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Abstract

Quantifying erosion rates in high mountain environments is challenging because the erosional processes are often stochastic and
catastrophic. Distinguishing between periglacial and glacial rates is especially challenging. In this study we focus on determining erosion
rates from a glaciated alpine landscape where the bedrock sidewalls are eroding predominantly by blockfall. We utilize a topographically
well-constrained, debris-covered glacier on the north slope of the Annapurna Range, central Nepal Himalaya, to quantify an average
headwall retreat rate. By measuring supraglacial debris depths from 0.1 to 2.4 m and average short-term down-valley transport rates of
17 m/yr we calculate a yearly sediment flux of 5820+ 1990 m*/yr. The supraglacial debris originates from the steep, rocky headwall of the
valley and we use the calculated flux with an estimated headwall contributing area to determine a slope-perpendicular headwall retreat rate
of 1.3+0.5 mm/yr, which corresponds to a vertical lowering rate of 0.42+0.16 mm/yr and a horizontal retreat rate of 1.2+0.5 mm/yr. This
rate is significantly greater than the steady-state erosion rates that we determine for the valley ridge crests and sidewalls (0.08£0.03 mm/
yr and 0.20+0.05 mm/yr, respectively) using concentrations of the in situ produced cosmogenic radionuclide, 19Be. Additionally, '°Be
exposure ages of the lateral moraine crests and supraglacial debris suggest a glacial advance about 470 yr ago and a long-term supraglacial
transport rate of about 10 m/yr. Using this long-term transport rate reduces our inferred headwall retreat and suggests that the up-glacial
bedrock slopes are eroding at roughly the same rate. While our results do not quantify the rate of glacial erosion, the absence of a glacial
gorge suggests that there may be a rough balance between glacial downcutting and the erosion of the valley sidewalls. Rates quantified
here are almost an order of magnitude lower than fluvial incision rates of the upper Marsyandi River that drains the study area, suggesting
that even glaciated catchments are not keeping pace with the rapidly down-cutting rivers of the Himalaya.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Topographic evolution in mountain ranges results
from the interplay between tectonic forcing of the crust,
erosional processes acting on the landscape, and any
isostatic response of the range to erosion. For a given
tectonic forcing, the evolution of the range, and the
associated sediment delivery from the range, will depend

* Corresponding author.
E-mail address: Arjun.Heimsath@asu.edu (A.M. Heimsath).

0169-555X/$ - see front matter © 2007 Elsevier B.V. All rights reserved.

doi:10.1016/j.geomorph.2007.02.046

on the rates and processes of erosion. While glaciers are
widely thought to be the most effective erosional agents
(e.g. Hallet et al., 1996; Brozovic et al., 1997,
Montgomery, 2002), it is likely that periglacial processes
eroding the typically bedrock-dominated slopes above
the glaciers play a critical role in eroding the landscape
(e.g. André, 1997; Zhang et al., 2001; Pan et al., 2003).
In this study we focus on the periglacial processes
contributing sediment to a glaciated landscape.

For any mountain range, the relative rates of tectonic
and climatic forcing, with their associated cycles, set the
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pace of how the landscape evolves as well as the
morphology of the range. For the Himalaya, the
dramatically high relief is thought to result from high
erosion rates due to the onset of glacial cycles in
combination with extremely high rates of tectonic uplift
(e.g. Shroder and Bishop, 2000; Zeitler et al., 2001). A
debate exists on the relative roles of climatic and
tectonic forces on mountain building, as well as on the
potential linkages between late Cenozoic uplift of the
Tibetan Plateau and the onset of Quaternary glaciations
(e.g. Molnar and England, 1990). Central to this debate,
is quantifying the relative roles of different surficial
processes (e.g. Burbank et al., 1996; Brozovic et al.,
1997; Whipple and Tucker, 1999) and, specifically, the
relative roles of glacial and fluvial erosion in creating
relief (Harbor and Warburton, 1992, 1993; Whipple
et al., 1999; Whipple and Tucker, 1999; Brocklehurst
and Whipple, 2002; Montgomery, 2002). In a glaciated
landscape, relief might increase, for example, if
subglacial erosion rates are greater than fluvial incision
rates (e.g. Hallet et al., 1996; Small and Anderson,
1998) while the ridge crests and valley sidewalls
continue to erode more slowly.

In these high mountain environments, where vege-
tation is sparse and freeze—thaw cycles are common,
blockfall is an important geomorphic process (e.g.
Whalley, 1984; Shroder et al., 1999) and an important
component of the overall erosion rate (Rapp, 1960;
Barsch and Jakob, 1998; Matsuoka and Sakai, 1999).
Steep bedrock cliffs suggest, for example, that blockfall
is likely to be an important process controlling ridge
crest lowering and headwall retreat (André, 1997). Such
bedrock-dominated landscapes are not unique to
glaciated regions and either glaciers or rivers must
ultimately remove sediment delivered by blockfall.
Relative contributions of erosion due to blockfall
should, therefore, be incorporated into estimates of
basin wide erosion rates inferred from other methods.
Specifically, in glaciated basins where erosion rates
have been quantified the relative role of periglacial
processes is often unknown. For the purposes of this
paper, we focus on the sediment produced by periglacial
processes such as blockfall rather than the mechanisms
driving the processes.

In this paper we quantify periglacial erosion and
headwall retreat rates using a small, topographically
constrained, debris-covered glacier by determining the
flux of supraglacial debris being transported downslope
by the glacier. We equate this flux with blockfall erosion
of the headwall that contributes the debris mantling the
glacier by making a first-order steady-state assumption
that the glacier is acting like a conveyor belt removing

debris derived from the headwall. We compare our
inferred headwall retreat rate with erosion rates for ridge
crests and valley sidewalls determined with concentra-
tions of in situ produced cosmogenic '’Be. Our study
area is a small glacial valley on the north face of the
Annapurna massif in the high Himalaya of central
Nepal.

Studies quantifying erosion of the Himalaya have
focused on varying spatial, (from sub-catchment to
subcontinent) and temporal (from years to millennial)
scales and yielded large ranges in erosion rates. For
example, suspended sediment yields in proglacial streams
have led to physical erosion rates ranging from 0.11 mm/
yr—-0.46 mm/yr for the Nubra basin in the Western
Karakoram (Bhutiyani, 2000) to 3.45—4.21 mm/yr for the
Batura Glacier in the Karakoram (Collins, 1998).
Estimates of erosion rates from suspended sediments
from the much larger drainage areas of the Ganges River
varied from 0.6—1.0 mm/yr (Milliman and Syvitski, 1992;
Summerfield and Hulton, 1994; Galy and France-Lanord,
2001). These studies fail, however, to distinguish between
eroded material that is stored within valleys or beneath a
glacier and freshly eroded sediment. Inferring erosion
rates from suspended sediment in a glacial system has
additional complexities. The mining of stored sediment
beneath a glacier may not be representative of current
rates, and can include glacial as well as non-glacial
erosion processes. Many studies using suspended sedi-
ment analyses (e.g. Collins, 1978) have also shown that
there are large seasonal and yearly fluctuations in
sediment loads, suggesting that long records of suspended
sediment concentrations are necessary to even hint at
representative rates.

Cosmogenic nuclides concentrations in stream sedi-
ments can be used to infer basin-averaged erosion rates,
although the methodology cannot resolve exposure
histories of sediment derived from glaciated basins. For
example, in several unglaciated catchments of the Lesser
Himalaya, Nepal, Wobus et al. (2005) use cosmogenic
'Be from sediments to determine average erosion rates
ranging from about 0.2 to about 0.8 mm/yr, where the
variation is inferred to be due to active thrusting. Vance
et al. (2003) determined average erosion rates varying
from 0.8 to 2.7 mm/yr for the Upper Ganges River, India
using concentrations of cosmogenic '’Be and “°Al in
stream sediments, where the variation correlated well with
long-term exhumation rates determined from fission track
analyses. They do not, however, attempt to distinguish
glacial erosion from other processes.

Cosmogenic nuclides ('°Be and “°Al) have also been
used to date abandoned strath terraces to determine
fluvial incision rates by dividing the terrace elevation
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above the river by the terrace exposure age. Leland et al.
(1998) determined rapid incision rates varying from 1 to
3 mm/yr to 9 to 12 mm/yr in the Indus River in northern
Pakistan, and also suggested a correlation with differ-
ential exhumation rates. Pratt et al. (2002) and Pratt-
Sitaula et al. (2004) also used strath terrace ages deter-
mined by cosmogenic nuclide dating to infer processes
of episodic incision in the Marsyandi River, Nepal, with
rates of about 1.5 mm/yr in the Lesser Himalaya to about
8.5 mm/yr in the Greater Himalaya. Suspended
sediment flux can be used to infer short-term basin
wide erosion rates while cosmogenic nuclide dating of
strath terraces can be used to infer long-term fluvial
incision rates. Neither of these methods, however,
provides insight into the relative importance of different
erosional processes acting across the landscape.

In the Nepal Himalaya, the presence of debris
covered and rock glaciers suggest that blockfall is likely
to be an important component of the overall erosion rate
of the landscape (e.g. Fujii and Higuchi, 1977).
Similarly, across the Himalaya, debris mantling of the
ablation area of glaciers is common (e.g. Moribayashi,
1974; Moribayashi and Higuchi, 1977; Fujii and
Higuchi, 1977; Benn and Lehmkuhl, 2000; Owen et
al., 2003) and the sediment budget of debris-covered
glaciers may be dominated by the transport of
supraglacial material originating through rockfall (e.g.
Small, 1987a,b; Benn and Evans, 1998; Owen et al.,
2003). While such studies highlight the importance of
blockfall, there are few field-based data quantifying
headwall retreat rates, or even glacial erosion rates for
such landscapes (note also the papers referenced in
Nakawo et al., 2000).

2. Conceptual framework

Quantifying rockfall rates and cliff retreat rates is
typically done in two ways. Eroded debris can be
collected and volumes measured using natural (e.g.
Rapp, 1960; Ono and Watanabe, 1986; Matsuoka and
Sakai, 1999) and artificial (e.g. Church et al., 1979,
Douglas, 1980) traps. If time since deposition began and
the contributing area that the debris originated from are
known, then the erosion rate can be quantified by
dividing the volume deposited by the time and the
contributing area. Matsuoka and Sakai (1999), for
example, collected rockfall debris that had fallen onto
a talus slope covered in snow during thawing periods in
the Japanese Alps and determined a retreat rate of
0.01 mm/yr for the headwall of an abandoned cirque.
Other studies estimated debris volumes within active
rock glaciers of known age and inferred rockfall and

headwall retreat rates (e.g. Wahrhaftig and Cox, 1959;
Caine, 1974; Barsch, 1977b; Humlum, 2000).

Blockfall in alpine areas tends to occur due to freeze—
thaw cycles acting along planes of weakness or
fractures, leaving rock subject to failure and removal
by mass wasting processes (e.g. Church et al., 1979;
Walder and Hallet, 1986; Matsuoka, 1990, 1991).
Irrespective of the processes causing the erosion of
rocky slopes, in glaciated valleys blockfall from slopes
adjacent to the glacier deposit debris upon the ice
surface. This debris is then transported and deposited
down valley at rates dependent on the flow of the
glacier. Depending on the size and flow characteristics
of the glacier, the sediments are transported in different
proportions between supraglacial and englacial debris. If
both the source area and the transported volumes of the
sediment can be measured, then a blockfall erosion rate
can be determined. Specifically, debris derived from the
eroding headwall must be deposited upon the surface of
a glacier that is actively transporting the sediment
downslope. Assuming that the input rate of sediment
from the headwall is the only source of sediment and is
equal to the output rate (a first-order assumption), then
the measured flux divided by the surface contributing
area yields the slope-perpendicular retreat rate of the
slope contributing the sediment. The equivalent vertical
lowering rate is the slope-perpendicular rate times the
cosine of the average headwall slope, while the
horizontal retreat rate of the headwall is the slope-
perpendicular rate times the sine of the average slope.

We write the mass balance equation for the amount of
headwall erosion (Eyw) as being equal to the divergence
of this sediment transport flux (V- J;) per unit width
away from the headwall:

dh ~
EHW:prE:_pSV'Qs (1)

where p, is the bulk density of intact rock, p; is the bulk
density of the supraglacial debris and dA/dr is the
horizontal retreat rate of the headwall. Solving this
equation for di/dr suggests that quantifying the
sediment transport flux of debris derived from the
headwall will yield the headwall retreat rate if the
respective bulk densities can be measured or estimated.

The sediment transport flux of the sediment trans-
ported on top of a glacier can be determined by
measuring the debris depth and the downslope transport
velocity of the sediment. For a given cross section
across the glacier, flux of supraglacial debris is the
cross-sectional area of debris (width times depth)
multiplied by the downslope velocity. Flux of englacial
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debris is the concentration of debris carried in the ice
times the cross-sectional area of the ice times the
velocity. Determining englacial sediment concentrations
is an outstanding problem in glacial geomorphology and
we use end-member estimates to constrain the potential
range of sediment transported within the ice. Downslope
velocity over short timescales can be determined by
monitoring stable points on the surface of the glacier.
Over long timescales, if the glacier surface is indeed
acting like a conveyor belt transporting deposited debris
away from the headwall, and if deposition ages can be
determined for the deposited blocks, then downslope
transport velocity is the distance of the block from the
headwall divided by the deposition time.

2.1. Cosmogenic nuclides and bedrock erosion

While erosion due to blockfall represents a process
occurring intermittently, bedrock landscapes are also
eroding by continuous, grain-by-grain spallation or thin
exfoliation sheet processes. Because these processes erode
relatively thin layers of rock over relatively short time
intervals they can be thought of as steady-state processes.
Rates of such processes can be determined by collecting
the thin outer layers of rock samples and measuring
concentration of in situ produced '°Be (¢,,,=1.5x 10° yr)
and 2°Al (t,,=0.7x10° yr) in the target mineral quartz
(e.g. Nishiizumi et al., 1986, 1991; Lal, 1991; Gosse and
Phillips, 2001). Comparing rates of erosion determined
using cosmogenic nuclide concentrations to rates deter-
mined for block failure processes can help distinguish the
relative efficacy of the different processes acting across a
landscape.

Cosmogenic nuclide production rates on the Earth’s
surface decrease exponentially with depth in the target
material such that the production rate, P (atoms/g yr), at
some depth, x (cm), is (Lal, 1988):

P(x) = P(0)e "4, (2)
where P(0) is the surface production rate, p is the

density of the target material (g/cm®), and A is the
absorption mean free path (~ 165 g/cm?). The produc-

tion rate of '’Be has been determined experimentally
and is found to be a function of altitude (increasing with
altitude as atmospheric shielding mass decreases),
latitude (increases from 0° to 50° N then stays roughly
constant as the Earth’s magnetic field changes — see
Gosse and Phillips, 2001 for a thorough review), the
geometry of exposure (topographic shielding of cosmic
rays), and the density and composition of the target
material (e.g. Lal, 1991, Nishiizumi et al., 1991).
Nuclide concentration, N,, at the rock surface is
controlled by the nuclide production rate, the decay of
the nuclide concentration, the steady-state erosion rate,
€, and time of exposure, ¢, such that for a steady-state
exposure history,

N

_ P(O) (1 _ e—(),+sy)t), (3)
A+ ue

where N is the nuclide concentration at the surface, 4 is
the disintegration constant (In2/t;,,), u is the absorption
coefficient (p/A, cm™'). Assuming that the surface has
been eroding for a long enough time, such that a steady
state or secular equilibrium has been reached, where
t> 1/(A+pue), Eq. (3) can be re-written as:

P(0)
= 4
Ne= (4)
or,
N, 1
= ——— = T,
PO) A+pe " )

where T, is the effective exposure age (Lal, 1991). By
rearranging Eq. (4) to solve for &, the long-term erosion
rate,

)

which is the equation commonly used to determine
erosion rates from nuclide concentrations measured in
bedrock samples (e.g. Lal, 1991; Nishiizumi et al.,
1991; Small et al., 1997).

Fig. 1. (a) The study area along the Marsyandi River, central Nepal, with the overview map showing political boundary of Nepal inset into the lower
left corner. The location of Milarepa’s Glacier is north of Annapurna III and is denoted approximately by the rough shape (/). The glacier ranges in
elevation from 3700—5350 m asl. (b) Photograph of the north face of Annapurna III taken from about 4500 m asl on the slope north of the Marsyandi
River, which flows from right to left just out of view at the bottom of the photograph. Heavy dashed lines represent moraine crests with the upper
elevation limit of the moraines being interpreted as the ELA. Lighter dashed lines show the approximate bottom of the lateral moraines, solid line
encircles contributing area of sediment from the catchment headwall to the glacier surface, and the star denotes the terminus of the present day glacier.
Note that the lateral moraines would block any potential contribution of sediment to the glacier surface from the valley sidewalls. The open black box
encircles the low gradient, upper portion of the glacier that is mostly out of view in the photograph. Approximate locations of representative

cosmogenic nuclide sample locations labeled as NP 212, 233, 236, and 240.
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2.2. Exposure age dating

In environments lacking suitable organic matter for
14C dating of glacial moraines, the cosmogenic nuclides
9Be and 2°Al have been applied to determine glacial
chronologies (e.g. Sloan and Phillips, 1998; Bierman
et al., 1999; Phillips et al., 2000; Benn and Owen, 2002;
Owen et al., 2002). Eq. (5) can be used to determine the
minimum exposure age of moraines, or any surface,
assuming no prior exposure of the sampled material, no
post depositional erosion of the surface sampled, or
exhumation of the surface by erosion. The reality in
applying this methodology is that some samples do have
inheritance of nuclide concentrations and that some
erosion of the moraine surface occurs. Putkonen and
Swanson (2003) suggest, for example, that cosmogenic
dating of moraines requires numerous samples to
discern the actual age of the moraine and propose a
model for interpreting nuclide exposure ages.

Similarly, Eq. (5) can be used to date exposure ages
of boulders, or aggregates of sediment deposited on the

Annapurna lll

N

surface of the glacier. If these samples had no previous
exposure to cosmogenic nuclide production, experi-
enced no change in exposure geometry since being
deposited on the glacier surface, and did not erode
significantly during transport upon the glacier, then
measured nuclide concentrations should increase sys-
tematically with distance from the sediment source area
if the sediment transport rate was constant. Naturally,
fulfilling all of these exposure constraints is unlikely for
the active surface of a debris-mantled glacier, but we
apply both of these dating applications to a small,
debris-mantled glacier in the Nepal Himalaya.

3. Field site and methods

Our field area fits within the larger context of a trans-
Himalayan transect used in several recent studies
quantifying the connections between erosion, climate,
and tectonic forcing (Pratt et al., 2002; Brewer et al.,
2003; Burbank et al., 2003; Gabet et al., 2004a,b,
Hodges et al., 2004; Pratt-Sitaula et al., 2004). Our study

o Valley Sidevialls
# Glacia Surfece

+ Ridge Crests

& Morzine Crests

Moraines ——
\ N

Fig. 2. DEM false-color image of the field site showing Annapurna III, Marsyandi River, and location of study area. Inset topographic map is from
field surveying using a Trimble GPS RTK Total Station® 4700 showing locations of cosmogenic nuclide samples. Contour interval is 50 m. Valley
sidewall sample locations are denoted by black diamonds, glacier surface sample locations shown with stars, ridge crest sample locations shown by
black crosses and the moraine crest sample locations are shown by filled triangles. Headwall topography was determined from combining the DEM
and the 1:50,000 topographic map (Nepal, 2001), but is omitted from the inset map for clarity. Inset map shows approximate boundaries of the two
lateral moraines (light grey shading) as well as the present ice surface (dark grey shading), although the surveyed area did not extend into the

accumulation area above 4400 m asl in elevation.
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was designed to determine erosion rates upslope of the
Marsyandi River in central Nepal and selected specif-
ically because of the topographic constraints on a small,
alpine glacier. The site, which we named Milarepa’s
Glacier because of the presence of a cave where the late
11th to early 12th Century Tibetan Buddhist Saint
Milarepa meditated, is a small, debris-covered glacier,
draining the north slope of Annapurna III into the
Marsyandi River (Fig. 1, though the peak is out of view
in the photograph, Fig. 1b).

3.1. Milarepa's glacier

Maximum relief of the steep (gradient of 1.4)
bedrock headwall contributing to the glacier is
2200 m, rising from an elevation of 4400 m asl
(where the dashed line on the crest of the left lateral
moraine joins the solid black line outlining the basin in
Fig. 1b) to 6600 m asl, the elevation of the top ridgeline.
Most of the headwall area is the bowl-shaped area
directly above the rectangle outlined on Fig. 1b, with
distinct, small patches of ice frozen to it in various
places. In other places, bedrock is clearly visible and is
eroding by blockfall as well as ice-plucking. Block sizes
evident on the surface of the glacier, and observed in
avalanche deposits above the bergschrund, range from
greater than 1 m® to cobble-sized clasts supported by a
sandy-gravelly matrix. The main, bowl-shaped headwall
map area, estimated from a high resolution topographic
map (Nepal, 2001), is about 1.3 km?, but because of it
steep slope and bowl shape, its surface area contributing
debris to the upper region of the accumulation area is

about 4.5 km?, estimated by breaking the topographic
map into rectangles capturing roughly planar sections of
the headwall. If the side slopes are included in this area
calculation, they add another 1.7 km? in map area, or
another 2.6 km? in contributing surface area. Their
relative contribution to the debris mantling the glacier is
uncertain, however, as the extensive avalanche and
blockfall deposits at the base of the main bowl were not
evident where these side slopes reached the accumula-
tion area of the glacier. Side slopes down-valley from
the contributing area outlined on Fig. 1b do not
contribute sediment to the glacier surface due to the
intervening ridges of the lateral moraines. All debris
eroded from these slopes are forming talus slopes that
can be seen on either side of the lightly dashed lines
designating the base of each lateral moraine (Fig. 1b).
The upper limit of the lateral moraines suggests an
equilibrium line altitude of 4350 m asl (Fig. 2), above
which the accumulation area is a relatively small and
steep region (gradient of almost 0.6, area of about
0.55 km?) fed by avalanches and rockfall from the
headwall. The top of the accumulation area is at an
elevation of 5350 m asl and is marked by avalanche and
blockfall deposits and an irregular, arcuit bergschrund.
As evident in Fig. 1b, no debris deposition from the
sidewalls was observed on the surface of the glacier
downslope of the upper extent of the moraines — the
moraines effectively shield the glacier from the side
slopes downhill of the black rectangle drawn in Fig. 1b.
The current ablation area is constrained between the two
lateral moraines (Figs. 2 and 3) and narrows from almost
700 m in width at the broad, low gradient area at the

Fig. 3. Photograph of the view down-valley from the terminus of Milarepa’s glacier showing the relatively un-dissected left lateral moraine (A) and
right lateral moraine (B), with relief of about 40 m. Note that the Marsyandi River is visible in the valley bottom, roughly 2 km away. Scar on distant

hillslope is a footpath.
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Fig. 4. Photograph of the valley west of the glacier. The valley sidewalls (A) are separated from surface of the glacier (off the right side of the photo)
by a wide valley bottom (B) and the ridge formed by the left lateral moraine (uphill from pt. A in Fig. 3) shown by the dashed line on moraine crest
(C). Structure in the middle of the photograph is a small monastery associated with Milarepa’s cave.

uppermost extent of the lateral moraines, to 40 m in
width at the terminus, marked by the star on Fig. 1b, at
an elevation of 3700 m asl. The area of the ablation area
is about 0.4 km? , such that the ratio of the accumulation
area to the total area of the glacier (AAR) is about 0.6,
within the expected range of AARs for steady-state
mountain glaciers (e.g. see review in Benn and
Lehmkuhl, 2000), but much greater than the accumu-
lation area observed on other debris-covered glaciers
(e.g. Clark et al., 1994).

No prior work has been done on this glacier. The
bedrock is part of the Tibetan Sedimentary Sequence,
which is mainly a Paleozoic-early Tertiary sedimentary
succession (principally shelf carbonates) with Neogene
metamorphic core complexes at higher elevations
(Hodges et al., 1996). The glacier snout has retreated
about | km from its terminal moraine at the floor of the
main Marsyandi valley, a distance that is about half as
far as the distance that the nearby, and significantly
larger Gangapurna Glacier has retreated since 1957
(Hagen, 1969). Milarepa’s Glacier is bounded by two
large lateral moraines (Figs. 1b and 3), which separate
the valley sidewalls from the glacier surface (Fig. 4).
Morphologically, the moraines are well developed and
due to their sharp crests and relatively un-dissected
sides, appear to be neo-glacial. Extensive and systematic
observations of the ice in crevasses below the
bergschrund and at the terminus, shows little to no
debris entrainment within the glacier (Fig. 5), although
the presence of the bergschrund and the processes of
debris contribution to the glacier suggests that some
debris must be entrained and is emergent due to ablation

as well as the glacial flow paths (e.g. Small, 1987a;
Anderson, 2000). As a first-order approximation, we
assume that all supraglacial debris originates from the
headwall (Figs. 1b and 2) rather than being eroded from
the base of the glacier and that relatively little debris is
entrained in the ice (e.g. Potter et al., 1998). While the

Fig. 5. Photograph within a crevasse draining into a moulin on the
surface of the glacier roughly 1 km downslope of the bergschrund
separating the glacier from the headwall. Note clean glacier ice (A) and
thin layer of supraglacial debris (B) mantling the surface of the glacier.
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glacier as retreated significantly such that it is now inset
into its lateral moraines, the sharp moraine crests and
minimal talus piles at base of the moraines suggests that
the moraines are a relatively small source of supraglacial
debris.

3.2. Supraglacial debris and headwall retreat

We measured downslope movement of the glacier
surface using five stable locations (large, well
entrenched boulders) at different locations on the glacier
surface. These points were re-occupied with a Trimble

S~

differential GPS RTK Total Station® 4700 every 3—
5 days until the satellite signal was stable enough to
insure sub-centimeter-scale accuracy at each point.
Using the GPS Total Station, we determined the
horizontal and vertical position of each point over
time relative to a fixed base station that was left in place
for the duration of the field season (about 3 months). We
used these measurements to calculate slope-parallel
movement rates (distance traveled downslope divided
by time between measurement) of the glacier surface,
which correspond to the downslope transport rate of the
supraglacial material debris.

¢

Glacier Surface

4 -|- 22 supraglacial debris pits
4 Movement Points

0 500m

Fig. 6. Topographic map of study area created from field surveying using a Trimble GPS RTK Total Station® 4700 showing locations of supraglacial
debris depth measurements (black crosses) with debris depths (m) labeled above or to the right of symbols. Stable points used to measure glacial
movement are shown by the filled black diamonds and the letter labeling them corresponds to letters in Table 1. Headwall topography and the upper
accumulation area are omitted for clarity. Elevations noted in m asl for the dark contour lines at 200 m intervals.
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We measured supraglacial debris depths by digging
pits with a shovel and pick-axe across the surface of the
glacier (Fig. 6). Using the pits, we measured the vertical
depth of debris cover with a tape measure. We estimated
the porosity within the debris mantle to be about 10%
across all our pits, reflecting the mixed fine and coarse
sizes in the debris cover. We also surveyed the surface of
the glacier and the surrounding catchment topography
over the course of the summer (June—August) field
season using differential GPS (Figs. 2 and 6). While our
measured depths spanned the entire length of the
ablation zone of the glacier, we used only local debris
depths for each of the surveyed base stations to
determine the local sediment transport flux. Debris
cover across this region was relatively consistent such
that our depth measurements from pits were applicable
across local widths of the glacier surface. The measured
surface velocity of the ice multiplied by the cross
sectional area of the debris cover (average local debris
depth times the width of the debris cover at each
velocity measurement point) enabled a yearly volumet-
ric flux of supraglacial debris. We determined a
headwall retreat rate by dividing this volumetric flux
by the contributing surface area of the headwall and
correcting for inflation (i.e. change in bulk density
between bedrock and sediment mantle). We note again
that this calculation leads to a surface-perpendicular
erosion rate rather than a vertical lowering rate (the
common way to report erosion rates) or a horizontal
retreat rate (the common way to report headwall retreat
rates). We therefore convert the surface-perpendicular
erosion rates to both horizontal and vertical rates using
the average gradient of the contributing area (Nepal,
2001).

3.3. Cosmogenic nuclides

We used a hammer and chisel to sample the top 1 to
3 cm of the sample sites where we could find sufficient
quartz for cosmogenic nuclide analyses on the ridge
crests and at sidewall rock outcrops. We also collected
surface samples (1 to 3 cm) from large boulders on the
lateral moraine crests by the same method. Aggregate
samples were also collected from the moraine crests and
supraglacial debris to provide an average exposure age
in locations where there were no suitable boulders for
dating. Similarly, we also collected samples of large
boulders and aggregates of cobbles from the surface of
the glacier. Sample sizes ranged from 1 kg, for samples
with relatively high quartz content, to 2 kg for samples
with less quartz to ensure at least 150 g of separated and
purified quartz, the target mineral for in situ cosmogenic

nuclide studies. The latitude, longitude, elevation,
aspect and shielding were recorded for each of the
samples (Dunai, 2000; Gosse and Phillips, 2001) using
the differential GPS that we used for our topographic
surveys. We calculated a site specific nuclide production
rates using a base production rate for '’Be of 5.1+
0.3 atoms/g/yr calculated for sea level at 60° N (Stone,
2000). Samples were assumed to be too young (moraine
crests samples, supraglacial debris samples) or eroding
too fast (bedrock samples) for measurements of 2°Al to
yield meaningful information on the exposure history of
the samples using the ratio of °Al to '°Be as described
in Nishiizumi et al. (1991).

Where possible, we collected samples from near
horizontal positions to maximize the exposure of the
surface to the cosmic ray flux. Nishiizumi et al. (1989)
discuss the implications of sampling inclined surfaces
and production rates were corrected for the effects of
dipping surfaces as well as for topographic shielding
after Stone (2000) and Dunai (2000). The potential
effects of snow cover were calculated based upon snow
data for weather stations at similar elevations on the
north slope of the Annapurna Range (Putkonen,
personal communication) and found to be negligible.
We attempted carefully to collect samples from loca-
tions that had not obviously failed recently by blockfall
as the nuclide concentrations would not reflect a steady-
state erosional process.

4. Results and discussion
4.1. Headwall retreat rate

The twenty-two pits dug across the surface of the
glacier (Fig. 6) show debris cover depths ranging from
0.1 m to 2.4 m, yielding an average supraglacial debris
depth of 1.3 m for the glacier surface away from any
sediment input from the moraines. We observe an increase
in debris depth down-glacier with locally thin and thick
regions of cover, which we interpret to reflect the
significant narrowing of the constraining valley formed
by the lateral moraines, rather than the addition of
significant englacial debris in the ablation area. The
upper, gentler portion of the glacier has significantly
thinner debris cover with an average depth of 0.7 m while
the lower, steeper portion of the glacier has an average
debris depth of 1.8 m. Surface movement rates for all six
re-occupied sites averaged to 0.047+0.006 m/day, with
little variation between sites (Table 1). Average daily
movement rates ranged from 0.045 m/day at site E to
0.050 m/day for sites B and D. Individual measurements of
movement rates varied from 0.031 m/day to 0.058 m/day
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Table 1
Supraglacial debris transport

Site A downslope Site B downslope

Site C downslope

#days® Movement (m)®  Rate (m/day)®  #days

Movement (m)®  Rate (m/day) #days

Movement (m)®  Rate (m/day)

5 0.276 0.055 5 0.266 0.053 5 0.247 0.049
4 0.214 0.054 4 0.226 0.057 4 0.208 0.052
4 0.159 0.040 4 0.167 0.042 4 0.124 0.031
3 0.156 0.052 3 0.122 0.041 3 0.144 0.048
6 0.272 0.045 6 0.346 0.058 6 0.317 0.053
16 0.75 0.047 16 0.794 0.050 16 0.736 0.046
Average 0.049 Average 0.050 Average 0.047
Width (m) 100 Width (m) 148 Width (m) 185
Depth (m) 2.4 Depth (m) 2.4 Depth (m) 1.8
Site D downslope Site E downslope
#days Movement (m)®  Rate (m/day)  #days Movement (m)®  Rate (m/day) Site Flux (m 3/yr)
4 0.172 0.043 4 0.189 0.047 A 4290
3 0.126 0.042 3 0.139 0.046 B 6350
6 0.312 0.052 6 0.257 0.043 C 5720
16 0.787 0.049 16 0.67 0.042 D 7624
Average 0.047 Average 0.045 E 5110
Width(m) 222 Width (m) 259 Average 5820

Depth (m) 2.0 Depth (m) 1.2

? # days refers to the time between re-occupation of movement points.

® Downslope movement is relative to a fixed base station and corrected for local slope.
¢ Glacial movement rates determined from repeated GPS surveying of stable locations across the glacier.

(Table 1). Velocity vectors for all survey sites are oriented
in the same direction and show the glacier surface
movement to be N 10°E (Fig. 6). While the internal
agreement between each of these survey points is
encouraging, there is likely to be considerable variation
in downslope transport rates depending on season. We
discuss the potential range of transport rates below by
presenting an estimate of the long-term transport rate of
supraglacial material.

Using the slope parallel local debris transport
velocity measurements for each of the stable surveyed
points (Table 1), with measured width and depth of the
debris (Table 1, Fig. 6), we estimated the supraglacial
debris flux for cross sections across the glacier at each of
the velocity measurement sites. Assuming that the aver-
age velocity measured during the field season equals the
average annual transport velocity, the local flux ranges
from 4290+640 m?®/yr near the terminus to 7620+
1140 m>/yr about 100 m in elevation higher up the
glacier. There is no systematic variation of flux with
distance downslope, or width of the cross section, and if
we assume roughly the same velocity for the debris
transport for the upper portions of the glacier we find
similar variations of flux (i.e. from 3810 to 6350 m>/yr
for cross sections with widths and depths of 0.4 m and
560 m, and 1 m and 370 m, respectively. We therefore

use the average transport flux of 582041990 m*/yr from
all five of the velocity measurement sites to estimate the
erosion rate of the headwall. This flux was corrected for
the change in bulk density between the bedrock source
area of the headwall and the supraglacial debris mantle
using an estimated sediment to rock ratio of 0.8.
Dividing the average transport flux 58201990 m?/
yr by the contributing surface area of the main headwall
bowl, 4.5 km?, yields a surface-perpendicular erosion
rate of 1.3+£0.5 mm/yr. If we include the side slopes,
with a additional contributing surface area of 2.6 km?,
that might be supplying debris to the surface of the
glacier, the inferred surface-perpendicular erosion rate
drops to 0.82+0.3 mm/yr. Based on our observations of
minimal debris contributions from the side slopes, we
use the contributing area of the main bowl for the best
estimate of a maximum headwall retreat rate. This
estimated rate is likely to be an upper bound on the long-
term average rate as our field season was during the
summer when glacial movement due to sliding and
deformation is likely to be the highest. Without detailed
measurements throughout the year on Milarepa’s
glacier, we cannot be certain of a long-term average
rate of downslope transport, but we estimate a range of
potential velocities below, based on our cosmogenic
nuclide exposure ages of supraglacial debris and note
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that temporal variations in glacier motion can be quite
significant.

The average gradient across the main headwall area
that is contributing sediment to Milarepa’s glacier is
1.24. Using this gradient with the maximum slope-
perpendicular erosion rate of 1.3+0.5 mm/yr yields a
vertical lowering rate of 0.42+0.16 mm/yr, and a
horizontal retreat rate of 1.2+0.5 mm/yr.

The headwall retreat rates inferred here are within the
range of about 0.1 to 1.0 mm/yr reported elsewhere for
periglacial environments (French, 1996), and are well
within the range reported for areas dominated by active
rock glaciers (e.g. Gray, 1970; Barsch, 1977a; Buche-
nauer, 1990). It is, however, the first such rate
determined for the Nepal Himalaya. Studies in perigla-
cial environments are often limited to seasonal observa-
tions of rockfall on snow (e.g. Matsuoka and Sakai,
1999) and may not be representative of average rockfall
activity on a multi year timescale. Our method integrates
over hundred-year to millennial timescales and therefore
incorporates higher magnitude, lower frequency events
triggered by earthquakes, or years with intense precip-
itation that may have triggered increased rockfall
activity (e.g. Matsuoka, 1990). We do not, however,
assume this rate to be representative of a retreat rate

applicable over the last several thousand years, nor is it
thought to be representative of retreat rates for potential
future climates. Instead, it is a first-order estimate based
on assumptions reasonable for the field conditions that
we observed and is likely to be constrained further
through continued investigation. We discuss below how
our short-term measurements of supraglacial sediment
transport rates may overestimate of the down-glacier
debris flux rates.

An additional source of uncertainty in estimating
headwall retreat rates from the flux of supraglacial debris
is the additional debris transported englacially (e.g. Benn
and Evans, 1998). We attempted to use ground penetrat-
ing radar to estimate ice thickness and englacial debris
concentrations (e.g. Gades et al., 2000), but were
unsuccessful in obtaining meaningful results. Our field
observations suggested minimal englacial transport,
which is the assumption we used. If we use a conservative
estimate of englacial debris concentration of 10% by
volume (e.g. Hunter et al., 1996) and a rough estimate of
ice cross-sectional area at measurement site C (Table 1) of
3700 m* (185 m wide by 20 m deep, on average), then we
would estimate a englacial sediment transport flux com-
parable to the supraglacial flux. This additional sediment
transport flux would be halved if we estimated the average

Table 2

B¢ exposure ages

Sample ID*  Sample Elevation (m)  '°Be (atoms/g)  Error' Production rate’ (atoms/g—yr)  Exposure age (yr)  £yr
NP 222 E moraine crest 4000 4.348E+04 6.51E+03  55.21 788 127
NP 223 E moraine crest 3813 2.306E+04 3.62E+03  50.11 460 77
NP 233 E moraine crest 4275 1.509E+04 3.38E+03 634 238 55
NP 234 E moraine crest 4216 2.483E+04 1.99E+03 634 392 40
NP 235 E moraine crest 4157 7.401E+03 6.47E+02  59.79 124 13
NP 212 W moraine crest 3844 2.646E+04 1.62E+03  50.93 520 44
NP 213 W moraine crest 3797 7.042E+03 1.78E+03  49.69 142 37
NP 214 W moraine crest 3669 1.981E+04 1.40E+03  46.43 427 39
NP 215 Glacier surface 4288 1.527E+04 2.25E+03  63.81 239 38
NP 216 Glacier surface 4288 5.716E+04 9.00E+03  63.81 896 151
NP 217 Glacier surface 4217 1.798E+04 4.37E+03  61.61 292 73
NP 218 Glacier surface 4062 1.995E+04 2.17E+03  56.99 350 43
NP 220 Glacier surface 3921 4.308E+04 4.09E+03  53.01 813 91
NP 221 Glacier surface 3862 1.440E+04 9.96E+02  51.41 280 25
NP 225 Glacier surface 3800 2.205E+04 1.89E+03  48.14 458 46
NP 226 Glacier surface 3862 1.814E+04 1.20E+03 5141 353 31
NP 227 Glacier surface 4000 2.185E+04 1.96E+03  51.41 425 42
NP 228 Glacier surface 4000 2.405E+03 1.50E+03 5141 47 27
NP 229 Glacier surface 4000 7.467E+03 1.45E+03 5141 145 135
NP 230 Glacier surface 4306 5.396E+04 3.10E+03  64.38 838 69
NP 231 Glacier surface 4306 1.193E+04 8.48E+02  64.38 185 17
NP 232 Glacier surface 4306 7.422E+03 7.51E+02  64.38 115 13

'Errors represent 1o analytical uncertainties.
ZProduction rates scaled by base production rate of 5.10.3 atoms/g/yr for sea level at 60°N (Stone, 2000).
3Samples in italics are not used in calculations of moraine age or long-term supraglacial.

“*Latitude, longitude, elevation, aspect and shielding recorded for all samples (Dunai, 2000; Gosse and Phillips, 2001).
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Table 3
Inferred '°Be erosion rates

Sample ID* Sample description Elevation (m)

19Be (atoms/g) Error!

Production Rate’ (atoms/g—yr) Erosion rate (mm/yr) = (mm/yr)

NP 236 Ridge crest 4069 3.36E+05 1.88E+04 57.19 0.101 0.018
NP 239 Ridge crest 4723 2.33E+05 1.36E+04 78.60 0.200 0.037
NP 240 Ridge crest 4897 2.16E+04 1.47E+03 78.42 2.150 0.410
NP 241 Ridge crest 4718 1.51E+06 8.88E+04 17.07 0.006 0.003
NP 242 Ridge crest 4858 4.35E+05 2.42E+04 17.07 0.023 0.011
NP 203 Valley sidewall 4288 1.42E+05 7.90E+03 61.95 0.259 0.047
NP 205 Valley sidewall 4302 1.80E+05 1.00E+04 64.25 0.211 0.038
NP 206 Valley sidewall 4540 2.96E+05 1.72E+04 72.11 0.144 0.026
NP 211 Valley sidewall 4610 3.36E+04 2.16E+03 74.54 1.310 0.250

"Errors represent 1o analytical uncertainties.

2Production rates scaled by base production rate of 5.1:£0.3 atoms/g/yr for sea level at 60° N (Stone, 2000).

Samples in italics interpreted as recent blockfall failure.

“*Latitude, longitude, elevation, aspect and shielding recorded for all samples (Dunai, 2000; Gosse and Phillips, 2001).

ice depth to be 10 m, or the englacial debris concentration
to be 5%. The resulting headwall retreat rate estimate
would be increased by a factor of 1.5 to 2 based on such
accounting for englacial debris transport. Without the
detailed measurements of englacial debris concentrations
used in very few studies (e.g. Hunter et al., 1996) we
cannot be certain about how much sediment is being
transport within the glacier, but we do know that our
estimate of headwall retreat using supraglacial transport
alone is likely to be an underestimate.

4.2. Cosmogenic nuclide determined exposure ages

We analyzed a total of thirty-one samples for '’Be
concentrations (sample locations shown in Fig. 2, inset):
eight samples from moraine crests (east and west) for
exposure age dating; fourteen from the debris on the

surface of the glacier for exposure age dating; five
samples from exposed bedrock on ridge crests for
determining erosion rates; and, four bedrock samples
from the valley sidewalls, also for determining erosion
rates (Tables 2 and 3).

Measurements of '°Be concentrations from the
moraine crest samples led to us to infer minimum
exposure ages ranging from 124+13 to 788+127 yr
(Fig. 7, Table 2). West moraine crest samples led to an
average minimum exposure age of 363+40 yr, while
east moraine crest samples yielded an average minimum
exposure age of 400+62 yr. The three aggregate
samples, with minimum exposure ages ranging from
392+40 to 520+42 yr, yielded an average of 446+41 yr.
The samples collected from individual boulders show
greater scatter, ranging from 124+13 yr to 788+ 127 yr
with an average minimum exposure age of 350+62 yr.
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Fig. 7. Exposure ages inferred from measured '°Be concentrations from samples on the cast and west lateral moraine crests as a function of elevation.
Age spread is similar for both moraines and so the symbols are not differentiated. The letters beside the symbols designate whether the sample was an
aggregate (A) or boulder (B). Dashed line represents moraine age of 468 yr based upon method of Putkonen and Swanson (2003).
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There is a relatively high degree of scatter in the
inferred moraine crest exposure ages (Fig. 7). Putkonen
and Swanson (2003) suggest that cosmogenic dating of
moraines is complicated by erosion of the moraine and
subsequent exposure of boulders, yielding ages gener-
ally younger than the moraine itself. They also suggest
that to get an accurate age for moraines with initial
heights of 30 m and ages younger than 20 kyr, at least
five samples should be analyzed. Based upon the intact
morphology of the moraines we suggest that the
moraines are younger than the inferred exposure age of
a large boulder sample, NP222, and that its relatively old
exposure age (788+127 yr), determined by relatively
high nuclide concentrations, may be the result of pre-
deposition exposure (Fig. 7). We therefore do not include
this sample in our interpretation of the moraine samples.
The remaining seven samples show a large range in
exposure ages consistent with the findings of Putkonen
and Swanson (2003), who show an on-site average age
range of 38% for all published cosmogenic exposure
ages for moraines, suggesting that age of the oldest
boulder on the moraine will be >90% of the moraine
age. Using their method yields a minimum moraine age
of 468 yr, which is consistent with the 480+ 80 year time
of a glacial advance for the Imja Khola Basin, Khumbu
Himalaya, Nepal, roughly 200 km east of our field area,
but with a similar climatic setting, as determined by
radiocarbon dating (Fushimi, 1978). This close agree-
ment between different field sites in the Greater
Himalaya of Nepal suggests that there may have been
a significant regional period of glacial expansion for the
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Himalayas around 460—480 yr, about the time of the
Little Ice Age (roughly 450—-300 yr ago).

We observed a similar range of exposure ages using
19Be concentrations inferred from samples from the
surface of the glacier (Fig. 8). Aggregate sample con-
centrations lead to an inference of minimum exposure
ages ranging from 115+13 to 896+151 yr with an
average minimum exposure age of 460+50 yr. Con-
centrations from individual boulder samples lead to
minimum exposure ages that range from 145+135 to
810+90 yr with an average age of 330£70 yr.

We estimate the residence time of the supraglacial
debris in the glacial system by dividing the slope length
of the glacier (4400 m) by the short-term surface
movement rate determined above (17 m/yr), assuming
that this short-term rate is constant. This first-order
estimate yields a residence time for sediment of about
260 yr as it travels from headwall to terminus,
suggesting that, if this short-term rate were applicable
over longer time scales, exposure ages should range
from zero near the headwall to 260 yr at the terminus.
We plot nuclide-inferred exposure ages against slope
distance, where our lowest sample is about 200 m
upslope of the terminus and our highest sample is at
4300 m, on the broad, low-gradient area prior to the
break in slope between accumulation and ablation areas
and about 1500 m downslope from the bergschrund
(Fig. 8). If sediments were indeed being transported at
17 m/yr, the highest elevation samples would yield
exposure ages of about 90 yr, while the lowest elevation
sample would yield an exposure age of about 260 yr.
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Fig. 8. Exposure ages inferred from measured '°Be concentrations from boulders and aggregate samples from the supraglacial surface of the glacier as
a function of slope distance from the uppermost extent of the glacier. Samples are noted by letter to differentiate aggregate (A) samples of small
cobbles and tops of boulders, from boulder (B) samples of only boulder tops. Trend line shows a rough fit to the average long-term rate of downslope
movement of 10 m/yr. Excluding the three oldest samples (>800 yr exposure ages) that are likely to have some inheritance from prior exposure

increases this inferred long-term rate to 12 m/yr.
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Instead, we infer exposure ages for the highest samples
that range from 115 to over 800 yr, and infer an exposure
age of 460 yr for the lowest elevation sample.

This scatter in '’Be exposure ages for the supragla-
cial debris can be explained by the potentially different
and complicated exposure histories of these samples.
Supraglacial debris surfaces are unstable and therefore
samples may be buried or shielded periodically by other
debris as they are transported. This process would result
in the inference of younger exposure ages than their
actual exposure history by shielding the boulders from
incoming cosmic ray flux. Additionally, samples may
have had different exposure histories prior to reaching
the surface of the glacier and the significantly higher
nuclide production rate on rock sourced from the
contributing area cliff faces will also change the inferred
ages measured if there is any inherited nuclide
concentration. Finally, during down-glacier transport,
boulders and other supraglacial debris may be eroded
such that any accumulated nuclide concentrations may
include an erosional history. For the most part, these
factors would lead to exposure ages younger than the
age inferred from nuclide concentrations accumulated
during transit upon the glacier’s surface.

The data plotted on Fig. 8 show the reality of
sampling on such a complicated surface, even when we
used aggregate samples to help minimize such differ-
ences in exposure history. One end-member interpreta-
tion of these data would be to suggest that there was
some catastrophic failure of the headwall, perhaps
roughly coincident with the age of the moraines,
which deposited most of the supraglacial debris. The
debris has been smoothing itself down-glacier and
exposure ages reflect the wide range of scatter around
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some input age, perhaps about 450 yr ago. Another way
to interpret these data is to exclude anomalously old
samples (>800 yr) that were likely to have had some
inheritance prior to deposition (Fig. 8). The remaining
age vs. slope distance data reveal a rough increase in age
with distance down glacier. Using these data with the
downslope transport distance of the samples yields an
estimated long-term transport rate of about 10 m/yr.
Using the older samples, near the terminus of the glacier,
leads to a calculated residence time of about 440 yr for
the length of the glacier. While this is a rough estimate
based on these exposure ages, it is encouraging that it is
not only reasonably slower than the short-term rate, but
also of the same magnitude (e.g. Benn and Evans,
1998). If this long-term rate is correct, then the slower
transport rate would result in a reduced supraglacial
sediment flux of 3800 m*/yr, which would lead to an
inference of a slope-perpendicular erosion rate of the
headwall of 0.824+0.31 mm/yr for the same contri-
buting area. This would lead to a vertical lowering rate
0f 0.25+0.10 mm/yr, which is remarkably similar to the
cosmogenic nuclide determined erosion rates for the
bedrock sidewalls, discussed below.

4.3. Cosmogenic nuclide determined and erosion rates

Measured concentrations of '°Be from the five ridge
crest bedrock samples led us to infer erosion rates
ranging from 0.006+0.003 mm/yr to 2.15+0.41 mm/yr
using Equation 6, while '°Be concentrations from the
four sidewall bedrock samples yielded erosion rates
ranging from 0.14+0.03 to 1.31+0.25 mm/yr (Fig. 9,
Table 3). These rates are equivalent to vertical lowering
rates. Samples NP211 (from the valley sidewall) and
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Fig. 9. Inferred erosion rates (mm/yr) from '°Be concentrations for ridge crest (R) and valley sidewall (S) bedrock samples plotted against elevation
(m asl). Note that the two highest erosion rates are determined from samples thought to have experienced recent blockfall failure.
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NP240 (from the eastern ridge crest, approximate lo-
cation shown on Fig. 1b), with erosion rates of 1.31+
0.25 mm/yr and 2.15+0.41 mm/yr respectively, are
from narrow, highly exposed bedrock surfaces. NP240
is from between two bedrock exposures on a narrow
ridge and was the only quartz-bearing rock available on
the high ridge. NP211 is from the exposed bedrock
above the head of the glacier. Both samples are likely to
reflect non-steady-state erosional histories and were
noted as potential outliers in our sample notes.
Excluding these two samples, which were very likely
to have experienced recent block erosion, there is
remarkable agreement between samples across the study
area. The average erosion rate is 0.08+0.03 mm/yr for
the bedrock ridges, and is 0.204+0.05 mm/yr for the
valley sidewalls. Sample NP 236 with an erosion rate of
0.10£0.02 mm/yr is the lowest elevation ridge crest
sample collected and is from a horizontal surface on the
western ridge (Fig. 1b). Samples NP239, NP241, and
NP242, are from narrower ridge crests at higher
elevations. The two samples (NP241 and NP242) from
the highest elevations show the lowest erosion rates
(0.006+0.003 and 0.023+£0.011 mm/yr respectively).

Despite the rough agreement, our results show a large
range of erosion rates for different parts of the landscape
from 0.006+£0.003 mm/yr to 2.15+0.41 mm/yr (Fig. 9).
The high inferred erosion rates for samples NP211 and
NP240 (1.31+0.25 mm/yr and 2.15+0.41 mm/yr respec-
tively), as well as sample morphology and location,
suggest that these samples may be from locations eroding
through blockfall that were recently exposed (7.g for
NP211 and NP240 is 451+£39 yr and 275425 yr,
respectively). Nuclide concentrations from these samples
may not represent steady-state erosional histories and
were therefore sampled inappropriately despite our best
attempts to constrain our samples in the field. Conversely,
sample NP236, taken at the lowest elevation, with an
erosion rate of 0.10+0.02 mm/yr, is from a broad, flat,
grass covered, convex ridge that is unlikely to experience
any blockfall or landslide. The results for bedrock ridge
crest erosion rates reported here are significantly faster
than erosion rates reported for alpine environments in
other mountain ranges (e.g. Small et al., 1997; Summer-
field et al., 1999). While it may be tempting to link the
high uplift rates of the Himalaya to these rates, the ridge
crest morphology and erosional processes are not
significantly different at our field site than at other alpine
sites, which raises an interesting paradox.

We suggest that our site may be subjected to more
extreme climate variations due to the high elevation and
the role of the monsoon, but the direct connections
between climate and erosional processes and rates have

yet to be realized (e.g. Burbank et al., 2003; Hodges
etal., 2004; Wobus et al., 2005). Nishiizumi et al. (1993)
report bedrock ridge crest erosion rates based on two
measurements from the Tibetan Plateau, north of our
study area and in a very different climatic setting, of
0.014 mm/yr and 0.056 mm/yr. These rates are on
average much lower than those reported here, but
sample details are lacking from their study except that
they were well into the rain shadow of the Himalaya.
Our two ridge crest with the lowest rates (0.006+0.003
and 0.023+0.011 mm/yr) fall below and within the rates
reported by Nishiizumi et al. (1993). Despite the range
of rates inferred by our samples, we suggest that ridge
crests are lowering at an average of 0.08+0.03 mm/yr,
while the sidewalls are eroding more rapidly, at an
average of 0.204+0.05 mm/yr.

If we use our long-term estimate of down-glacier
sediment transport rates determined from exposure age
dating of the supraglacial debris, then the vertical
lowering rate due to headwall retreat approaches the
average sidewall erosion rate. If this is indeed the case,
then it is likely that the bedrock erosion rates across the
up-glacier slopes of our field site are roughly similar and
that processes of catastrophic blockfall are ultimately
setting the lowering rate of the ridge crests. While the
processes eroding the exposed bedrock walls of the
study area are periglacial (e.g. frost cracking, ice
wedging), the resulting blockfall erosion contributing
sediment to the glacier surface is being driven by the
incision of the glacier on the valley floor. It is unlikely
that this valley has been free from glacial cover during
its evolution and the absence of an overdeepened gorge
suggests that the glacier is not eroding significantly
faster than the surrounding valley walls (Fig. 1b). If this
is indeed the case, then our quantification of periglacial
erosion rates offer some constraint on glacial erosion
rates for small alpine glaciers in the Nepal Himalaya. If
so, then both periglacial rates and the inferred glacial
rates quantified here are significantly lower than the few
fluvial incision rates that have been estimated for trans-
Himalayan rivers.

Fluvial incision rates determined for the Himalaya
range from 1-12 mm/yr (Leland et al., 1998; Pratt et al.,
2002; Pratt-Sitaula et al., 2004) and depend on tectonic
setting. Using the maximum rate of 8.5 mm/yr estimated
for the region (Pratt-Sitaula et al., 2004) suggests that
erosion of the ridge crests, valley sidewalls, and the
main headwall of Milarepa’s Glacier is unable to keep
pace with fluvial incision downstream in the Marsyandi
River, and that relief must be increasing with time. If
such high incision rates continue over time, propagating
up the Marsyandi drainage, they would lead to long,
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over-steepened hillslopes that are less stable and subject
to increased denudation by bedrock landsliding (e.g.
Schmidt and Montgomery, 1995). Whipple et al. (1999)
suggest, however, that an increase in fluvial erosion
does not necessarily lead to an increase in relief due to
the supposed onset of catastrophic failure collapsing the
over-steepened slopes. Because ridge crest lowering is
unable to match fluvial incision rates the resulting over-
steepened slopes are likely to be subject to large-scale
collapse such as the valley filling events suggested by
Pratt et al. (2002). At this point we are unable to
distinguish between the roles of fluvial and glacial
erosion in setting the base level for the surrounding
landscape, but given the results reported here and
forthcoming glacial chronologies (Pratt-Sitaula et al.,
2003), we suggest a full-scale morphologic analysis for
the region, similar to Brocklehurst and Whipple (2002),
will help resolve this fundamental question.

5. Conclusions

We present a method for determining headwall retreat
rates based upon measuring the flux of supraglacial
debris eroded from a bedrock-dominated headwall. We
applied our method to a small debris covered glacier in
the central Nepal Himalaya, calculating a sediment flux
of 5820+1990 m>/yr, which led to determining a slope-
perpendicular headwall retreat rate of 1.3+£0.5 mm/yr,
well within rates reported using other methods in a
variety of settings. This slope-perpendicular rate corre-
sponds to a vertical lowering rate of 0.42+0.16 mm/yr
and a horizontal retreat rate of 1.2+£0.5 mm/yr.
Cosmogenic nuclide concentrations ('°Be) from bed-
rock ridge crest and valley sidewalls inferred average
point specific erosion rates of 0.08+£0.03 mm/yr and
0.20+£0.05 mm/yr, respectively, which are equivalent to
vertical lowering rates. Differences between these
nuclide-derived rates and the flux-derived rate is likely
due to uncertainties in both the headwall contributing
area, as well as the downslope transport flux of the
supraglacial debris. We estimate a long-term transport
sediment transport rate by the glacier by dating
supraglacial debris with '’Be measurements, which
reduces the slope-perpendicular erosion rate of the
headwall to 0.82+0.31 mm/yr for the same contributing
area. This would lead to a vertical lowering rate of 0.25+
0.10 mm/yr, comparable to the erosion rates for the
valley sidewalls determined using cosmogenic nuclide
analyses. If this were the case, then the headwall and
sidewalls would be eroding at roughly similar rates. We
also use cosmogenic nuclide concentrations from
moraine crest samples to determine that a significant

glacial advance in the region occurred about 470 yr ago
and therefore corresponds to the onset of the Little Ice
Age in Europe. Finally, we compare our point-specific
erosion rates to fluvial incision rates for the Marsyandi
River draining the study area and a similarly steep region
with active fluvial incision into bedrock gorges in the
northwestern Himalaya and find a large discrepancy
between fluvial incision and ridge crest and sidewall
erosion rates. This comparison quantifies the morpho-
logic suggestion that even over-steepened vertical rock
faces responding to glacial incision are unable to match
the rapid down-cutting rates of the major rivers draining
the Nepal Himalaya.
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