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ABSTRACT: Erosion rates are key to quantifying the timescales over which different topographic and geomorphic domains develop
in mountain landscapes. Geomorphic and terrestrial cosmogenic nuclide (TCN) methods were used to determine erosion rates of the
arid, tectonically quiescent Ladakh Range, northern India. Five different geomorphic domains are identified and erosion rates are
determined for three of the domains using TCN 10Be concentrations. Along the range divide between 5600 and 5700m above
sea level (asl), bedrock tors in the periglacial domain are eroding at 5.0 ± 0.5 to 13.1 ± 1.2 meters per million years (m/m.y.).,
principally by frost shattering. At lower elevation in the unglaciated domain, erosion rates for tributary catchments vary between
0.8 ± 0.1 and 2.0 ± 0.3m/m.y. Bedrock along interfluvial ridge crests between 3900 and 5100m asl that separate these tributary
catchments yield erosion rates <0.7 ± 0.1m/m.y. and the dominant form of bedrock erosion is chemical weathering and
grusification. Erosion rates are fastest where glaciers conditioned hillslopes above 5100m asl by over-steepening slopes and
glacial debris is being evacuated by the fluvial network. For range divide tors, the long-term duration of the erosion rate is considered
to be 40–120 ky. By evaluating measured 10Be concentrations in tors along a model 10Be production curve, an average of ~24 cm is
lost instantaneously every ~40 ky. Small (<4 km2) unglaciated tributary catchments and their interfluve bedrock have received very
little precipitation since ~300 ka and the long-term duration of their erosion rates is 300–750 ky and >850 ky, respectively. These
results highlight the persistence of very slow erosion in different geomorphic domains across the southwestern slope of the Ladakh
Range, which on the scale of the orogen records spatial changes in the locus of deformation and the development of an orogenic rain
shadow north of the Greater Himalaya. Copyright © 2014 John Wiley & Sons, Ltd.
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Introduction

The spatial variability of erosion and the timescales over which
different processes of erosion operate play fundamental roles in
the evolution of mountain landscapes and topography.
Topography evolves through the extent and efficacy of erosive
fluvial, glacial, and hillslope processes that are driven and
modified by climatic and tectonic feedbacks. A seminal
example of the dynamism between erosional processes and
topography is the correlation between the mean Quaternary
equilibrium-line altitude (ELA) of valley glaciers and zones of
focused erosion, summit elevations, and peak hypsometric
surface area (Montgomery et al., 2001; Mitchell and Montgom-
ery, 2006; Berger and Spotila, 2008; Egholm et al., 2009;
Spotila, 2013). These correlations suggest that glacial erosion
limits the vertical development of mountain topography to an
elevation within several hundred meters of the mean Quater-
nary ELA (Brozović et al., 1997; Spotila, 2013 and references
therein), although there are notable exceptions (Thomson
et al., 2010). Glaciers can condition landscapes for their
subsequent erosive evolution by modifying topography and
changing the area available for snow and ice accumulation,
thus decreasing subsequent glacial extent given similar climatic
forcing or disproportionally increasing glacier extent with
stronger climatic forcing (Kaplan et al., 2009; Pedersen and
Egholm, 2013). Because glaciers can control the distribution
of sediment, they can dictate postglacial fluvial dynamics
(Norton et al., 2010; Hobley et al., 2010) that drive streams to
modify their channels, often towards re-establishing an
equilibrium gradient (Korup and Montgomery, 2008).

The lower elevation limit of glaciation in mountains broadly
defines a boundary above which the processes and rates of
erosion, principally glacial and periglacial, differ significantly
from those at lower altitudes controlled dominantly by streams.
On the scale of individual catchments across a single mountain
slope, non-uniform erosion can occur among catchments
shaped by streams or glaciers (Stock et al., 2006). In the very
upper reaches of glaciated valleys adjacent to ridgelines and
mountain summits, glacial headwall erosion as well as slope
processes in cirques can modify divides (Oskin and Burbank,
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2005; Dortch et al., 2011a; Spotila, 2012) and affect peak
elevation (Anderson, 2005; Ward et al., 2012). Post-glacial
trunk streams can erode or aggrade which can set boundary
conditions for hillslope erosion (Burbank et al., 1996; Whipple,
2004) and can modify tributary catchments. In this way, topo-
graphic and morphologic domains develop and relief evolves
across a mountain system, controlled by different geomorphic
processes over Quaternary or longer timescales. In the short
term (103-5 y), non-uniform erosion can reflect variations in a
variety of factors, including climate (Huntington et al., 2006),
faulting (Riebe et al., 2001), and stream power (Finnegan
et al., 2008). Over longer timescales, orogens can evolve
towards a topographic steady-state (Pazzaglia and Brandon,
2001; Willet and Brandon, 2002) in which systematic
topographic changes driven by erosion balance tectonically-
driven mass influx.
The Himalayan-Tibetan orogen is one of the world’s premier

laboratories to investigate spatial and temporal patterns of
erosion and their underlying causality (Lavé and Avouac,
2001; Vannay et al., 2004; Thiede et al., 2005) because of its
high elevation and relief, active tectonics, and pronounced
precipitation gradient. In addition, there is an extensive chro-
nology of glaciation in many parts of the orogen (summarized
by Dortch et al., 2013 and Murari et al., 2014). In the high-
precipitation monsoon-influenced Greater Himalaya, erosive
landscape features are dominated by the effects of Late
Quaternary and Holocene glaciation and high rates of post-
glacial fluvial incision (Leland, et al., 1998; Shroder and
Bishop, 2000; Vannay et al., 2004; Adams et al., 2009). Glacial
and non-glacial landforms and sediments with ages greater
than several tens of thousands of years in this part of the orogen
are uncommon (Owen et al., 2005, 2008; Owen and Dortch,
2014), likely due to reworking and erosion by fluvial and
hillslope processes. Throughout the IndianHimalayan,Holocene
rates of fluvial incision typically exceed 5000m/m.y., reflecting
changes in monsoon intensity and deglaciation events, and the
Himalayan Holocene average is 9000 ± 4.9m/m.y. Longer-
term Late Quaternary incision rates are ≤5000m/m.y. (Dortch
et al., 2011b).
In arid parts of the Himalayan-Tibetan orogen, bedrock ero-

sion rates can be extremely slow; for example, <100m/m.y.
in the Tibetan Plateau (Lal et al., 2003). Slow erosion rates
might also be expected in the arid Ladakh Range of the
Transhimalaya in northern India, which has been tectonically
quiescent since the Miocene (Kirstein et al., 2006, 2009). The
main trunk valleys of the Ladakh Range have been glaciated
and some moraines reach all the way into the Indus Valley. In
the Indus Valley and elsewhere in Ladakh, glacial landforms
with ages of hundreds of thousands of years are preserved
(Owen et al., 2006; Hedrick et al., 2011). Nevertheless, incised
valleys in the Ladakh Range can have>1 km of relief and peaks
can exceed 6000m above sea level (asl). Despite being in the
rain shadow of the Greater Himalaya, precipitation across
Ladakh can be strongly affected by the monsoon (Bookhagen
et al., 2005; Hobley et al., 2012) and the Ladakh Range has
been subjected to enhanced monsoons throughout the
Quaternary (Gasse et al., 1996; Shi et al., 2001).
The Ladakh Range, then, provides a distinctive setting in the

Himalayan-Tibetan orogen to examine the spatial variation in
processes and rates of erosion across geomorphic domains. In
addition, despite much regional work little is known about
how large-scale tectonic movements influence surficial
erosional processes and the development and preservation of
small-scale landscapes. By estimating the time-averaged
duration of erosion rates, it is possible to evaluate whether the
erosive history of the Ladakh Range can be temporally linked
to post-Miocene crustal thickening of the high ranges to the
Copyright © 2014 John Wiley & Sons, Ltd.
south of Ladakh (Catlos et al., 2001; Wobus et al., 2005) and
the development of the orogen’s characteristic rain shadow
(Bookhagen and Burbank, 2006; Anders et al., 2006).

We apply geomorphic, remote sensing, and TCN 10Be
methods to evaluate landscape and topographic development
in contrasting glaciated and unglaciated domains across the
southwestern slope of the Ladakh Range. Hobley et al. (2010)
defined three domains reflecting the dominant mode of
channel behavior. We base our sampling on four geomorphic
domains defined principally on the morphology of hillslopes
and stream channels. The geomorphology of each of our
domains is dominated by a different glacial, periglacial, or
fluvial process. Using the Area x Altitude method of Osmaston
(1994), we reconstruct the most extensive glacial stage, the
Leh glacial stage, to further define glaciated and unglaciated
domains in this part of the Ladakh Range (Figure 1). In addition,
we characterize various landscape features and the dominant
geomorphic processes from the main range divide downslope
to the Indus Valley to assess erosive processes, and evaluate
their relationship to topography and relief. In doing so, we re-
name Hobley et al.’s (2010) three geomorphic domains and
add a fourth. Our data allow us to quantify local relief produc-
tion and the timescales of landscape evolution in different
geomorphic domains, and to qualitatively describe the sedi-
ment budget downslope from the glaciated to the unglaciated
domains. Our work adds to a small number of studies that
quantify changes in relief in the Himalayan-Tibetan orogen
(Montgomery, 1994; Strobl et al., 2012). Bedrock erosion rates
are highest at high elevation astride the divide of the Ladakh
Range and lowest along unglaciated slopes at lower elevation
where the present relief has persisted throughout the
Quaternary and likely for much longer.
Regional Setting

The Ladakh Range trends NW-SE, with a width of ≤50 km,
bounded to the southwest by the Indus Suture Zone (ISZ) and
to the northeast by the Karakoram fault and the Shyok Suture
Zone (Steck, 2003); only the Karakoram fault is still active
(Brown et al., 2002; Chevalier et al., 2005). The Ladakh Range
is underlain by essentially homogeneous bedrock composed of
Cretaceous continental-arc granodiorite of the Ladakh
batholith (Searle, 1991). Relief ranges from 3000 to >6000m
above asl. The Ladakh Range has a pronounced morphometric
asymmetry with greater basin size, valley width, and mean
elevation north of the range divide (Dortch et al., 2011a).
Jamieson et al. (2004) and Kirstein (2011) attributed this
asymmetry to the northward propagation of the ISZ, which in-
duced the range to tilt southwards along its long axis. Apatite
and zircon (U-Th)/He and fission track thermochronometric
data from samples collected across the area shown in Figure 1
reveal that rock cooling of the southwestern slope of the
Ladakh Range took place during the Oligocene and Early
Miocene (Kirstein et al., 2006, 2009). From age–elevation
profiles and thermal modeling, Kirstein et al. (2009) calculated
Oligocene through Pliocene exhumation rates of between 400
and 750m/m.y. For the same area, Kumar et al. (2007) used
age–elevation apatite and zircon fission track age data to
calculate an exhumation rate of 100m/m.y. between 25 and
9Ma, assuming a constant 30 °C/km geotherm, and with some
scatter of lower elevation data points. Kirstein et al.’s (2009)
modeling results show that from the Middle Miocene, the
cooling rate of exhuming rocks slows to <4 °C/m.y.

On the southwestern-facing side of the range geomorphic
features indicate that there has been little uplift here during
much of the Quaternary: alluvial fans, small peaks on buried
Earth Surf. Process. Landforms, Vol. 40, 389–402 (2015)



Figure 1. 90 m SRTMDEM of the southwestern slope of the Ladakh Range showing sampling locations, 10Be-based erosion rates, and reconstruction of
the Leh glacial stage. Colored shapes show the location of various samples. Red triangles along the Ladakh Range divide are bedrock tor samples. Green
areas are tributary catchments that drain into trunk streams that reach the Indus River. The red and black circles touching these tributary catchments are
interfluvial bedrock samples collected along ridge crests and catchment sediment samples, respectively. Orange squares are sediment samples from trunk
streams yielding catchment-wide erosion rates determined by Dortch et al. (2011a). Valleys shaded in purple show reconstructed glaciers during the Leh
glacial stage; see text for discussion. The maximum down valley extent of Leh glacial stage glaciers at ~310ka is from Owen et al. (2006). Red contours
show the location of Leh glacial stage area-altitude ELAs. Black contours follow 500m intervals with the uppermost black contour equal to 5000m asl. The
Leh glacial stage reconstruction shows that the tributary catchments we sampled were not glaciated. Kirstein et al.’s (2006, 2009) apatite and zircon
(U-Th)/He and fission track samples were collected across the area, from the Bazgo valley in the northwest to the unnamed valley in the southeast
below our three southeastern most tributary catchments. This figure is available in colour online at wileyonlinelibrary.com/journal/espl
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spurs, and aggrading streams at lower elevation, and highly de-
nuded mountain ridges and spurs at higher elevation (Dortch
et al., 2011a). Based on surface exposure ages >60 ka of strath
terraces along the Indus River bordering our field area, the
mean rate of fluvial incision of the Indus has been
<400±0.04m/m.y. (Dortch et al., 2011b) and there has been
extensive sediment accumulation in the Indus Valley astride
the central Ladakh Range (encompassing our study area). Allu-
vial fans from the Zanskar Range prograde northwards across
the valley and sediment aggrades in trunk streams in the lower
reaches of the Ladakh Range (Hobley et al., 2010), both pro-
cesses promoting lateral translation of the Indus Valley and
Indus River towards the southwestern flank of the Ladakh
Range (Jamieson et al., 2004).
Since at least the mid-Miocene, then, denudation of the

Ladakh Range south of the range divide has been very slow,
attributed to tectonic quiescence in concert with down-to-the-
southwest tilting (Dortch et al., 2011a; Kirstein, 2011),
blanketing of catchments by sediment, and long-term
aggradation (Jamieson et al., 2004). The tectonic quiescence
of the Ladakh Range since the Early Miocene is in sharp
contrast to the record of Plio-Pleistocene active faulting and
exhumation in the high-precipitation monsoon-influenced
Greater and Lesser Himalaya to the south of Ladakh in India,
such as in Lahul and Garhwal (Sorkhabi et al., 1999; Vannay
et al., 2004; Adams et al., 2009). Uplift of the Greater Himala-
yan in Lahul and Garhwal has been described by models of
Copyright © 2014 John Wiley & Sons, Ltd.
mid-crustal channel flow (reviewed by Godin et al., 2006 and
Harris, 2007) that took place principally during the Early to
Middle Miocene and by simple thrusting over a mid-crustal
ramp (Godard et al., 2006) as young as Pliocene (Catlos et al.,
2001).

Summer precipitation in the Ladakh Range is largely
controlled by northward propagation of the Indian summer
monsoon whereas winter precipitation is driven by the mid-
latitude westerlies (Benn and Owen, 1998; Owen, 2009). The
mean precipitation at the city of Leh (34°09′N, 77°34′E,
3514m asl) is ~115mm/y where the average maximum diurnal
temperature range is �2.8 °C to �14 °C in January and 24.7 °C
to 10.2 °C in July (Osmaston, 1994). Weather records from
the airport at Leh have yielded average summer (June to
September) and winter (December to March) precipitation of
about 40 and 30mm, respectively, over the past six decades
(Weatherbase.com, 2013). Climatic data are not available for
elevations higher than Leh, but TRMM data (Bookhagen and
Burbank, 2006) indicate that mean rainfall throughout the
range is< 500mm/y. Based on lake core data and other
proxy records (Gasse et al., 1996; Shi et al., 2001), northern
India including the Ladakh Range has been affected by
enhanced monsoons throughout the Quaternary. In addition,
along the southwestern flank of the range, in the vicinity
of Leh, a short-lived, intense rainstorm in August 2010
produced debris flows and landslides; Hobley et al. (2012)
calculated that at least 75mm of rain fell in 30min.
Earth Surf. Process. Landforms, Vol. 40, 389–402 (2015)
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Glacial history of the Ladakh Range

The preserved glacial record in the Ladakh Range is one of pro-
gressively smaller glacial advances after ~430 ka (Owen et al.,
2006). Based on TCN 10Be ages of moraine boulders, Owen
et al. (2006) concluded that the Leh glacial stage moraines of
Fort (1983) south of the divide formed before or during MIS-6
but more recently, Dortch et al. (2013) recalculated the age of
the Leh stage moraines to be 311±32 ka. These Leh stage
glacial moraines indicate a Late Quaternary ELA depression of
less than ~1000m; Burbank and Fort (1985) and Dortch et al.
(2011a) estimated the modern ELA at 5280 and 5455±130m
asl, respectively, south of the range divide.
To further define former glacier extent and to delimit

glaciated and unglaciated domains in this part of the Ladakh
Range, we reconstructed the Leh stage glacial system (Figure 1).
The Leh glacial stage was chosen because it is the most
extensive glacial stage in the region with well preserved
terminal moraines in seven valleys (Owen et al., 2006), which
are critical for balancing glacial tributary systems with
reconstructed ELAs. Leh glacial stage deposits have not been
identified in the field or on remote sensed imagery east of the
Sabu Valley (Figure 1) so we cannot accurately test the validity
of our glacial reconstruction for the easternmost region of our
field area.
Based on the fact that Leh stage glaciers had multiple

tributaries and the lack of evidence suggesting that they were
mantled by debris (Leh stage moraines are not hummocky,
which commonly form from debris mantled ice or incorpora-
tion of previous moraines), we used the median elevation or
AA method as outlined and recommended by Osmaston
(2005) to reconstruct Leh glacial stage ELAs. We employed an
iterative process whereby the glacial system is overestimated
by assuming every tributary contained an accumulation zone.
The glacier hypsometry is then calculated using 90m Shuttle
Radar Topography Mission (SRTM) digital elevation models
(DEMs), and the ELA is then calculated and plotted onto the
estimated glacier outline. Tributary valleys below the ELA
would not have an accumulation zone and are removed from
the modeled glacial system (Dortch et al., 2009, 2010). This
process is repeated until a portion of all tributary valleys is
above the reconstructed glacier ELA.
Geomorphic Domains, Field Observations,
and Sampling Strategy

Domain 1 of Hobley et al. (2010) includes the upper reaches
of glaciated catchments that are U-shaped valleys draped
by paraglacial fans with hummocky floors; we rename this
domain the ‘periglacial domain’ (following the terminology of
Slaymaker, 2011). At elevations below the periglacial domain,
a set of linear valleys are occupied by trunk streams whose
power is high enough to transport glacial sediment and incise
gorges into their valley floors: this is domain 2 of Hobley
et al. (2010) which we rename the ‘paraglacial domain’.
Erosion rates for trunk streams in the paraglacial domain range
between 20 and 40m/m.y. (Dortch et al., 2011a). Below the
paraglacial domain, fluvial aggradation characterizes the trunk
stream valleys as they approach and drain into the Indus River;
this is domain 3 of Hobley et al. (2010), which we rename the
‘aggradation domain’. The trunk streams have side tributaries
that drain small catchments that we recognize as a fourth
domain. Based on our reconstruction of Leh stage glaciation
and field observations (described in detail below), these
tributary catchments have not been glaciated within the last
Copyright © 2014 John Wiley & Sons, Ltd.
glacial cycle and so we name these small catchments and their
interfluvial ridges the ‘unglaciated domain’. Figure 2 shows a
generalized plan view of the geomorphic domains and their
major features. We collected samples for TNC 10Be analysis
from the periglacial and unglaciated domains, which are
described in further detail below. It should be noted that our
domains reflect the current geomorphology of the landscape
and will change spatially through time due to climatic and
tectonic perturbations.
Periglacial domain; sampling range divide tors

In the Ladakh Range, granodiorite tors on the range divide
form local bedrock ‘landscapes’ where denudation is
weathering-limited (Small et al., 1997; Kober et al., 2007).
Following the formation and exposure of the tors, physical
and chemical weathering, and mass movements can lower
these bedrock summits. Range divide ridges and the tors
along them have evolved from drainage divides as hillslopes
were over-steepened through glacial headwall erosion and
mass wasting (Anderson, 2002; Oskin and Burbank, 2005;
Spotila, 2012). These erosive processes are active, domi-
nantly in cirques on the north side of the range divide where
north-side glaciers erode through the divide, capturing catch-
ments (Dortch et al., 2011a) and creating new fields of range
divide bedrock ridges along which tors develop. The range
divide tors we observed can be strongly fractured,
surrounded by toppled blocks and skirts of pebble-sized
and smaller angular debris that are smaller than the bedrock
joint and fracture spacing (Figure 3(A)). Some very large tor
tops have 10–20 cm thick exfoliated sheets developed across
their surfaces. The vast majority of sediment along the range
divide occurs on angular talus slopes including the skirts of
pebble-sized angular debris. The tors and talus slopes along
the range divide suggest that the predominant modes of
physical weathering along these summits are block removal
and bedrock shattering. At ~5400m asl where slope angles
decrease, large talus fields descend into valley bottoms and
begin to give way to permafrost, soil, small-scale patterned
ground, and frost-heaved blocks indicating that freeze-thaw
processes are active. Talus cones cut across streams and are
not fluvially incised; instead, fine-grained sediments are
filtered out and accumulate on the upstream edge of the talus
cones. We demarcate this difference in erosional processes
by subdividing the periglacial domain into two parts: high
ridges where shattering and block removal is dominant
(periglacial domain A; Figure 2), and high valley bottoms
where talus aggrades and slope and freeze-thaw processes
are dominant (periglacial domain B, Figure 2). Using 10Be
concentrations, we determined bedrock erosion rates along
the divide of the Ladakh Range by sampling the tops of five
tors (Figure 1; Table I). Samples were collected only from tors
standing >1m along the divide to minimize the likelihood of
past burial and snow cover.
Unglaciated domain: sampling interfluve bedrock
ridges and tributary catchment sediments

Hillslopes of tributary catchments above the trunk streams
that drain the southwestern slope of the Ladakh Range are
characterized by weathering of exposed bedrock (Figure
3(B), C)) but only local sediment transport along hillslopes.
Tributary catchments descend from narrow interfluve bedrock
ridges that lack tors. Compared with the range divide, the
interfluve bedrock ridges we sampled record important
Earth Surf. Process. Landforms, Vol. 40, 389–402 (2015)
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Figure 3. Views of landforms across the southwestern slope of the Ladakh Range. (A) Heavily fractured bedrock tor on the range divide at 5650m asl in
periglacial domain A (sampleWL-3, Table I). Note extent of fracturing in bedrock here and the range of grain sizes. (B) and (C) Bedrock on interfluve ridge
crest in the unglaciated domain with clear evidence of granular disintegration of bedrock and grussification. Note that bedrock here is weathered level to
the ground surface (B) and large caverns are eroded into the undersides of small tor (C). (D) Upper reaches of a tributary catchment in the unglaciated
domain choked with poorly sorted, matrix-free angular debris. This figure is available in colour online at wileyonlinelibrary.com/journal/espl
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differences about how they erode. Based on our field obser-
vations, granular disintegration and grussification (Figure
3(B), C)) are the dominant processes of erosion on interfluve
ridges. We did not see fresh bedrock surfaces on the high-
standing bedrock along interfluve bedrock ridges or any
angular debris.

Tributary catchments below 5100m asl do not contain
glacial landforms; the moraines and hummocky ground
produced during the last two glacial cycles present elsewhere
in the Ladakh Range (Owen et al., 2006; Dortch et al., 2010)
are absent. The hillslopes of the tributary catchments we
observed are covered by relatively immobile sediment pro-
duced by granular disintegration and grussification processes.
Tributary catchment hillslopes below 5100m asl are mantled
with poorly-sorted pebble and smaller size sediment. Above
~4250m asl, tributary catchment slopes form well-defined V
shapes with very little exposed bedrock. Below ~4100m asl
tributary catchment slopes are dominated by dry rills and
stream channels among bedrock knobs and large, steep
outcrops whose surfaces reflect intersecting joint sets. The
channels of many of these lower elevation tributary catch-
ments are filled with angular blocks without finer-grained
matrix material indicating block fall, rather than landsliding,
is the dominant process (Figure 3(D)). At elevations below
~4100m asl, regolith is composed mostly of coarse quartz
sand in a fine-grained matrix (‘rock meal’) and grus is
common.

We determined rates of bedrock erosion along interfluve
ridge crests that separate tributary catchments in the
unglaciated domain by sampling outcrops of twelve narrow
granodiorite bedrock ridges at elevations between about 3950
and 5100m asl (Figure 4; Table I). There is no evidence of
spallation, fracturing, or shattering on these bedrock ridges.
Like the tor samples along the range divide, interfluve samples
were collected only from bedrock standing >1m higher than
the surrounding surfaces.

We also used 10Be concentrations to determine catchment-
wide erosion rates for twelve small (<4 km2) tributary
catchments. These sampled tributary catchments bound the
interfluve bedrock ridge samples making twelve summit-
catchment pairs in the unglaciated domain (the CR, LH, PH,
and TS sample sets of Figure 1). Catchment slopes below the in-
terfluve ridges are 20–30°, stable, and very dry. There is minor
talus development, small-scale block falls, and frost heave,
suggesting that downhill mass wasting is the dominant mode
of sediment mobilization and transport (Figure 3(D)). We
cannot quantify the extent of sediment storage in the tributary
catchments we sampled, but it is worth noting that Hobley
et al.’s (2012) description of the intense rainstorm event in
August 2010 was concentrated 4–5 km up valley from the
range front and that the flooding in the lower reaches of trunk
streams triggered mass flows on hillslopes in steep-sided tribu-
tary valleys. Hobley et al. (2012) concluded that such storms
have a return period greater than 100 yr.

The paraglacial domain below ~5000m asl (below the
periglacial domain) is dominated by the trunk valley. Here,
the major landforms are moraines and trunk streams are
incising glacially-derived sediment. At elevations below
~3800m asl, the lower reaches of most trunk stream valleys
are filled with fluvial sediments and there is much evidence
of recent aggradation. At elevations below the paraglacial
domain, the tributary catchment ridges and their contiguous
hillslopes, where sediment is being removed, can be readily
distinguished from valley bottoms, where sediment is
accumulating and well-preserved Leh glacial stage moraines
are present (Owen et al., 2006). Aggrading valley bottoms
make up the aggradation domain.
Earth Surf. Process. Landforms, Vol. 40, 389–402 (2015)
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Figure 4. Erosion rates vs. elevation. Symbols are plotted at sample elevations determined from GPS; for catchments and trunk valleys, vertical
uncertainty bars extend to their maximum elevation determined from DEMs. Horizontal lines show 1σ uncertainties for erosion rates. Inset box shows
interfluve bedrock and catchment sediment samples with an expanded erosion rate scale for clarity (the y-axis is unchanged). This figure is available
in colour online at wileyonlinelibrary.com/journal/espl
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Analytical Methods

10Be erosion rates

Cosmogenic 10Be is produced primarily from cosmic rays
interacting with atoms of Si and O in rocks and sediments at
Earth’s surface and in the crust’s uppermost few meters. TCN
10Be records exposure histories of these rocks and sediments
as cosmic rays attenuate exponentially with depth (Lal 1988,
1991). TCN 10Be concentrations within uncovered, steadily-
eroding in situ bedrock can be used to gauge maximum bed-
rock erosion rates (Bierman, 1994; Small et al., 1997; Bierman
and Caffee, 2001; Hancock and Kirwan, 2007). Within stream
sediment, TCN 10Be can be used to quantify average
catchment-wide erosion rates (Granger et al., 1996; Portenga
and Bierman, 2011 and references therein). The accuracy of
catchment-wide erosion rates based on TCNs depends on the
cosmic ray attenuation length, the catchment-averaged pro-
duction rate, and the assumption that a particular sediment
sample integrates steady-state erosional processes throughout
the catchment (Bierman and Steig, 1996; Reinhardt et al.,
2007; Portenga and Bierman, 2011).
Quartz isolation, chemical separation of Be, and cathode

preparation were completed at the University of Cincinnati
(detailed in Dortch et al., 2009). 10Be/9Be ratios were measured
at the Lawrence Livermore National Laboratory (samples WL-
and NL-) and the Purdue Rare Isotope Measurement Laboratory
(samples CR-, LH-, PH-, and TS-). Bedrock erosion rates were
calculated using the CRONUS calculator (v. 2.2; Balco,
2009). Approximately 500 g of bedrock was collected with a
sample thickness between 1–5 cm at each tor sampling site
along the range divide and at each bedrock sampling site along
interfluvial ridges. We assessed topographic shielding for all of
the bedrock samples; for tors along the range divide, topo-
graphic shielding is zero and along interfluve ridges, measured
angles to the skyline were typically «20° around at least nearly
half of the horizon (a constant angle of 20° produces a
shielding correction factor of nearly 1 (0.98–0.97)). For our
tributary catchment sediment samples, ~1 kg of sediment was
collected from along a 20m stretch of the active channel in
Copyright © 2014 John Wiley & Sons, Ltd.
these small basins down valley from the sampled ridge crests.
Catchment-wide erosion rates were determined using the
methods described in Dortch et al. (2011a) using MATLAB
(v. 2009) code that calculates fast and slow muon production
rates and corrects for topographic shielding for each pixel
(90m2) in the catchment. Erosion rates are presented in Table I.
We use a 10Be sea level, high latitude production rate of 4.5
atoms g-1 SiO2 y-1 without geomagnetic corrections following
the recommendation of Owen and Dortch (2014).
Tributary catchment morphometrics

Catchment morphology (e.g. relief, mean slope, and area) can
be related to erosion rate. There is a linear relationship between
erosion rate and relief for large, mid-latitude drainage basins
(Ahnert, 1970), but for tectonically active, high-relief
mountains, the relationship is non-linear and dependent on
hillslope gradient (Li, 1975; Burbank et al., 1996; Hovius
et al., 1997; Montgomery and Brandon, 2002). To test whether
our catchment-wide erosion rates could be correlated to
measures of the catchments’ first-order morphology, we calcu-
lated the area, maximum elevation, relief, and mean slope for
the twelve small tributary catchments we sampled. To define
catchments across our study area, a DEM was acquired from
3 arc-second (~90m) SRTM data and depressions in our DEM
were filled using ArcGIS 10. Flow direction and flow accumu-
lation maps were generated and seed points correlating to
sample localities were used to isolate subcatchment shapefiles.
Subcatchments were extracted from SRTM DEMs, which in turn
were used to calculate geomorphic statistics (maximum and
minimum elevations, three-dimensional catchment area, relief,
and mean slope).
Results

Calculated erosion rates of bedrock tors along the range divide
vary between 5.0 ± 0.5 and 13.1 ± 1.2m/m.y. Erosion rates of
the twelve bedrock samples collected along interfluve ridge
Earth Surf. Process. Landforms, Vol. 40, 389–402 (2015)
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crests vary between 0 and 0.7 ± 0.1m/m.y. (Table I, Figures 1,
2, and 4) with a median value of 0.3m/m.y. Catchment-wide
erosion rates for the twelve small tributary catchments vary be-
tween 0.8 ± 0.1 and 2± 0.3m/m.y. (Table I, Figures 1, 2 and 4),
with a median value of 1.4m/m.y. Paired tributary catchment-
interfluve erosion rates indicate a small amount of relief pro-
duction, 0.6 ± 0.3–1.8 ± 0.3m/m.y., but given that the erosion
rate for interfluve bedrock ridges is a minimum, it is possible
that the difference is even less.
Range divide tor erosion rates can be considered long-term

averages over a period of 40–120 thousand years k.y. (a time
average based on a cosmic ray attenuation length of 60 cm di-
vided by the erosion rate; Lal, 1991; see also Reinhardt et al.,
2007). The timeframe is in accord with 10Be exposure ages of
the range divide samples, which range between 40–105 k.y.
(Table I). The tributary catchments yield time averages for ero-
sion of 300–750 k.y. (Lal, 1991), spanning several
glacial/interglacial cycles and times of enhanced monsoon.
The relationships between catchment-wide erosion rate and

catchment area, maximum elevation, relief, and mean slope
for the tributary catchments we sampled in the unglaciated do-
main are shown in Figure 5. Erosion rates correlate most strongly
with maximum elevation producing an R2 value of 0.21 which is
not significant (Figure 5(B)). Erosion rate does not correlate with
catchment area, relative relief, or mean slope, as evinced by R2

values of 0.05 or less; the weakest correlation is with relief with
an R2 of 0.01 (Figure 5(A), (C), and (D)).
Discussion

Erosion rates of range divide tors and ‘tor cycling’

Erosion rates between 5 and 13m/m.y. of tors between 5600
and 5700m asl along the range divide are typical of granitic
bedrock from alpine regions across the world, e.g., 6-8m/m.y.
(Small et al., 1997; Lal et al., 2003; Hancock and Kirwan,
2007). Soil-mantled granites in the Swiss Alps eroded at similar
Figure 5. Catchment-wide erosion rate versus (A) catchment area, (B)
maximum elevation, (C) relative relief, and (D) mean slope for tributary
catchments in the unglaciated domain. This figure is available in colour
online at wileyonlinelibrary.com/journal/espl

Copyright © 2014 John Wiley & Sons, Ltd.
rates (Norton et al., 2010) but soil-mantled slopes from the
western Sierra Nevada erode twice as fast (Dixon et al.,
2009). The erosion rates of range divide tors are minimum
values for the lowering of range divide bedrock. Erosion of
range divide tors by block removal and shattering is not a
steady-state process. Models of episodic (step-wise) erosion of
bedrock summit surfaces (Lal, 1991; Small et al., 1997) suggest
the mean of several measured erosion rates from different tors
can provide a good estimate of the actual, long-term average
erosion rate, especially in cases that have a high frequency of
erosional variation (Heimsath, 2006).

To gain a better understanding of how tor fields develop with
the cycling of individual tors through time, we took the tor with
the highest 10Be concentration and assumed that this tor
represents the end-stage of tor development; tors with lower
10Be concentrations have been eroded. The thickness of
material lost, assuming loss occurred instantaneously, can be
estimated by evaluating measured 10Be concentrations along
a model 10Be production curve, that is, as if they were sampled
at depth. By normalizing 10Be concentrations, the effects of
differential shielding among different sampled tors that may
have occurred even though samples are at similar elevations
and share the same geographic and geologic setting are limited.
Normalized 10Be concentrations plotted on a 10Be production
curve that assumes homogeneous lithology (granite) with
density of 2.7 g/cm3 (Figure 6(A)) can be translated to depth as-
suming an e-folding length of 60 cm. The timing of instanta-
neous thickness loss can be estimated by taking the difference
in 10Be concentration compared to the tor with the highest con-
centration and calculating an age (Figure 6(B)). Results suggest
~11–56 cm of loss occurring over 20–80 k.y., with an average
of ~24 cm lost instantaneously every ~40 k.y. The timescale of
104 years is at the lower end of the long-term average period
(40–120 k.y.) over which the 5–13m/m.y. erosion rates have
occurred. These calculations define the time frame during
which new range divide ridges develop a tor morphology, that
is, the rate of ‘tor cycling’ as the range divide changes position
through cirque headwall erosion. The short duration of ‘tor
erosion’ (20–80 k.y.) suggests that there is an initial 20–40 k.y.
period during which tors first develop on a landscape and
remain relatively stable (episodically losing thickness) during
the cycling process. A range divide may move laterally due to
glacial headwall erosion and develop a new tor field with a
dynamic range of ages on a lower elevation bedrock ridge
within a 105 yr timeframe. Indeed as shown on Figure 1, the
range divide is discontinuous where it has been eroded through
in several places, becoming a valley bottom instead of a ridge
of tors. Lowering the divide results in a negative feedback as
gravitational potential is lowered and slope angle is decreased
in concordance with maximum elevation, which, in turn, re-
duces the rate of headwall collapse by glacial over steepening.
Processes of erosion of range divide tors

Talus slopes comprise the vast majority of sediment along the
range divide in periglacial domain A and fracturing along
joints, block toppling, and exfoliation are important in
conditioning bedrock for shattering into pebble-sized and
larger grains. Hales and Roering (2007, 2009) showed that rock
fracture by ice growth is most intense at elevations where the
mean annual temperature (MAT) is just above 0 °C and where
rock temperature is just below 0 °C; frost shattering by the
growth of segregation ice is most efficient within a temperature
range of –3 to –8 °C. The modern 0 °C MAT of the Ladakh
Range is ~4300m asl, below where talus-mantled hillslopes
occur. More recently, Girard et al. (2013) conducted an in situ
Earth Surf. Process. Landforms, Vol. 40, 389–402 (2015)



Figure 6. (A) Normalized 10Be concentrations of range divide tors
plotted on a 10Be production curve as if they were sampled at depth.
The production curve assumes homogeneous granite lithology with a
density of 2.7 g/cm3 and the curve is translated to depth assuming an
e-folding length of 60 cm. Uncertainty bars are 1-σ of the normalized
concentrations. (B) Instantaneous thickness loss of range divide tors ver-
sus time scale of loss; see text for discussion. Uncertainty bars represent
internal uncertainty from the CRONUS calculator (version 2.2) at 1-σ,
propagated additively to account for both samples when comparing
their differences in 10Be concentration. Internal uncertainties are used
since external errors would unjustifiably increase uncertainty. All tor
samples are from the same region of the range divide and were
collected at similar elevation and latitude so these effects on scaling
differences are negligible. This figure is available in colour online at
wileyonlinelibrary.com/journal/espl
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study of frost cracking by measuring acoustic emissions (as a
proxy for cracking), temperature, and water content in fractured
bedrock in the central Swiss Alps at an elevation of 3500m asl.
Girard et al. (2013) concluded that sustained freezing can yield
much stronger frost cracking than repeated freezing and thawing
cycles, but frost cracking can occur even during short periods of
freezing and even under relatively dry near-surface conditions.
Using temperature data collected at Leh (Weatherbase.com,

2013) and a lapse rate of 6.4 °C/km (Anderson and Anderson,
2010), the average temperature of the highest sample
along the range divide (5652m als) is –8.8 °C, with an
average temperature for the months December through March
of –19.5 °C. December through March was the interval of the
lowest sustained sub-zero temperatures measured by Girard
et al. (2013), reaching a minimum of –15 °C at a depth of
50 cm in February, and the interval with the highest and most
sustained acoustic emission energy. From Girard et al.’s
(2013) in situ data and measured temperatures in Leh extrapo-
lated to the range divide, we propose that frost shattering
reaches depths of 5–10 cm after the warm summer months
of July and August, and advances to depths of at least 50 cm
or greater during the winter months, even extending into
Copyright © 2014 John Wiley & Sons, Ltd.
April. The depth of frost shattering returns to the surface by
summer. This depth of cracking/shattering is in agreement with
our thickness loss estimated from 10Be concentrations.

Lightning is another explanation for bedrock shattering,
which can crack and move bedrock. Anderson et al. (2006)
estimated that 20–30 lightning strikes/y/km2 along the summit
of the Laramide Front Range could produce an erosion rate of
20m/m.y. Using field evidence related to the degree of surface
weathering and patterns of fractures, significant erosion by
lightning on mountain summits has also been proposed in
South Africa (Knight and Grab, 2014). The Lightning Imaging
Sensor from TRMM has recorded ~20–30 lightning flashes per
km2 over the Ladakh Range from April–November 1999
(Barros et al., 2004). While many of these flashes may not have
reached ground, it is possible for lightning strikes to have
contributed to the divide erosion rates. Even though
distinguishing angular bedrock debris produced by lightening
strikes versus frost shattering or other climate-modulated pro-
cesses is not clear-cut, we accordingly include lightning as a
minor erosional process in periglacial domain A (Figure 2).
Erosion rates in the unglaciated domain

Erosion rates of the twelve bedrock ridge interfluve samples we
collected at elevations between 3900 and 5100m asl in the
unglaciated domain vary between 0 and ≤0.7 ± 0.1m/m.y.;
these are minimum values. These rates are among the lowest
determined by TCN methods anywhere on Earth (Portenga
and Bierman, 2011) and are similar to those found in the low-
relief deserts of Namibia (Bierman and Caffee, 2001), Australia
(Bierman and Turner, 1995; Bierman and Caffee, 2002), the
Near East (Matmon et al., 2009) and the Atacama (Nishiizumi
et al., 2005; Kober et al., 2007). Erosion rates of mountainous
bedrock slopes from semi-arid central Australia are more than
twice as fast, 1.5–1.8m/m.y. (Heimsath et al., 2010). Interfluve
bedrock samples yield time averages for erosion of >850 k.y.
(Lal, 1991) and their 10Be ages are >600 k.y. (Table I). Based
on our field observations of granular disintegration, chemical
weathering and grusification is the dominant form of erosion
on tributary interfluve ridges at elevations below 5100m asl.
The lack of fresh bedrock surfaces along tributary catchment
ridges and the accumulation of grus suggests that limited sedi-
ment transport contributes to slow bedrock erosion. Erosion
rates of bedrock ridge interfluve samples are an order-of-
magnitude lower than bedrock tor samples along the range di-
vide. Field observations show that as elevation decreases, frost
processes decline in relative importance compared with granu-
lar disintegration, likely due to declining average precipitation
at lower elevations. Calculated bedrock erosion rates in the
unglaciated domain provide evidence that the southwestern
slope of the Ladakh Range, at least where we have sampled,
has received very little precipitation since the Leh glacial stage.

The twelve tributary catchments in the unglaciated domain
yield erosion rates between 0.8 ± 0.1 and 2.0 ± 0.3m/m.y. Slow
erosion rates might be expected in these small (<4 km2)
tributary catchments given their mean slopes and relative relief
(Figure 5; Montgomery and Brandon, 2002) but these tributary
catchments are typical of the unglaciated domain. In addition,
the differences between the largest and smallest values of
catchment area (3 km2), maximum elevation (1150m), relief
(600m), and mean slope (7°) may also be too small to capture
potential correlations with erosion rate (Figure 5).

Niemi et al. (2005) modeled erosion rates in catchments
where erosion is dominated by landslides including small
catchments similar to those we sampled, and the rate of
landsliding scales with catchment size. Niemi et al. (2005)
Earth Surf. Process. Landforms, Vol. 40, 389–402 (2015)
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showed that TCNs in sediment samples statistically represent
the total volumetric erosion rate including landslides on time-
scales of 103 to 104 y. Niemi et al. (2005) also concluded that
sampling several similarly-sized catchments, even where land-
slides are active, will likely yield samples whose TCN-derived
erosion rates accurately reflect the catchments’ total volumetric
erosion rate for timescales of 104 yr. Cavernous boulders and
rock meal record the dominant form of weathering in the
unglaciated domain, and grus occurs as a thin surface layer,
features consistent with salt weathering (Wellman and Wilson,
1965). If bedrock mass movements of any scale affected the
arid interfluve ridges, angular debris and bedrock scars would
be visible and preserved but they are not. Tectonic quiescence
and fluvial aggradation have conspired to stabilize slopes,
decreasing the potential for landsliding through time. From
these results, we conclude that individual erosion rates of the
interfluve bedrock samples are minimum bedrock rates (Niemi
et al., 2005) and that for a timescale of 105 y, the average of the
bedrock erosion rates capture stochastic processes and yield
reliable results (Small et al., 1997).
Based on our paired tributary catchment-interfluve erosion

rates, the maximum increase in relief in the unglaciated
domain is 1.8 ± 0.3m/m.y. At lower elevations below the Leh
glacial stage ELA, extensive aggradation along trunk streams
(Hobley et al., 2010; Figure 2) in the aggradation domain
indicates that alluviation is destroying relief. The slightly
higher erosion rate of the tributary catchments may reflect
the erosive work of infrequent monsoonal storms that
increase the rate of creep.
The role of glacial conditioning and landscape
preservation

Along the southwestern slope of the Ladakh Range, erosion
rates measured in stream sediments depend on glacial history.
Erosion rates for three trunk streams in the paraglacial domain
measured by Dortch et al. (2011a) are 20–40m/m.y., at least
10–20 times greater than the unglaciated tributary catchments
(Figures 1, 2 and 4), but these rates are still slow. Two of these
trunk streams were sampled at different elevations including
higher elevations in areas more recently glaciated (Figure 1).
Erosion rates calculated for individual samples in both catch-
ments were within 1σ uncertainty of each other (Dortch et al.,
2011a), indicating that erosion is relatively uniform without a
significant component of inherited sediment. Glacial and
fluvial processes in trunk valleys at elevations >5100m asl
are much more effective drivers of erosion and sediment
evacuation, respectively, than hillslope processes that domi-
nate the smaller tributary catchments. Glaciers conditioned
high altitude hillslopes between 5100 and 5600m asl by
producing over-steepened slopes and generating the sedi-
ment delivered further down valley by trunk streams. How-
ever, trunk streams are generally insulated from the deposits
in both of the periglacial domains due to very limited sedi-
ment transport. Talus slopes and periglacial fans form but
are not fluvially incised. The difference in erosion rates be-
tween range summit tors and glaciated catchments along
the Ladakh Range’s southwestern slope show that relief is
increasing across the paraglacial domain as trunk streams
incise moraines, the primary source of sediment that is being
evacuated from the range. But erosion by trunk streams is still at
least 10–20 times slower than long-term (107 yr) exhumation
rates of 400–750m/m.y. derived from modeling of apatite and
zircon helium and fission-track thermochronologic data by
Kirstein et al. (2009).
Copyright © 2014 John Wiley & Sons, Ltd.
Tripathy-Lang et al. (2013) calculated a long-term, time-
averaged erosion rate for a single catchment along the
southwestern slope of the Ladakh Range using laser ablation
(U-Th)/He age data from a river sand detrital zircon population
and the modeling approach of Brandon et al. (1998). Their
modeled erosion rate was 430m/m.y., at least ten times higher
than the rate for trunk streams traversing the paraglacial
domain. Tripathy-Lang et al. (2013) suggest that there was a
significant reduction in erosion rate during the Neogene. A
pronounced decrease in erosion rate is consistent with our
erosion rate data that show that three of four domains do not
significantly contribute to sediment evacuation. Catchment
erosion rates reported by Dortch et al. (2011a) recalculated to
only include the paraglacial domain would be ~30% lower
due to a lower average 10Be production rate. In addition, the
duration recorded by our TCN-derived erosion rates is likely
on the order of 104-6 y (Lal, 1991; Dortch et al., 2011a) when
considering the inheritance memory down to 10 folding depths
(cf. Parker and Perg, 2005), indicating that the sediment
contribution of the unglaciated tributary catchments to their
trunk streams has been negligible since perhaps the Late
Miocene to Pliocene (7.5�2Ma). Our very slow erosion data
also support ELA reconstructions (Figure 1) that show tributary
catchments have not been affected by glaciation since at least
~300 ka, the age of Leh glacial stage. We attribute the preserva-
tion of this landscape to a sustained arid environment. By
synthesizing results related to the ages and rates of erosion
and exhumation (Dortch et al., 2011a, 2013; Kirstein, 2011;
Tripathy-Lang et al., 2013), we speculate that the decrease in
the rates of erosion in the Ladakh Range during the Neogene
may have been initiated by a decrease in monsoon influence
due to continued uplift of the Greater Himalaya (Catlos et al.,
2001; Wobus et al., 2005). This view is supported by cores
from the Bengal fan where major uplift and erosion between
7.5–10.9Ma is recorded mineralogically with a subsequent
decrease in pumpellyite sourced from the upper Indus basin
(Amano and Taira, 1992) and where argon cooling ages record
episodic uplift of the southern slope of the Himalaya beginning
in the late Miocene (Copeland and Harrison, 1990).
Conclusions

Denudation of the southwestern slope of the Ladakh Range is
taking place across a network of geomorphic domains, each
with a characteristic erosion rate and dominant erosional
process, and each affected differently by Pleistocene glaciation.
High-glaciated basins and frost-weathered bedrock in the
periglacial domain above the lowest ELA in the past ~300 ka
denude at rates that are up to an order of magnitude faster than
their lower elevation, unglaciated counterparts. Periglacial
talus slopes that extend as high as 5400m asl are derived from
frost shattered tors along the range divide. Tors between 5600
and 5700m asl along the range divide are eroding between
5.0 ± 0.5 and 13.1 ± 1.2m/m.y. The tors and their talus slopes
have likely persisted in the landscape for 40 ka or longer but
they will eventually be moved southwards as glacial headwall
erosion from north-side glaciers changes the position of the
range divide. Tributary catchments below 5100m asl were
not glaciated during the Leh glacial stage and are eroding
extremely slowly, <2m/m.y.; bedrock along their influvial
ridge crests is eroding even more slowly, ≤0.7 ± 0.1m/m.y. This
unglaciated domain represents an extant landscape (105-6 k.y.)
at least one order, and perhaps two orders of magnitude older
than the periglacial domains.

Rates of tectonically-driven exhumation in the Ladakh Range
(Kirstein et al., 2009; Tripathy-Lang et al., 2013) were at least
Earth Surf. Process. Landforms, Vol. 40, 389–402 (2015)
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ten times faster than the fastest, post-tectonic erosion rate.
Following cessation of tectonic uplift in the Miocene, an
overall hierarchy of erosion rates appears to have been
achieved, governed by the extent of glaciation. In the upper
reaches of glaciated valleys, fluvial incision of glacial debris
in trunk streams is about ten times faster than erosion driven
by periglacial processes along the range divide and its high
elevation slopes, which in turn is about ten times faster than
bedrock erosion in unglaciated tributary catchments and along
their interfluvial bedrock ridges. To drive the much faster
Miocene exhumation of the Ladakh Range, we suggest three
possibilities: the current set of erosional processes scaled to
much faster rates (Zeitler, 2014), the boundary of the periglacial
and paraglacial domains was shifted significantly down valley
in addition to scaled rates of erosion, or a different set of
erosional processes was governing landscape evolution during
tectonic uplift.
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