 530 0.58 0.08 4.39 0.9
Cauvery 37 2 740 1300 3.3 4.2 20.8 2.8
Cauvery 38 1 0.3 96 0.81 0.09 13.8 2.4
Cauvery 38 2 340 6300 1.1 0.12 53.3 4.2
Cauvery 39 1 0.23 28 0.56 0.09 12.8 0.9
Cauvery 39 2 88 440 0.45 0.21 405 11
Cauvery 40 1 110 150 3.5 0.79 532 17
Cauvery 41 1 0.22 12 0.69 0.16 36.3 3.1
Cauvery 41 2 48 53 1.3 3.7 423 13
Cauvery 41 3 58 87 0.25 0.65 637 10
Cauvery 41 4 87 120 8.8 1.4 77 16.7
Cauvery 42 1 0.8 10 0.73 0.15 65.1 2.3
Cauvery 42 2 22 49 1.1 0.37 112 5
Cauvery 42 3 52 82 1.9 0.38 720 36
Cauvery 42 4 130 220 4.8 0.93 126 25
Cauvery 43 1 0.72 22 1.4 0.09 73.6 8.9
Cauvery 44 1 2.1 22 0.82 0.21 65.1 3.2
Cauvery 44 2 23 39 0.64 0.55 190 10
Cauvery 44 3 84 150 1.3 0.49 314 8
Cauvery 45 1 0.29 13 1 0.31 24.7 4.5
Cauvery 45 2 19 150 0.63 0.07 397 7
Cauvery 46 1 2.6 7.5 -2.4 0.24 140 15
Cauvery 46 2 9.9 50 1.8 0.14 222 15
Cauvery 47 1 0.16 47 0.43 0.06 15.3 0.5
Cauvery 47 2 550 6300 0.9 0.19 38.5 2.7
Cauvery 48 1 26 32 5.2 2.1 330 23
Cauvery 49 1 19 41 1.5 0.6 258 234
Cauvery 50 1 0.21 4.7 0.66 0.09 36.4 1.9
Cauvery 50 2 13 24 0.52 0.48 316 14
Cauvery 51 1 0.41 620 0.62 0.05 46.2 3.3
Cauvery 51 2 1000 2000 3 0.61 26 7.8
Cauvery 52 1 18 610 1.5 0.11 179 16
Cauvery 53 1 0.27 9.7 0.6 0.08 61.1 2.1
Cauvery 53 2 180 270 4.7 0.69 490 30
Cauvery 54 1 2.5 17 0.98 0.38 33.3 3.4
Cauvery 55 1 11 31 1.3 0.14 236 6
Cauvery 56 1 13 43 0.95 0.43 110 7
Cauvery 57 1 0.45 9 0.59 0.13 42.6 2.3
Cauvery 57 2 43 100 -0.83 0.6 169 11
Cauvery 57 3 100 210 4.1 0.33 415 23
Cauvery 58 1 4.9 17 1.9 0.4 101 12.7
Cauvery 58 2 21 46 -2.7 0.7 141 24
Cauvery 59 1 1.8 26 0.46 0.07 105 1
Cauvery 59 2 38 62 2.9 0.31 409 13
Cauvery 60 1 39 100 5.3 0.5 188 30
Cauvery 61 1 3.9 620 0.88 0.08 42 2.1
Cauvery 62 1 1 8.6 0.91 0.19 52.1 4.6
Cauvery 62 2 15 150 0.89 0.1 39.2 2.6
Cauvery 63 1 3.4 200 0.66 0.11 23.9 0.8

|{Continued on next page
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Catchment
name

Channel
identi�cation

number

Segment
number

Amin

(km 2)
Amax

(km 2)
� * Error

(�2� )
ksn

(m0:9 ) „
Error
(�2� )

Cauvery 64 1 0.21 14 0.67 0.12 16 1.5
Cauvery 65 1 5.8 8.1 -4.4 0.62 212 17
Cauvery 65 2 8.7 54 2.4 0.26 108 25
Cauvery 66 1 1.2 64 1.3 0.12 46.1 9.6
Cauvery 67 1 3.8 360 0.33 0.07 132 2
Cauvery 68 1 0.58 5.9 0.81 0.11 32.2 4.3
Cauvery 68 2 12 32 2.1 0.53 49 11.1
Cauvery 68 3 62 89 5.4 0.46 385 28
Cauvery 69 1 4.1 31 -0.72 0.08 151 12
Cauvery 69 2 32 52 4.6 0.84 217 22
Cauvery 70 1 13 100 1.5 0.16 208 19
Cauvery 70 2 110 130 0.93 2.1 640 21
Cauvery 71 1 7.5 52 0.92 0.14 173 4
Cauvery 71 2 76 110 10 1 289 36
Cauvery 72 1 8.1 77 0.69 0.08 269 5
Cauvery 73 1 2.3 22 1.3 0.21 149 13
Cauvery 74 1 4.5 7.5 0.49 0.51 8.13 1.56
Cauvery 74 2 95 150 8.5 1.2 143 31
Cauvery 75 1 17 22 1.8 0.65 349 6
Cauvery 76 1 0.098 720 0.49 0.03 16.8 0.3
Cauvery 77 1 0.12 1300 0.75 0.05 13 3
Cauvery 78 1 0.096 9.8 0.5 0.08 17.8 0.6
Cauvery 79 1 0.97 170 0.71 0.06 12 1.2
Cauvery 80 1 0.47 38 0.46 0.06 9.18 0.31
Cauvery 81 1 0.37 890 0.66 0.03 24.3 1.9
Cauvery 82 1 0.54 240 0.43 0.03 8.04 0.36
Cauvery 83 1 0.37 3400 0.44 0.05 7.97 0.3
Cauvery 83 2 4100 7100 4.3 1.9 39.3 6.3
Cauvery 84 1 0.41 1300 0.32 0.05 10.9 0.8
Cauvery 85 1 0.44 430 0.4 0.05 10.4 0.3
Cauvery 86 1 0.3 750 0.39 0.03 11.3 0.3
Cauvery 87 1 0.77 49 0.37 0.08 8.52 0.45
Cauvery 87 2 150 810 0.55 0.36 20.2 0.7
Cauvery 88 1 0.21 390 0.71 0.07 13.7 1.9
Cauvery 89 NA
Cauvery 90 NA
Cauvery 91 1 0.88 410 0.33 0.06 18.9 0.6
Cauvery 92 1 0.39 4.4 0.6 0.32 13.4 2
Cauvery 92 2 12 190 0.82 0.13 32.6 2.2
Cauvery 93 1 7.2 35 1.3 0.28 34.4 2.6
Cauvery 93 2 150 260 2.7 0.8 48.5 5.4
Cauvery 94 1 0.12 54 0.48 0.04 19.8 0.2
Cauvery 94 2 80 530 0.37 0.35 81.6 5.1
Cauvery 95 NA
Cauvery 96 NA
Cauvery 97 1 0.23 1700 0.33 0.03 40.4 1.5
Cauvery 98 1 0.18 9.9 0.51 0.09 14.9 0.4
Cauvery 98 2 14 110 1.7 0.27 46.5 9.1
Cauvery 98 3 150 1800 0.76 0.18 28.4 1.8
Pennar 1 1 0.83 9.80 0.35 0.76 4.73 0.35
Pennar 1 2 13.00 1300.00 0.43 0.1 19.9 0.5
Pennar 2 1 4.00 610.00 0.45 0.07 16.3 0.6
Pennar 3 1 0.21 8.20 0.27 0.13 10.4 0.72
Pennar 3 2 16.00 560.00 0.69 0.13 15 0.7
Pennar 4 1 0.13 560.00 0.37 0.03 12.6 0.7
Pennar 5 1 0.33 250.00 0.27 0.06 9.04 1.13
Pennar 6 1 0.28 1100.00 0.3 0.05 18.2 1

|{Continued on next page
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Catchment
name

Channel
identi�cation

number

Segment
number

Amin

(km 2)
Amax

(km 2)
� * Error

(�2� )
ksn

(m0:9 ) „
Error
(�2� )

Pennar 6 2 1300.00 6700.00 1.1 0.35 42.7 1.7
Pennar 7 1 1.70 400.00 0.48 0.096 15.5 0.7
Pennar 7 2 910.00 6600.00 0.58 0.15 40.8 1.5
Pennar 8 1 14.00 180.00 0.76 0.29 16.2 1
Pennar 8 2 4100.00 7100.00 1.9 0.98 46 2.8
Pennar 9 1 2.00 820.00 0.37 0.07 17.8 1.2
Pennar 10 1 0.19 970.00 0.48 0.04 26.1 0.6
Pennar 10 2 1600.00 8100.00 0.4 0.29 43.8 0.7
Pennar 11 1 1.20 370.00 0.43 0.07 16.5 0.9
Pennar 11 2 1100.00 8200.00 0.62 0.27 44.5 0.5
Pennar 12 1 0.37 1500.00 0.37 0.04 23 0.6
Pennar 13 1 0.88 1200.00 0.46 0.08 11 0.8
Pennar 14 1 1.60 8300.00 0.3 0.05 8.04 0.83
Pennar 15 1 0.84 780.00 0.27 0.07 15.5 0.9
Pennar 16 1 0.43 650.00 0.42 0.07 18.1 0.2
Pennar 17 1 0.54 11.00 0.7 0.31 13.9 1.1
Pennar 17 2 11.00 2900.00 0.58 0.07 23.6 0.5
Pennar 18 1 0.28 850.00 0.25 0.05 12.4 1.6
Palar 1 NA
Palar 2 1 5.80 1300.00 0.49 0.06 14.3 0.3
Palar 2 2 1300.00 1800.00 15 2.9 127 32.3
Palar 3 1 170.00 970.00 1.3 0.37 83.1 6.2
Palar 4 1 2.50 2400.00 0.36 0.06 22.7 1.4

Ponnaiyar 1 1 0.18 2100.00 0.43 0.09 3.07 0.46
Ponnaiyar 1 2 3200.00 7000.00 2.4 0.73 75.6 7.6
Ponnaiyar 2 1 1.20 300.00 0.21 0.14 8.04 2.05
Ponnaiyar 2 2 420.00 5700.00 0.74 0.39 41.6 2.5

Table C.4: Knickpoint topographic data of eastward-
owing streams

Catchment
name

Channel
identi�cation

number

Elevation
(m)

DFM 1

(km)
DFD 2

(km)
Drainage area

(km 2)

Ponnaiyar 1 794 262.8126 120.1683 3019.623
Ponnaiyar 1 668 237.5531 145.4278 3230.466

Palar 1 721 278.605 113.3899 2436.739
Palar 2 579 215.7502 100.8522 1320.843
Palar 3 659 248.2812 15.8564 168.9093

Pennar 1 893 647.0398 6.3544 12.3768
Pennar 1 427 418.0004 235.3938 6826.445
Pennar 3 862 632.0081 6.2271 11.4858
Pennar 6 598 425.5806 89.3134 1275.045
Pennar 8 538 331.926 77.7568 1671.694
Pennar 8 364 296.888 112.7948 4025.044
Pennar 9 541 334.9374 81.9228 1079.317
Pennar 10 419 273.2163 87.0675 1251.199
Pennar 11 469 287.1088 49.0465 653.508
Pennar 19 572 307.3629 7.6233 11.2185

Cauvery 1 854 757.7598 40.0181 412.0632
Cauvery 1 786 687.409 110.3689 2776.202

|{Continued on next page
* Best-�t channel concavity
„ Normalized channel steepness calculated using� ref = 0.45
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Catchment
name

Channel
identi�cation

number

Elevation
(m)

DFM 1

(km)
DFD 2

(km)
Drainage area

(km 2)

Cauvery 1 747 641.3917 156.3862 10834.92
Cauvery 1 609 533.6037 264.1742 22031.5
Cauvery 1 365 494.9212 302.8567 35365.07
Cauvery 1 236 419.245 378.5329 39272.49
Cauvery 2 1076 782.5847 11.8485 54.9585
Cauvery 3 1129 784.139 5.5882 7.8894
Cauvery 4 1045 767.6591 8.5404 15.9003
Cauvery 6 1098 788.511 8.1609 24.6726
Cauvery 11 1003 782.6665 5.5598 11.2509
Cauvery 19 1403 777.5834 3.0268 2.8755
Cauvery 22 693 698.6217 95.804 2090.116
Cauvery 25 1056 766.4265 2.9522 5.1111
Cauvery 30 881 785.2286 2.6976 4.0824
Cauvery 31 896 747.3503 3.7995 8.5779
Cauvery 32 840 714.2348 40.631 531.9189
Cauvery 36 870 708.3434 15.3845 50.2119
Cauvery 38 870 508.6508 29.5706 326.6406
Cauvery 39 929 509.0635 15.1015 73.7829
Cauvery 40 2210 551.4086 5.7771 12.636
Cauvery 40 1977 532.8854 24.3003 108.3618
Cauvery 41 2141 521.1919 12.1842 44.9712
Cauvery 41 1631 514.6883 18.6878 58.1013
Cauvery 41 832 496.2113 37.1648 184.2507
Cauvery 42 1928 508.6388 7.5682 19.8774
Cauvery 42 1676 503.0417 13.1653 50.3982
Cauvery 42 710 485.7015 30.5055 121.1436
Cauvery 43 832 495.814 16.2756 34.7895
Cauvery 44 1752 486.0526 9.4031 22.0239
Cauvery 44 1407 478.276 17.1797 79.1937
Cauvery 45 1796 479.3382 5.4787 13.0815
Cauvery 46 1734 461.9015 3.0949 3.1023
Cauvery 47 888 496.9645 16.3834 53.4762
Cauvery 48 856 480.989 10.2285 25.8876
Cauvery 49 808 466.8532 6.3917 18.1926
Cauvery 50 918 463.7583 5.3425 11.6964
Cauvery 51 425 491.7859 39.14 940.0698
Cauvery 52 2135 530.454 5.6344 11.9313
Cauvery 53 1980 525.1909 7.5901 22.275
Cauvery 53 1564 514.3016 18.4794 179.3502
Cauvery 54 2014 525.9831 7.6209 41.6664
Cauvery 55 2222 521.1652 3.3122 3.5721
Cauvery 56 1741 505.5066 4.9014 11.5668
Cauvery 57 1919 499.4027 5.9352 18.4356
Cauvery 57 1608 493.3467 11.9912 44.5257
Cauvery 58 1770 494.1851 8.4155 21.6351
Cauvery 59 1494 488.7105 10.6128 36.5391
Cauvery 60 901 464.5505 12.1031 38.8719
Cauvery 62 794 533.6875 6.4752 12.7656
Cauvery 67 1445 469.8848 4.6468 13.608
Cauvery 67 899 456.7876 17.744 136.7118
Cauvery 68 1760 469.6326 3.9949 9.5985
Cauvery 68 1587 461.1774 12.4501 41.0508
Cauvery 68 518 442.7401 30.8874 305.0946
Cauvery 69 2107 451.0721 2.803 2.7621
Cauvery 69 619 433.9338 19.9413 64.8324
Cauvery 70 953 428.1129 14.3442 111.4965
Cauvery 71 2057 441.6755 3.5076 3.9528

|{Continued on next page
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Catchment
name

Channel
identi�cation

number

Elevation
(m)

DFM 1

(km)
DFD 2

(km)
Drainage area

(km 2)

Cauvery 71 1085 428.9294 16.2537 62.3457
Cauvery 72 679 353.9571 4.3549 19.4157
Cauvery 74 1148 377.0409 7.9501 19.4967
Cauvery 75 1041 370.3484 7.5463 16.7427
Cauvery 77 885 776.9161 93.3627 1342.008
Cauvery 83 730 636.8616 108.0597 4095.619
Cauvery 87 561 531.4194 213.5019 8215.871
Cauvery 88 763 600.4705 25.0925 140.8995
Cauvery 89 817 603.833 64.6702 889.4934
Cauvery 90 836 582.0219 5.8233 11.7774
Cauvery 92 891 570.3924 3.6724 6.5043
Cauvery 93 854 540.5809 5.2768 10.773
Cauvery 94 596 515.9644 25.6284 144.9657
Cauvery 95 738 491.7007 16.8683 74.4795
Cauvery 96 533 485.258 77.5785 894.8718
Cauvery 96 1184 559.4747 7.3598 18.1602
Cauvery 96 844 531.6952 35.1393 154.1592
Cauvery 98 524 497.3683 69.4662 306.7794
Cauvery 98 1161 648.0452 5.9198 13.689

1Distance from divide
2Distance from mouth
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Appendix C: Supplementary material

Figure C.1: Color coded channel steepness,ksn , map of the streams located in the
Nilgiri (a) and Perumalmalai Hills (b) (locations in Figure 4.12a).
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Appendix C: Supplementary material

Figure C.2: Composite river pro�les (a) and slope-area (b) plots of four representative
streams of the Palar catchment (location in Figure 4.12a). Filled circles = knickpoints.
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