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Abstract
Glaciers, erosion and climate change in the Himalaya and St. Elias Range, SE Alaska
Adam D. Barker
Chair of the Supervisory Committee:
Professor Bernard Hallet
Department of Earth and Space Sciences
The important roles of glaciers in topographic evolution, relief development, and
sediment production are well recognized but understanding remains rather limited largely
because of the inherent complexity of glacial erosion in diverse terrains, the lack of validated
glacial erosion models, and the sparse nature of the data available on erosion rates. The
primary focus of this research is defining and understanding rates of glacial erosion and their
spatio-temporal variation at the scales of single glacier basins and entire orogens. | study
glacial erosion in two tectonically active mountain ranges, the Himalaya and the St. Elias
Range (Alaska), ideally suited for this study because of the wealth of pertinent data already
available, and because they represent a broad range of climates and glacier types. In the
Himalaya study, | also examine the impact of the debris produced by glacial erosion that
accumulates on the glacier surface on glacier mass balance and the response of the glacier to
climate change. In the SE Alaska study, | model the spatial pattern of erosion rates over an
entire glacial cycle, and compare the temporally averaged rates to published rates of
exhumation to validate and calibrate an erosion model. These model results illuminate the

source region and temporal aspects of the offshore sediment record that have received
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considerable attention in the context of climate-driven modulation of erosion and sediment
production.

Large data sets on exhumation rates spanning the entire Himalayan arc have
documented spatial and temporal variations in erosion rates; however, data on glacial erosion
rates at the heavily glaciated crest of the Himalaya are very sparse. In light of this weakness
in the knowledge base, | integrate several types of field research to investigate rates of
erosion for a single glaciated basin at the base of Mt. Everest. | found that erosion rates for
two timescales, contemporary (10 yr) and over the Holocene (10* yr), are similar to
published long-term (O ~ 107 yr) exhumation rates (~1 mm/yr) derived from
thermochronometric data in the region. The apparent uniformity of erosion and exhumation
rates over a large range of time implies a surprising insensitivity to likely variations in
climate, structural development, and relief evolution; it also contrasts with recent studies
emphasizing the variation of rates over different timescales. Moreover, measurements of the
suspended sediment flux out of the proglacial stream suggest that the fluvial evacuation rate
of suspended sediments is ~50x less than the contemporary sediment production rate. This,
together with the known time over which sediment has accumulated in the basin, the
downglacier decrease in sediment flux, and evidence that the contemporary glacier is perched
on a 20-100 m thick debris edifice, implies that most of the eroded debris remains within the
basin. This result provides new insights into the geomorphic development of the high relief
in the Himalaya, and the episodic nature of the downstream transfer of sediment from high

glaciers.
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To investigate links between basin erosion, debris transfer, and the evolution of
debris-covered glaciers during periods of climate change, | numerically model the coupled
evolution of ice and debris for Khumbu Glacier. For the first time, | define a relationship
between ice-melt rate and debris thickness, representative of the thick surface debris
characteristic of the Khumbu region, and implement it in the model to quantitatively explore
the “debris-covered glacier anomaly”. The model simulates the response of a debris-covered
glacier to changes in climate forced by variations in the net mass balance represented by
vertical shifts in the equilibrium line. Model results indicate that despite the thick debris
cover, Khumbu Glacier has thinned at rates similar to current rates measured by remote
sensing, averaging 0.4 m w.e./yr, for over a century since the Little Ice Age (LIA). Even
under a constant climate, it will continue to thin into the future, by about 6-8% by AD2100,
largely in the middle part of the glacier with minor changes in the terminus ice thickness and
extent.

In SE Alaska, | expand the study region from a single catchment to an entire orogen
where | model the spatial distribution of erosion rates on two timescales, the present-day and
the longer-term. The latter represents the past ~100-kyr when much larger ice masses
covered the study area and underwent large oscillations; by inference, it represents the
Quaternary during which these large oscillations prevailed and much of the orogen was
exhumed. | hypothesize that the rate of erosion increases with the glacier power, the amount
of energy available for erosion per unit time and per unit area of the glacier bed, which has
the advantage of representing the strength of the ice-bed coupling, the basal shear stress, as
well as the sliding rate. When averaged over an entire major cycle, glacier power accounts

for nearly 70% of the variation in the published exhumation rates inferred from



thermochronology data from the entire orogen despite the large range of substrate
characteristics expected in the region. The strong correlation between exhumation rates and
glacier power validates the hypothesis that the rate of erosion scales with power and the
numerical erosion model. Model results define the zones of rapid exhumation as the zones of
steep and rapid glaciers. Moreover, the results dispel the notion that rapid erosion is spatially
coincident with the long-term position of the equilibrium line; averaged over the major
Quaternary glaciations, the position of the equilibrium line is well south of zones of rapid

exhumation, close to the continental shelf break in the Gulf of Alaska.
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Chapter 1: Introduction

Rates of erosion and debris production at the crest of the Himalaya, the
quintessential tectonically active mountain range, are poorly known, yet it is widely
recognized that erosion plays a central role in mountain building and that debris
strongly influences the sensitivity of glaciers to climate change. In contrast, erosion
rates averaged over individual glacier basins and over timescales of 10 to 10° years are
relatively well defined in the St Elias Range, SE Alaska through studies of sediment flux
and thermochronology, respectively. However, the link between the pace of erosion
and glacier characteristics has received little attention, and very little geologic data
exist to define empirically the spatial variation of erosion rates within the vast areas of
individual glacier systems that reach 5000 km?2. Moreover, long-term variations in the
pattern of erosion driven by growth and shrinkage of glaciers during typical glacial
cycles are poorly understood. Consequently, the relationship between the dynamic
glaciers and the rapid exhumation in the St Elias Range remains poorly defined.

This thesis aims to constrain the temporal variations of glacial erosion rates at
the crest of the Himalaya, Nepal, and their spatial and temporal variation in the St. Elias
Mountains, SE Alaska. In the Himalaya, I also examine the impact of the debris
produced by glacial erosion, which accumulates on the glacier surface, on the mass
balance of a glacier and on its response to climate change. This work bears on several
topics of considerable current interest within the scientific community and of direct
societal relevance. Three substantive chapters (2-4) comprise the thesis and are

followed by a summary. In this chapter, I introduce important underlying concepts and
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provide context for the research reported herein. I start by introducing the importance
of glacial erosion studies, and explaining what is known and is not known about glacial
erosion rates. I, then, follow with a primer on how glacier erosion is implemented in
numerical models and review modeling studies investigating the influence of debris on

glacier evolution in the Mt. Everest region.

1.1 Importance of glacial erosion

Understanding the spatial and temporal variations of glacial erosion rates not only
helps define the influence of glaciers on Earth’s surface but also helps address topics in
diverse disciplines in which glacial erosion plays a vital role. 1) Geodynamics: the influence
of glacial erosion on mountain building and the interplay between tectonics, topography, and
surface processes (e.g., Molnar and England, 1990; Beaumont et al., 2001; Zeitler et al.,
2001; Wobus et al., 2003; Tomkin, 2007; Berger et al., 2008; Scherler et al., 2011; Valla et
al., 2011; Yanites and Ehlers, 2012; Herman et al., 2013, 2015; Enkelmann et al., 2015;
Herman and Champagnac, 2016; Willenbring and Jerolmack, 2016). 2) Marine geology:
offshore glacial sediment sequences record spatial and temporal patterns of sediment
production that reveal the influence of climate variability on erosion processes (e.g., Hallet et
al., 1996; Elverhgi et al, 1998; Peizhen et al., 2001; Molnar, 2004; Koppes and Hallet, 2006;
Gulick et al., 2015; Koppes et al., 2015; Fernandez et al., 2016). 3) Glaciology: sediments
that underlie ice masses (e.g., the ice streams that drain much of the West Antarctic Ice
Sheet) may enhance glacier motion and influence the position of ice streams by reducing bed
roughness and lowering resistance to flow (e.g., Weertman, 1964; Anandakrishnan et al.,
1998; Tulaczyk et al., 2000; Alley et al., 2003; Joughin et al., 2004; Smith et al., 2013;

Seigert et al., 2016). 4) Climate change and sea-level rise: ice/ocean interactions have
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received much attention in part due to the role of offshore sediments in controlling the

advance of marine-terminating glaciers into deep water (e.g., Meier and Post, 1987; Nick et
al., 2007; Pollard and DeConto, 2009; Love et al., 2016), and their retreat that tends to be
more rapid (e.g., Benn et al., 2007; Nick et al., 2007; Straneo et al., 2010, 2011; Motyka et al.,
2013; Rignot et al., 2016).

Despite the importance of glacial erosion, rates of erosion are only defined by sparse
data, and the diversity of rates is not understood. Numerous field studies in SE Alaska of
sediment accumulation in fjords (e.g., Koppes and Hallet, 2002; 2006), on the continental
shelf (Jaeger et al., 1998; Sheaf et al., 2003) and in the deep sea part of the Gulf of Alaska
(Gulick et al., 2015) have, respectively, documented spatially averaged erosion rates over
multiple timescales for individual glacier systems and regional rates. In a comprehensive
overview of existing data, Hallet et al. (1996) reported effective rates of glacial erosion from
sediment yields over years or decades reaching or even exceeding 10 mm/yr for large and
fast-moving temperate valley glaciers in the tectonically active ranges of SE Alaska. At
Tyndall Glacier in SE Alaska, Koppes and Hallet (2006) estimated the long-term, basin-wide
erosion rate to be 9 £ 2 mm/yr after applying a correction factor accounting for glacial retreat
and the release of stored sediment. On the shelf, sediment accumulation rates averaged
nearly 8 mm/yr over the Holocene, corresponding to an average erosion rate of 5.1 mm/yr,
which they attributed to efficient erosion by glaciers (Sheaf et al., 2003). Over longer time
scales, drilling of deep-sea sediment deposits shows an acceleration in sediment yields
following the onset of ~100-kyr glacial cycles; the evacuation of eroded crustal material
appears to outpace the tectonic influx by 50-80% (Gulick et al., 2015). Collectively, the

studies of sediment accumulation in fjords, on the shelf, and in the deep sea suggest that
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erosion rates in SE Alaska are some of the highest in the world. For glaciers in Patagonia

and the Antarctic Peninsula, Koppes et al. (2015) reported a three order of magnitude
difference in basin-averaged erosion rates inferred from 15 outlet glaciers spanning 19
degrees of latitude. Their findings, which show how glacial erosion rates increase with
decreasing latitude, suggest that climate and the glacier thermal regime exert more control on
erosion rates than do ice cover extent, ice flux, or sliding speeds. However, using sediment
volumes as a proxy for glacial erosion is not without controversy as the incompleteness of
the sediment record and remobilization of previously deposited sediments confound the
erosion signal (e.g., Sadler, 1981; Sadler and Jerolmack, 2014; Cowan et al., 2010; Boldt et
al. 2016; Herman and Champagnac, 2016; Ganti et al., 2016).

Unlike the offshore sediment record, thermochronometric methods allow for
quantification of local erosion rates for the source regions producing the sediment.
Specifically, low-temperature thermochronology can be used to determine the time since a
mineral cooled through a closure temperature window, which is generally due to exhumation
over million-year timescales (Dodson, 1973). The cooling age is converted into an erosion
rate making the reasonable assumption for convergent orogens that erosion accounts for the
exhumation, and using estimates of the near-surface temperature gradient; however,
uncertainties in the geothermal gradient lead to corresponding uncertainties in the
interpretation of thermochronometric data (e.g., Herman et al., 2013; Enkelmann et al., 2015).
Global compilations of exhumation data reveal an increase in erosion rates in mountain
ranges since ca. 6 Ma and most rapidly since 2 Ma (Herman and Champagnac, 2016); the
increase in erosion rates has been reported a number of regions, including both SE Alaska

(Berger et al., 2008) and parts of the Himalaya (Thiede and Ehlers, 2013).
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In SE Alaska, many thermochronometric studies have documented rapid erosion and

deep-seated rock exhumation (e.g., Berger et al., 2008; Enkelmann et al., 2008, 2009, 2010,
2015; Grabowski et al., 2013; Falkowski et al., 2014). Detrital zircon fission track (FT) ages
reveal rapid exhumation (~2-5 mm/yr) primarily under the Hubbard and Seward-Malaspina
Glacier systems (Enkelmann et al., 2015). Previous studies have used the spatial correlation
between rapid exhumation and the current state of glaciers and equilibrium line (EL) position
as evidence of a link between climate and erosional processes (Berger et al., 2008); however,
this general notion fails to take into account specific controls on erosion rates and the large
changes in the ice masses through the Quaternary.

In contrast with SE Alaska, very little data exists on erosion rates for Himalayan
glaciers. Using a method that parallels Chapter 2 of this thesis, Heimsath and McGlynn
(2008) estimated the headwall retreat rate of 1.3 = 0.5 mm/yr for a debris-covered glacier on
the north slope of the Annapurna Range, central Nepal. Faster contemporary erosion rates of
5-7 mm/yr were derived for Raikot Glacier, Nanga Parbat (Gardner and Jones, 1993). In the
Marsyandi river catchment, modern basin-wide erosion rates of 0.1 to 2.0 mm/yr were
reported in sparsely glaciated catchments based on suspended sediment flux measurements
(Gabet et al., 2008). Erosion is fast, however, for at least one major mountain in the
Himalaya in the eastern most Himalaya. Detrital zircons from a stream draining the cirque
glacier incising the north flank of Namche Barwa yielded a population of extremely young
ages characterized by a number of peaks, the youngest of which is 0.3 Ma and accounts for
35% of the 81 grains analyzed; the oldest grain in this entire sample is 3.6 Ma (Enkelmann et

al, 2011). The dearth of information highlights the need for additional studies.



1.2 Glacial erosion and representation in models

The deeply incised valleys of glaciated regions leaves little doubt that glaciers
actively erode and efficiently remove rock debris. From the early illustrations and
descriptive studies by Chamberlain (1885) to sophisticated analog experiments by Iverson
and Zoet (2015), a wide range of studies and experiments have improved our knowledge of
glacial erosion. In this section, | outline published theoretical and experimental studies on
glacial erosion and review the representations of glacial erosion in past models of landscape
evolution.

Glacial erosion and sediment production occur primarily by two processes: abrasion
and quarrying. Abrasion is the dominant producer of fine sediments and has received much
attention in the literature (Glen and Lewis, 1961; Boulton, 1974; Hallet, 1979; 1981).
Abrasion depends on the flux and lithology of rock fragments in contact with the glacier bed,
the shapes of the bed and fragments, and the effective contact force; the rate of abrasion is
proportional to the rate at which work is done on rock-to-rock friction on the glacier bed
(Hallet, 1979). Quarrying (plucking) occurs following cracking and dislodgement of bedrock
and supplies rock fragments for abrasion. Cracks form due to stress concentrations that tend
to be enhanced by variations in basal water pressure (Rothlisberger and Iken, 1981; Cohen et
al., 2006). Field observations, theoretical considerations, and cosmogenic nuclide studies
(Briner and Swanson, 1998) suggest that quarrying dominates over abrasion. Mechanistic
models of abrasion (e.g., Hallet, 1979) and quarrying (e.g., Hallet et al., 1996, Iverson, 2012)
assume that basal sliding is the primary control on the rate of glacial erosion; however,
estimating absolute erosion rates from the models is difficult due to poorly known basal

conditions and bed properties.
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In numerical models, glacier erosion has been represented over length scales ranging

from a single landform (Harbor, 1992) to an entire mountain range (Egholm et al., 2009). As
summarized by lverson (2012), bedrock erosion rate is generally represented in models as::

E =au? (Eq. 1)

where usis the glacier sliding speed and a and b are constants (Harbor, 1992; Humphrey and
Raymond, 1994; Braun et al., 1999; MacGregor et al., 2000; Tomkin, 2007, 2009; Herman
and Braun, 2008; Kessler et al., 2008; Egholm et al., 2009; Herman et al., 2015). The
constant, a, depends on bedrock properties and basal conditions. Other forms assume that

erosion rate scales with ice discharge:
where ar is similar to a but with units of m™, it is depth-averaged velocity and H is ice

thickness (Kessler et al., 2008). Herein, in chapter 4, the erosion rate is assumed to scale

with glacial power, the product of the sliding speed and basal shear stress, zb:

E = ayu,t) (Eq. 3)

where the proportionality factor is a,, with units: Pa! (Pollard and DeConto, 2007; Hallet et
al., 2011; Melanson et al., 2013). The glacial power approach combines the widely
recognized importance of glacial sliding with the coupling strength of the glacier and bed
(Hallet, 2011). While modeling the spatial variation in erosion rates for Seward Glacier,
Headley et al. (2012) compared the erosion rate models from Eqgs. 1-3; they reported that the
basin geometry exerted stronger control on the spatial distribution of erosion rates than both
the model choice and equilibrium line, which is commonly invoked in discussions of patterns

of glacier erosion because the ice flux is greatest there.
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1.3 Modeling the response of debris-covered glaciers to climate change

The response of glaciers to climate change is of fundamental scientific interest, and
has important practical consequences, including fresh water availability, global sea-level
change, and environmental hazards (e.g., Richardson and Reynolds, 2000; Immerzeel et al.,
2010). A significant threat to Himalayan communities is moraine-dammed lakes that form
following glacier recession or subsidence (Bolch et al., 2008a; Benn et al., 2012; Thompson
et al., 2012). Recent studies show that the areal extent of glaciers in the Everest region,
including many with a thick debris cover, decreased 5% during the second half of the 20th
century (Bolch et al., 2008b; Salerno et al., 2008). The glaciers are also thinning actively. For
Khumbu Glacier, the rate of thinning across the ablation area averaged 0.38 + 0.07 m/yr
between 1970 and 2007 (Bolch et al., 2011). Predicting the future of Himalayan glaciers and,
hence, assessing the societal consequences are especially challenging due to the presence of
surface debris, which strongly influences glacier mass balance and evolution (e.g., Scherler et
al., 2011, Anderson and Anderson, 2016).

To shed light on glacier changes in the Khumbu region, and by extension in similar
settings along the Himalaya and elsewhere, several researchers have used numerical models
to examine the current state of Khumbu glacier and its probable evolution. Naito et al.
(2000) coupled mass balance glacier flow to investigate shrinkage of the Khumbu between
1978 and 1999. They predicted that the lowest part of the glacier would stagnate and
eventually decouple from the upper glacier, which could lead to the development of a large
and potentially hazardous glacial lake. Shea et al. (2015) used a glacier mass balance and
ice-flow model to examine historical change of glaciers in the Everest region from 1961 to

2007 and assess future changes. They concluded that glaciers may lose between 73 to 96%
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of their total volume due to sustained warming by the year 2100. Rowan et al. (2015)

coupled ice flow with debris evolution in a three-dimensional model, and focused on
interactions between the debris cover and mass balance. Model simulations quantified the
imbalance of Khumbu Glacier with the current climate, which is evident from the current and
post-Little Ice Age (LIA) thinning of the Khumbu. They suggest that even without a further
change in climate, Khumbu Glacier will continue to respond to post-LIA warming until
AD2500. In another study, Anderson and Anderson (2016) developed a transient 2-D model
to investigate debris cover and glacier evolution for generic debris-covered glaciers, using
Khumbu Glacier as a case example. Unlike Rowan et al. (2015), they focus on improving
understanding of glacier evolution solely in response to changes in debris cover; in this initial
modeling phase, they do not consider the effects of climate change. These numerical models
provide insight into the response of Khumbu and other debris-covered glaciers to climate

change, and provide a rich backdrop for this study.

1.4 Thesis roadmap

In this thesis, | address glacial erosion in a glaciated basin in Nepal and over an entire
orogen in SE Alaska. For the Nepalese glaciated basin, | also consider the storage and
evacuation of debris, and the effect of the eroded rock debris on the response of glaciers to
adverse climatic trends in Nepal. Chapters 2 and 3 report the findings of several field
seasons of measurements and numerical modeling regarding Khumbu Glacier, Mt. Everest
region of Nepal. In Chapter 4, | investigate erosion rates in the St. Elias Mountains, the

highest coastal mountain range in the world. My thesis addresses the following questions:
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In Himalaya, what is the pace of erosion at the crest of the range and has it

changed over time? Chapter 2

How does debris influence glacier evolution? Chapter 3

How can we improve understanding and predictions of the future behavior of
Khumbu Glacier, and similar glaciers? Chapter 3

In Alaska, what is the spatial and temporal variation in erosion rates and what

is the link between glacial erosion and exhumation and tectonics? Chapter 4
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Chapter 2: Glacial erosion, exhumation, and debris

evacuation over a wide range of time scales in the Mt. Everest

region, Nepal

2.1 Abstract

The pace of erosion in the Himalaya has been studied extensively, yet few studies have
addressed the glaciated crest of the orogen. New and existing data from Khumbu Basin at
the base of Mt. Everest are used to define erosion rates over two time scales: contemporary
and the Holocene (O ~ 10! and 10% yr). Erosion rates are calculated using field and remote
sensing measurements of the flux of rock debris from the basin. The underlying premise is
that just as the flux of glacier ice is sustained by input of snowfall, the flux of debris is
sustained by erosion. Contemporary and Holocene basin-averaged erosion rates, on average
0.6 and 0.8 mml/yr, respectively, are very similar to one another, suggesting that erosion of
the Khumbu basin has, on average, maintained a steady pace over time scales up to 10* years.
Contemporary suspended sediment evacuation is ~50x less than the Holocene-averaged
sediment production. This, together with evidence that the contemporary glacier is perched
on a debris edifice, implies that most of the eroded debris remains within the basin.
Moreover, the basin-averaged erosion rates are similar to published long-term (O ~ 107 yr)
exhumation rates derived from thermochronometric data in the region. This similarity
contrasts with other studies that suggest exhumation accelerated significantly with the onset
of Plio-Pleistocene glaciation; our results point to the need for additional studies of erosion in

other high regions in the Himalaya.
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2.2 Introduction

The rate and spatial pattern of erosion and exhumation in the Himalaya have been
studied extensively using diverse approaches, largely because of the important role
exhumation plays in the development of the range. For example, in a comprehensive study
across the entire Himalaya, significant spatial and temporal variations in exhumation rates
were inferred from more than 10° mineral cooling ages obtained from in-situ bedrock
samples (Thiede and Ehlers, 2013). Within the range, a few basins, the Sutlej (Thiede et al.,
2004; Vanney et al., 2004; Bookhagen et al., 2006) and the Marsyandi (Burbank et al., 2003,
2012; Hodges et al., 2004; Pratt-Situala et al., 2004; Brewer et al., 2006; Huntington et al.,
2006; Garzanti et al., 2007; Godard et al., 2012) in particular, have been studied in detail,
while other areas have received sparse attention. Beyond the Himalayan arc, much work has
focused on the two syntaxial regions at the ends of the range: the Nanga Parbat (Zeitler,
1984; Gardner and Jones, 1993; Burbank et al., 1996; Zeitler et al., 2001; Koons et al., 2002)
and Namche Barwa massifs (Clark et al., 2004; Hren et al., 2007; Finnegan et al., 2008;
Stewart et al., 2008; Enkelmann et al., 2011; Larsen and Montgomery, 2012; Lang et al.,
2013; Zeitler et al, 2014).

However, little is known about erosion rates at the heavily glaciated crest of the
Himalaya, which spans ~2000 km. Contemporary erosion rates of 5-7 mm/yr derived for
Raikot Glacier, Nanga Parbat (Gardner and Jones, 1993) are similar to exhumation rates
estimated for the region over time scales of 10° yr (Zeitler et al., 2001). Comparable, but
slightly faster exhumation has also been inferred from sediments from a stream draining the
steep glacier on the West flank of Namche Barwa (Sample H, Enkelmann et al., 2011). On

the other hand, relatively slow erosion, ~1.3 mm/yr, determined from contemporary headwall
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retreat rates were reported for a high basin in Nepal (Heimsath and McGlynn, 2008), and

modern basin-wide erosion rates of 0.1 to 2.0 mm/yr were reported in sparsely glaciated
catchments based on suspended sediment flux measurements (Gabet et al., 2008). In the latter
study, it was argued that relatively rapid erosion during periods of glaciation (e.g., Hallet et
al., 1996) would compensate for the slow erosion now occurring in the High Himalaya
(Gabet et al., 2008). In contrast, Rahaman et al. (2009) found that sediment yields in the
High Himalaya decreased during periods of more extensive glacial cover in the past ~10°
years. The sparse data currently available indicate highly varying erosion rates along the
glaciated Himalayan crest, ranging from ~1-7 mm/yr, which points to the need for additional
studies in those regions.

Here we synthesize existing data and present new data from Khumbu Basin to
constrain erosion rates over two timescales: contemporary and the Holocene (O ~ 10! and
10* yr). We compare these rates with published exhumation rates over much longer times
scales (O ~ 107 yr) derived from thermochronometric studies in the region (Sakai et al., 2005;
Streule et al., 2012). Using field measurements and observations, and remote sensing data,
we (i) quantify the modern debris flux (including suspended sediments flushed out of the
basin), (ii) calculate the debris volume within Holocene-aged deposits. We also consider
temporal changes in the rates of erosion and debris production, and implications for the
evolution of the highest topography on the planet. Other aspects of Khumbu Glacier are
considered in Chapter 3 of this thesis, which investigates the influence the eroded material
has on ice melt. The Chapters are linked in many ways, with the overall goal in
characterizing Khumbu Basin from two perspectives. First, from the view of a geologist, we

consider erosion and long-term geomorphic evolution of Khumbu Basin. Second, from the
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view of a glaciologist, we consider past and future states of the glacier and the important role

of eroded debris in the evolution of Khumbu Glacier.

2.3 Existing and new glaciological and geological measurements

Khumbu Basin in Sagarmatha National Park, Nepal extends over an area of ~90 km?
that is bordered by several of the world’s highest peaks, including Mt. Everest (Fig. 2.1). The
18 km-long Khumbu Glacier descends from an elevation of about 7100 m to 4900 m and
covers an area ~17 km?. Snow and ice avalanches from the steep cliffs that surround the
accumulation zone contribute to the mass balance of the glacier (Fig. 2.1 inset). Khumbu
icefall, a steep, heavily crevassed region connects the accumulation zone with the relatively
gentle-sloped, debris-covered ablation zone (Fig. 2.2). The modern equilibrium line altitude
(ELA) is within the icefall at ~5700 m (Scherler et al., 2011).

Abundant geological and glaciological observations and measurements make
Khumbu Basin ideal for our study:

1) Glacier surface and bed profiles: the surface profile along the centerline of the
glacier was constructed from a 2003 ASTER DEM and the bed profile was calculated by
differencing the surface and the ice-thickness profiles (Fig. 2.2). Seven ice-penetrating radar
profiles from May 1999 show ice thickness decreasing from ~450 m (maximum thickness)
near Everest Base Camp (EBC) to less than 20 m (minimum thickness) about 2 km from the
present terminus (Gades et al., 2000). To our knowledge, ice thickness has not been
measured in the upper glacier; we estimate it using measurements of surface slope and
assuming a constant value, 10° Pa, for the basal shear stress, which is consistent with values

we calculate for locations where the ice thickness is known.
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2) Surface velocity profile: velocities derived from repeat measurements using

satellite optical and radar sensors (Luckman et al., 2007; Quincey et al., 2009; Casey et al.,
2012) range from ~60 m/yr just below the Khumbu icefall to less than 5 m/yr in the lower
ablation area of the glacier (Fig. 2.2).

3) Distribution of surface debris: previous direct field measurements indicate the
present-day thickness of surface debris varies from less than 0.1 m directly below the icefall
to more than 2 m near the terminus (Nakawo et al., 1999). Our measurements over four field
seasons during pre- and post-monsoon months in 2010-2012, including electrical resistivity
tomography (ERT), quantified the spatial distribution and variability of surface debris (Fig.

2.3).

2.4 Framework for analyses

We begin by considering the contemporary erosion rate from the fluxes of surface
and englacial debris, and of suspended sediments exiting the glacier through the proglacial
stream. Calculation of the total volume of Holocene debris deposits in the Khumbu Basin
allows us to compare contemporary erosion rates with those over ~10* years.

Excluding transient changes in the volume of debris stored in the basin above the
ELA, the debris flux, Q 4, at any glacier cross-section represents the product of the spatially
averaged erosion rate and the area of the basin upglacier of that section. Transient changes
are neglected because the very steep slopes preclude significant storage of sediment above
the glacier and the rapid ice flow above the ELA is not conducive to appreciable storage
under the glacier. The debris flux is linked to the ice flux, Q;, which can be estimated from

available field and remote sensing studies:
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Qa(x) = UswDs(1 — ) + QiCy, (Eq.1)

where the values of surface velocity Uy, thickness of surface debris D, porosity of the
supraglacial debris ¢, and the volumetric concentration of debris within the ice C;, are
averaged across the glacier width w. We assume that the englacial debris concentration is
uniformly distributed. Here we adopt ¢ = 0.33, based on measurements from nearby
Ngozumpa Glacier (Nicholson and Benn, 2013). The contemporary area-averaged erosion
rate, Econe, Scales with the sum of the glacier debris flux and the suspended sediment flux,

Qsus, In the outlet stream:

: ps (Qa+Qsus)
Egone = 22— (Eq. 2)

The density ratio, % = 0.8 accounts for the density difference between sediment, p, and

bedrock, p,-, (Heimsath and McGlynn, 2008), and A is the area of the contributing basin
(26.5 km? is used to derive the contemporary erosion rate—Fig 2.8).

Next, we consider the Holocene timescale by examining the volume of debris
currently residing in the basin. Multiple lines of evidence support the notion that debris has
been accumulating since the Holocene. Near the base of the Khumbu terminal moraine,
optically stimulated luminescence (OSL) dating of sediments yield ages at 10.9 + 2.4 ka
(Richards et al., 2000). Moreover, cosmogenic radionuclide (CRN) °Be surface exposure
dates (9.2 £ 0.2 ka) of glacial deposits at the terminus of other glaciers in the region support
the Holocene OSL age (Finkel et al., 2003). Studies of outwash fans, terraces and moraines
in the Khumbu region show that glacial debris has been accumulating in the valleys since the

last major glacier advance at ca. 10 ka (Chhukung stage; Williams, 1983; Nakawo et al.,
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1999; Richards et al., 2000; Finkel et al., 2003; Barnard et al., 2006; Hambrey et al., 2008;

Owen et al.,, 2009). Together, the data provide a time scale for Holocene sediment
accumulation within the basin. The glaciers that correspond to older well-dated moraines,
which are 16 ka and older (Finkel et al., 2003), would have filled the entire lower portion of
Khumbu Valley, rather than only the central portion that is currently occupied by the current
Khumbu Glacier. We expect that the broader valley had to be excavated during this and
similar glacial advances, and hence that any unconsolidated debris would have been removed
during the extended ice advance over this area. Moreover, stratigraphic and sedimentology
relationships suggest that formation of fans and terraces occurs during glacier retreat
(Barnard et al., 2006). Hence the volume of glacial debris eroded during the Holocene, Vp, is
estimated from all the debris bounded by the Holocene-aged moraines and regions upvalley.
Therefore, the average erosion rate over the Holocene, Ey,,,, is the sum of the volume of
debris and the volume fluvially evacuated from the basin, V¢, over period, t, and the area of

the Khumbu basin, Az (70 km? is used to derive the Holocene erosion rate— Fig 2.8):

S A (Eq. 3)

EHolo - pr Agt
2.5 Materials and methods

2.5.1 Contemporary erosion rates

The contemporary erosion rate for the portion of the basin above the ELA was
calculated from the surface and englacial debris fluxes at the uppermost cross-section in Fig.
2.1, using Eq. 2. The ~10-50 yr-timespan represented in the contemporary analysis reflects

the period in which the principal characteristics (i.e., glacier thickness and velocity) are well
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documented. Near EBC, the site of the upper ice-thickness survey, the ice surface elevation

changed less than 5 m between 1970 and 2007 (Bolch et al., 2011).

To determine the debris flux, we used published and our new measurements of
surface ice velocity, glacier thickness and width, surface debris thickness and englacial debris
concentration. The debris flux cross-sections, shown in Fig. 2.1, correspond to locations of
measured ice thickness (Gades et al., 2000). Horizontal surface velocities were derived from
feature tracking of distinct surface features using TerraSAR-X imagery between January and
May 2008 (Courtesy of M. Braun); depth-averaged velocities were estimated by accounting
for the decrease in velocity with depth (Cuffey and Paterson, 2010). Surface velocities were
used to calculate surface debris flux and depth-averaged velocities were used to calculate the
englacial flux.

The thickness of surface debris was measured pre- and post-monsoon in 2010, 2011
and 2012 (Fig. 2.3). The spatial variation of debris thickness was determined from ~125
direct field measurements over the entire ablation region using hand measurements, and at
the top of ice cliffs using a Laser Range Finder. To augment these measurements we used
ERT in the lower few kilometers of the glacier. The ERT surveys used an IRIS Syscal Kid
system with 36 electrodes spaced 10 m apart. Because the glacier surface is very rough the
maximum survey line-length was ~300 m. The output current was adjusted automatically to
optimize measurement quality. Both Wenner and Dipole-Dipole configurations were tested
in the field; during processing, it became evident that the Wenner array was more effective in
identifying the relatively flat ice/debris interface. Electrode contacts were maintained by
watering the electrodes in the debris with a saline solution. The data were filtered and

processed using commercially available software, Res2D.
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The ERT surveys clearly distinguished glacial ice, which includes englacial debris,

(domains with resistivity > 10° Q m (Reynolds, 1985; Haeberli et al., 1988)), from surface
debris or moraine deposits (~1.5 x 10* Q m (Nakawo et al., 1999)). The most complete
section, Line B-B’ that runs N-S (Fig. 2.4), shows that the ice-debris contact is nearly
horizontal. The internal consistency of the surveys was excellent where it could be assessed
at the cross-over point, X, in lines A-A’ and B-B’; here, the debris thickness over a
substantial part of the domain is ~5 m. In several surveys (notably line D, and parts of A and
B), the electrode coupling with the debris was poor, limiting acquisition of useful data (Fig.
2.4). Nevertheless, we show data from all surveys to highlight the challenges of surveying

glaciers covered with loose, dry debris.

2.5.2 Holocene erosion rate

Holocene sediment volumes were estimated from field measurements and DEM
analysis. Parabolic functions were used to approximate the geometries of 25 U-shaped valley
cross-sections (Mey et al., 2015); a DEM of the bedrock surface was constructed by simply
interpolating between the cross-sections. Fig. 2.5 shows three representative cross-sections
for the upper, middle, and lower parts of the glacier and the approximation of the bedrock
and sediment/glacier interface. Additional cross-sections (not shown) used to calculate
deposit volumes include cross-sections for the tributary glaciers that likely fed the Khumbu
during the Little Ice Age, and other periods of the Holocene. These tributary glaciers are
included in calculation of the Holocene contributing-basin area (Fig. 2.8).

Sediment volumes for the Holocene analysis were split between two domains:
Khumbu Glacier and Khumbu Basin. Khumbu Glacier includes surface, englacial and

subglacial debris described above. Khumbu Basin includes Khumbu Glacier and the massive
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lateral and terminal moraines bordering the glacier and the tributary glaciers, as well as the

total volume of sediment evacuated in the proglacial stream during the Holocene. The
volume of the lateral and terminal moraines was estimated using DEMs, composite images of
VNIR (visual near-infrared) bands from an ASTER image collected in April of 2003, and
thickness measurements from a laser-range finder gathered during field seasons. The
transverse profile of the massive terminal moraine is rounded and tapers downvalley; we
estimated its volume by abstracting this edifice as a half-cone with a range of sizes. Tributary
glacier volumes were estimated using corresponding data from Khumbu Glacier, and the
surface thickness was assumed to be identical to that at the same elevation on the Khumbu.

In addition to stored debris, the amount of debris evacuated fluvially during the 10*
year period was determined by assuming that the modern fluvial flux averaged over two
years of suspended sediment monitoring in the proglacial stream is representative of the
Holocene. Likely, the value represents a lower bound due to episodic high-discharge events
that were not captured in our suspended sediment study. We monitored the suspended
sediment flux in the principal outlet stream during the 2011 and 2012 monsoon season. We
used two nearby sites: 1) ~0.5 km upstream from the small settlement of Thukla where the
stream forms a single channel directly beyond the moraine and where we felt confident the
equipment would remain undisturbed (Fig. 2.1) and 2) just upstream from Thukla. At site 1,
we monitored stage, water temperature and turbidity continuously; measurements were
automated at 15-minute intervals with stage and water temperature recorded using a HOBO
water level logger, and turbidity averaged over five measurements monitored using a
Campbell Scientific OBS 3+. At site 2, we measured stage visually and photographically;

we also collected water samples periodically to determine the suspended sediment
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concentration (SSC).  Additional information about our SSC measurements is in

supplementary section 2.9.

2.6 Results

2.6.1 Contemporary erosion rates

Surface debris: Debris emerges from the glacier at the surface in patches that
coalesce to form a nearly continuous monolayer about 2 km down glacier from the ELA near
EBC. Our 30 evenly spaced point measurements roughly parallel to glacier flow near EBC
showed debris thickness ranging from 0.008 to 0.08 m (averaging 0.03 = 0.03 m). A few
kilometers down glacier, debris thickness across the top of an ice cliff varied from 0.85 to 2.5
m in just 10 m. Measurements at other locations down the glacier, showed both increasing
debris thickness and increasing local variability. Fig. 2.3 summarizes the surface debris
thickness data; thickness was most variable near the terminus where the ERT measurements
augment ice-cliff-top measurements. In nearly all cases, the ice-cliff-top measurements,
which are included in Fig. 2.3, were less than those from the ERT, resulting in asymmetric
error bars (Fig. 2.3).

Englacial debris: We are unaware of any measurements of englacial-debris
concentration for Khumbu Glacier, but data exist for other temperate alpine glaciers (Table
2.1). Here we select a range of values based on Table 2.1 centered on 2 kg/m®, which is
similar to the mean value for Raikot Glacier in the Punjab Himalaya (Gardner and Jones,
1993). The two glaciers have similar configurations: a high elevation accumulation basin
surrounded by steep slopes, which transitions through a steep icefall to a low-gradient

ablation zone.
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Debris Flux: At the uppermost cross-section in Fig. 2.1, the total debris flux, both

surface and englacial, was used to estimate the contemporary erosion rate for the upper
Khumbu catchment (Eq. 2). Near EBC, the englacial contribution dominates the total debris
flux (erosion rate) for the upper catchment (Fig. 2.6); uncertainty in the englacial-debris flux
is calculated using the range of debris concentrations measured on other glaciers (Table 2.1).
We also calculate uncertainty in surface-debris thickness based on our new spatially
distributed measurements. Using these values in Eq. 2, the contemporary upper basin-wide
erosion rate is 0.6 £ 0.3 mm/yr.

For all cross-sections in Fig. 2.1, surface and englacial debris fluxes are summarized
in Fig. 2.6. While englacial transport dominates in the first two cross-sections, most of the
debris in the lower five sections is advected along the surface. The flux of surface debris
increases for about 3.5 km down glacier from EBC; further down glacier it remains relatively
constant (Fig. 2.6). The surface flux profile reflects spatial variations in debris thickness and
the glacier velocity. For example, with a constant debris thickness, the flux of surface debris
would be proportional to the ice velocity. The nearly constant flux suggests a balance
between diminishing ice speeds and the dynamic thickening of the surface debris that is
caused by the slowdown of the ice (Fig. 2.2) and the active surface melting. The relationship
between the surface melting and the lowering, as well documented from satellite data (Bolch
etal., 2011), is discussed elsewhere (Chap. 3).

In general, the total debris flux decreases steadily down glacier except near the
terminus, which implies active loss of debris from the glacier, along the length the ablation
zone; the debris is evidently transferred to the glacier base, as it is not accumulating

elsewhere off the glacier. Along the glacier sides, the steep inner slopes of the moraines
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would more likely function as sources of surface debris than sinks of debris. Moreover,

leakage of debris out of the confines of Khumbu Glacier is unlikely because sediment
evacuation rates in the proglacial stream are insignificant (Section 2.9). This discovery that
debris is currently lost from Khumbu Glacier, along the length the ablation zone, and
accumulating below the glacier is supported by evidence that the modern glacier is perched
on a thick valley fill of debris that accumulates over time. Near the terminus, ice is at most
20 m thick (Gades et al., 2000), yet the crest of the glacier terminus rises more than 200 m
above the modern valley surface. This debris flux analysis, which is developed in the next
paragraph, also provides an opportunity to assess the rate of formation of thick subglacial
debris edifice for other Himalayan glaciers, which have been illustrated in the literature
(Benn and Evans, 2000; Westoby et al., 2014).

From mass conservation, the rate of change in the total debris thickness can be
quantified from the divergence of the total flux of debris (Fig. 2.6) and was approximated as

the ratio of the change in debris flux measured at two adjacent cross-sections, Q,;, — Qaown.
to the distance between the defining sections, Ax (Fig. 2.1). @, is the upglacier location.

Thus, the deposition rate of debris beneath the glacier, Sy 4sq:(x) is:

1 Qup—Qdown
Sbasal(x) = —— = ~down (Eq 4)

wx)  Ax

For the analysis, the glacier was subdivided into six zones defined by seven ice-
thickness profiles across the width of the glacier (Gades et al., 2000). Glacier variables at
each profile include the depth-averaged glacier velocity, the average glacier thickness, width
across the glacier (defined by surface velocities), ice flux, and distance between each flux
gate. For all zones, the rate at which debris is lost from the glacier, and presumably

accumulating at the bed, ranges from 0.6 to 5.0 mm/yr (average 1.7 mm/yr). The rate of
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basal deposition is highest in the three upper zones and steadily decreases down glacier to a

minimum value near the terminus. The analysis is presented in greater detail in Chap. 3.

2.6.2 Holocene erosion rates

In contrast to the accumulation area, the lower part of Khumbu Glacier is surrounded
by sediment accumulations (lateral and terminal moraines, and subglacial deposits) that have
formed through the Holocene (Richards et al., 2000). The volume of debris stored or
evacuated within the Khumbu Basin is summarized in Table 2.2 and estimates range from 0.5
to 0.9 km3. The range of volumes shown in Table 2.2 reflects the uncertainty in the
measurements. The bulk of the debris (0.3 to 0.6 km?®) is stored in the terminal moraine and
debris edifice, lateral moraines and tributary glaciers. In fact, the massive terminal debris
edifice contains about half the volume of the ~8 km long lateral moraines, which are evident
in the southernmost cross-section in Fig. 2.5 along with the depressed glacier surface. Near
EBC it is likely that the glacier is sliding over bedrock and eroding it; whereas near the
terminus, the glacier is perched on ~150 m of debris. Overall, debris on top of, within and
beneath the glacier ranges from 0.1 to 0.3 km®. The wide range, especially for the englacial,
subglacial, and tributary glacier domains reflect the considerable uncertainties in the analysis.

Using Eq. 3, we estimate the Holocene basin-wide erosion rate is between 0.8 + 0.2
mm/yr. This rate is ~50 times higher than that needed to sustain the measured suspended
sediment fluxes from the basin (~0.015 mm/yr). This result indicates that much of the debris
eroded over the last 10 years still resides in the basin, and implies that measurements of

sediment flux in proglacial streams can lead to substantial under-estimates of erosion rates.
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2.7 Discussion

2.7.1 The pace of erosion and exhumation of Khumbu Basin

Results suggest that, on average, erosion of Khumbu Basin has maintained a steady
pace over time scales ranging from 102 to 10* years. Our estimated basin-averaged erosion
rates are similar to exhumation rates derived from thermochronometric data in the region,
which include both erosional and tectonic exhumation over timescales of ~108-107 years.
Rates of exhumation since the mid Miocene (~9 Ma) derived from apatite and zircon fission
track data on samples from the high slopes of Everest average 1.0 £ 0.2 mm/yr (Streule et al.,
2012). Nearly uniform erosion and exhumation rates over a large range of time scales for the
Khumbu Basin imply a surprising insensitivity to likely variations in climate, structural
development, and relief evolution. For example, in terms of expected climate effects, frost
cracking that likely affects headwall retreat rates, is sensitively dependent on temperature
(Scherler, 2014). Furthermore, an ice-core sample from the north side of Everest showed
significant variations in mean annual snow accumulation related to changes in the south
Asian monsoon (Kaspari et al., 2007).

Our findings contrast with results of other studies that commonly report exhumation
accelerating in the Himalaya and other regions worldwide with the onset of Plio-Pleistocene
glaciation (Shuster, 2005; Thomson et al., 2010; Herman et al., 2013; Thiede and Ehlers,
2013; Herman and Campagnac, 2016). Our findings also contrast with a number of studies
in diverse settings reporting a dependence of erosion rates on the duration of the period under
study. For example, Kirchner et al. (2001) suggested that erosion rates measured over short
timescales are lower than those over longer timescales in part because the shorter

measurement periods tend to miss large, but ephemeral erosional events. On the other hand,
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short-term sedimentary records often suggest faster erosion than longer-term records, which

are more likely to reflect significant depositional hiatuses (Sadler, 1981; Finnegan et al.,
2014). Moreover, erosion rates from glaciated basins decrease with the length of the period
over which they are averaged (Fernandez et al., 2011; 2016). Yet based on our work in the
Khumbu, we see little, if any, temporal variation, at least within a factor of 2. We note that
our estimates of erosion rates integrate all processes operating in the Khumbu Basin, not just
those associated directly with glacial erosion; we do not address the relative efficiencies of
erosional systems: glacial, periglacial, or hillslope processes. They simply imply constant

rates of erosion over time despite climate change, structural activity and relief evolution.

2.7.2 Implications for the structural and topographic development of Mt.

Everest

The wealth of structural, metamorphic, and geochronological data from the Mt.
Everest region provides insight into the evolution of the highest region on Earth. One of the
principal Himalayan faults, the South Tibetan Detachment fault (STD), is exposed in the
region; it consists of 1) the upper (brittle) Qomolangma detachment (QD) and 2) the lower
(ductile) Lhotse detachment shear zone (LD) (Searle et al., 2003, 2006; Cottle et al., 2011).
The two strands merge into one large-scale ductile shear zone to the North in the Rongbuk
valley (Cottle et al., 2007; Streule et al., 2012). Collectively, they separate un-
metamorphosed Ordovician limestone that extends to the peak of Mount Everest in the upper
plate, from high-grade metamorphic rocks of the Greater Himalayan Sequence (GHS) below.

The GHS rocks beneath Everest were at high temperatures during a metamorphic
event that lasted from ~39 Ma to ~17 Ma, while brittle faulting on the QD is likely younger

than 16 Ma (Searle et al., 2003). Since the main phase of melting and metamorphism in the
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GHS during the Miocene from ca. 21 to 16 Ma (Searle et al., 2003, Cottle et al., 2007,

Hodges et al., 2000; Simpson et al., 2000; Cottle et al., 2009; Streule et al., 2010), the
exhumation rate due to both tectonic extension and erosion in the Khumbu and nearby
regions has averaged 1.0 mm/yr (Sakai et al., 2005; Streule et al., 2012). This exhumation
probably switched from being driven by tectonic processes to erosion at 11-13 Ma, when
movement on the STD in the Everest area ceased (Streule et al., 2012). Meanwhile,
paleoelevation estimates based on hydrogen isotope ratios of hydrous minerals deformed in
the STD during the Early Miocene suggest that mean surface elevations in the Everest region
at that time were similar to modern ones (Gebelin et al., 2013). The history of the extreme
relief of the Everest region, with several of the world’s highest peaks and deep glacial valleys,
remains essentially unconstrained. The deep glacial incision probably started when glaciers
first developed at the crest of the range before the global Quaternary glaciation.

Sustained erosion of bedrock, even at the relatively low rate of 1 mm/yr, would
exhume 10 km of crustal material over 107 years, the time scale since cessation of the STD
movement. Hence, the absence of long-term surface uplift suggested by the paleoelevation
study requires a close balance between bedrock uplift and erosion at the crest of the
Himalaya despite substantial changes in climate during the onset of Pliocene-Pleistocene
glaciation and major changes in monsoonal circulation. This result is consistent with recent
global datasets of sediment accumulation rates and weathering rates suggesting that rates of
landscape change have remained surprisingly constant over the last 10 Ma (Willenbring and
Jerolmack, 2016).

The total debris flux for Khumbu decreases steadily downglacier, which indicates a

progressive loss of debris along the length of the debris-covered ablation zone and deposition
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subglacially (Fig. 2.6). Our estimates of basal deposition reveal that the highest rates are

near EBC; however, the subglacial debris thicknesses in Fig. 2.5 reveal that much of the
subglacial debris resides beneath the lower part of the glacier where basal deposition rates are
at a minimum. Conceptually, we hypothesize that a fraction of the surface debris actively
falls into crevasses, tarns, moulins, or other englacial conduits (Gulley et al., 2009),
progressively migrates to the glacier bed, and is transported subglacially to the terminus,
likely by meltwater. An important consequence of the debris transfer is that the surface of
the glacier now has less debris, and hence, less insulation, which promotes more ice melt.

In Section 2.6.1, we determined that contemporary subglacial deposition rates range
from 0.6 to 5.0 mm/yr along the glacier. Assuming these values represent the range of rates
that can be sustained through the Holocene (10* years), the average thickness of debris
beneath the glacier would range from 6 to 50 m. Previously, in our analysis of Holocene
deposits, we estimated the volume of subglacial debris for Khumbu Glacier to be 0.04 to
0.095 km? (Table 1), which corresponds to a width-averaged subglacial debris thickness of
12 to 40 m. The similarity between the subglacial debris thicknesses based on the
topographic analysis (Fig. 2.5) and the thickness based on basal deposition rates suggests that
debris is currently accumulating under Khumbu Glacier and doing so at a rate that is similar
to the Holocene average. Before the Holocene, extensive valley glaciation corresponding to
the Periche stages (e.g., Finkel et al., 2003) efficiently transported eroded material
downvalley, and the absence of upvalley fans, terraces, and moraines older than the Holocene
can be attributed to rapid sediment transfer characteristic of large glaciers (Richards et al.,
2004). Following retreat to the current position, tributary and debris flow fans and moraines

were deposited as the smaller glacier and lower-runoff rates could not keep pace with
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sediment production. Note that contemporary suspended sediment evacuation is ~50x less

than the Holocene-averaged sediment production. This, together with evidence that the
contemporary glacier is perched on a debris edifice, implies that most of the eroded debris

remains within the basin.

2.8 Summary

In view of the structural complexities as well as major climatic changes through the
last few million years including the onset of glaciations and several glacial cycles, two
surprises emerge from our study: exhumation rates are similar to erosion rates, and they show
no significant changes over time periods ranging from 10 to 107 years. Taken together with
the paleo-elevation evidence, our results suggest a self-organized balance achieved as the
surface and tectonic systems mutually adjust to remove rock mass from the crest of the range
at roughly the same rate as the rock uplift. Over the last 10* years, the bulk of debris
produced by erosion remains under and in the vicinity of Khumbu Glacier, suggesting that
although erosion rates of the basin do not vary appreciably over time, debris evacuation and
transfer down valley is likely be highly variable in time and peak during major glacial
advances. The current accumulation of debris beneath the glacier that curtails the
accumulation of debris on glacier surfaces is likely widespread in the region, and hence has
important implications for estimates of ice volumes, and predictions of future glacier

evolution and fresh water resources.
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2.9 Supplement

2.9.1 Measurements of fluvial sediment flux

We established rating curves to convert stage measurements to water discharge by
measuring depth profiles of flow velocity. We also surveyed repeat topographic profiles of
the streambed covering both the stream bank and channel in order to estimate rates of higher
discharge using the Manning equation with values for bed roughness guided by our
measurements. During monsoon periods, stage and turbidity were monitored continuously at
site 1, while stage and suspended sediment concentrations (SSC) were measured twice daily
at site 2 (Fig. 2.1). Locals were hired and trained to collect water samples from the stream
surface at periods of near minimum (early morning) and maximum (evening) discharge and
to photograph the stream to document stage. The measurements of SSC were used to
calibrate the turbidity data, which were collected over a longer period and with higher
temporal frequency. The suspended sediment discharge (Qss) is calculated from the product
of the SSC and water discharge. We do not account for the increase in sediment
concentration with depth, which could be as much as 30% (e.g., Riithimaki et al., 2005), and
nor do we account for the fluvial flux of solutes, and corresponding chemical erosion. In
another study, the cation denudation rate for catchments occupied by alpine glaciers was
greater than the global mean rate but did not exceed rates in nonglacial catchments with
similar water discharge suggesting that water flux exerts the primary control of chemical
erosion by glaciers (Anderson et al., 1997). During colder periods such as the Last Glacial
Maximum (LGM), chemical erosion rates determined from LGM sediments were an order of
magnitude lower than that measured from youngest sediments (Anderson et al., 2000). A

third, more significant loss of material that is also not considered is the evacuation of
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sediments during glacial outburst floods; our estimates should therefore be considered as a

lower bound.

Fig. 2.7 summarizes the discharge, SSC and turbidity measurements. Measurements
vary widely each summer and year-to-year. In 2011, discharge steadily increases until it
peaks in late July and then steadily decreases. In contrast, in 2012, the discharge peaks early
in the monsoon season, and subsequently varies around a relatively constant value in early
Sept. SSC also peaks in mid-June and then slowly decreases over the rest of the
measurement period. SSC measurements in 2011 yielded a mean concentration of 0.10 g/L
with a standard deviation of 0.04 g/L. In 2012, the mean concentration was 0.14 g/L with a
standard deviation of 0.05 g/L. Assuming little sediment is removed before or after the
measurement period, in 2011 and 2012, 570 and 840 m?® of debris respectively were
evacuated (or 10° and 1.5 x 10° kg assuming a density of 1800 kg/m®). The amount of
sediment evacuated is averaged over the year for the erosion rate; however, we only
measured sediment fluxes when they are likely to be significant, during the monsoon. The
corresponding erosion rate, 0.01 and 0.02 in 2011 and 2012, respectively, from the suspended
sediment flux in this study may miss episodic but high-discharge events and hence is a lower

bound of both suspended sediment fluxes and erosion rates.
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Figures for Chapter 2

. Kilometers

86°46'E

Figure 2.1 - Visual and near infrared band composite satellite image of Khumbu Basin (Aster—3
Oct 2003). Solid and dashed yellow lines outline the drainage basin and the glacier, respectively.
Transverse white lines locate the ice-thickness radar surveys (Gades et al., 2000). Red dotted line
is the centerline and location of the longitudinal elevation profile in Fig. 2.2. The orange line near
Everest Base Camp (EBC) is the start of the longitudinal velocity profile in Fig. 2.2 and the red line
is the equilibrium line altitude (ELA) near 5700 m in the icefall (Scherler et al., 2011). Red square
over the lower ablation zone defines area covered in Fig. 2.4. The blue star shows where
suspended sediment flux was determined in the proglacial outlet stream. Inset shows the massive
headwalls surrounding the accumulation zone of the glacier and extreme relief above the glacier
(Image courtesy of A. Gillespie).
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Figure 2.2 - Longitudinal profiles of the surface and bed elevation profiles and surface velocities
(right-hand axis) of Khumbu Glacier. In the lower half of the glacier, shown as dotted line
between 8-16 km, the glacier bed is interpolated between 7 cross-profiles of ice thickness (Gades
etal,, 2000) and between 0-8 km, the dash-dot line, it is modeled using profiles of surface slope
and velocity derived from remote sensing data, and by assuming basal shear stress of 1 bar.
Surface velocities are derived by using intensity feature tracking over a period of 4.5 months

[courtesy of M. Braun]. The vertical lines at km-8 and km-15.7 are the start and end positions of
Figs. 2.3 and 2.6.
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Figure 2.3 - Downglacier variation in mean thickness of surface debris. The horizontal axis,
distance down glacier, starts at Everest Base Camp, where debris begins to accumulate at the
surface. Error bars represent the range in debris thicknesses, where measurements are available,
binned into 250 m increments along the glacier surface.



35

— ERT survey lines

I 1.6E+7

1.2E+7

0 60 120 180 240
i 8.0E+6
B Supraglacial X B’

Lake
0 ﬁ i
. ——— = ——— 4.0E+6
20 - S . I
0.0E+0

6
Ohm meters

0 60 120 180 240 300 0 60 120 180 240 300
All axes in m.

40

60

—— Good coupling with debris

Fig. 2.4 - Electrical resistivity tomography (ERT) profiles along survey lines shown in the top

image, the location of which is shown in Fig. 2.1. Horizontal and vertical axes are in meters. All
images use the same color scheme; blue colors denote very high resistivity. Resistivity values of
106 Q m marked by white lines likely correspond to the boundary between surface debris and
glacial ice below. Solid green lines above each survey indicate regions where electrode coupling
with the surface debris was adequate; dashed green lines indicate regions of high uncertainty;

regions with no line are those where electrode-debris coupling was inadequate and data are
uninterpretable.



Lateral Surface
Moraine Profile

:; LProjected
Bedrock

2 3 : A 0 2
> Cross-valley distance (km)

Fig. 2.5 - Surface and subsurface cross-sections from which the volume of sediment stored within
the basin was estimated. In the cross-sections, which run West to East, the solid black line is the
current surface, blue line is the glacier bed (solid are measurements (Gades et al., 2000) and
dashed are extrapolated), shaded brown region represents subglacial sediment/debris.
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Fig. 2.6 - Surface, englacial and total debris fluxes downglacier beginning near EBC (the
uppermost radar profile in Fig. 2.1). The shaded regions represent uncertainties in the data. The
flux calculation at 7.7 km corresponds to the radar profile ~ 2 km up from the terminus. Near EBC,
total debris flux is dominated by the englacial flux, but at 2.2 km, contributions from the englacial-
and surface-debris fluxes are similar. By 4.5km, the surface-debris flux dominates; the englacial-
debris flux is small because of the combination of low depth-averaged velocities (<5m/yr) and
thin ice (<100 m).
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Fig. 2.7 - Time series of daily-averaged stream discharge (black line), SSC (open diamonds) and
turbidity (gray line) measurements for the summer monsoon (late May to Sept) in both 2011 (A)
and 2012 (B). Turbidity was converted to SSC in g/L using the rating curves developed in this
study. Day 150 = May 10th, and 290 = Oct 17th,
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Tables for Chapter 2

Table 2.1 - Observations of englacial sediment concentrations

Table 2.1. Observations of englacial sediment concentrations

Concentration

Glacier Location/Type kg/m? Source
) (Hunter et
Muir AK/M.E. 16823 al., 1996)
_ (Hunter et
Margerie AK/M.E. 8+8 al., 1996)
- (Hunter et
Grand Pacific AK/M.E. 251224 al., 1996)
(Gardner
Raikot Pak/Alpine 2.13 and Jones,
1993)
o (Swift et al.,
Kviarjokull Ice/Outlet 5.2 2006)
_ ] (Sanders et
W. Washawapta BC/Cirque 0.7 (0.0 - 6.6) al., 2013)
_ ] (Sanders et
W. Washawapta BC/Cirque 0.02(00-32) 2013)

where AK = Alaska, Pak = Pakistan, Ice = Iceland, BC = British Columbia
M.E. = marine ending



Table 2.2 - Basin-wide debris volume estimates

Table 2.2. Basin-wide debris volume

estimates
Volume
Domain (km?®)

Low High
Surface debris 0.03 0.04
Englacial debris 0.01 0.03
Subglacial debris 0.1 0.2
Lateral moraines 0.2 0.3
Terminus debris edifice 0.1 0.2
Tributary glaciers 004 01
Fluvially evacuated 0.006 0.008
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Chapter 3: Climate and debris controls on the evolution of
debris-covered glaciers on time scales of 10 to 104 years

examined for Khumbu Glacier, Nepal.

3.1 Abstract

We use data and observations from Khumbu Glacier to develop a relationship between the
rate of ice melt and debris thickness for the large range of debris thickness and rough
thermoskarst surface representative of Himalayan glaciers. We implement this relationship
in a numerical glacier model using records of the Little Ice Age and Last Glacier Maximum
extents of Khumbu Glacier as stable reference states to validate the model under steady-state
conditions, and to serve as the initial state in transient models used to study the current
glacier recession and future evolution. Model results quantify both the damping effect on
ablation (melting) of a continuous surface layer of debris layer and the acceleration of
melting by thermokarst processes that disrupt the surface debris layer and form a network of
conduits below the surface. Comparison between observed volume changes, based on
changes in elevation from the moraine to the current glacier surface, and model results show
that our model adequately accounts for the ~29% volume of ice lost since the end of the LIA
to present. Furthermore, our model suggests that the glacier will continue to thin, resulting in
a ~6% volume loss from present over the next 100 years, even if the current climate remains
unchanged, which bears directly on fresh water resources. Our work builds on significant
modeling studies on debris-covered glaciers by Rowan et al. (2015) and Anderson and

Anderson (2016). We differ in that we specifically calibrate our model using extensive direct
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observations of Khumbu Glacier, many of which are new, and focus our attention on the

treatment of ice melt under thick debris to elucidate the past, current and future states of

debris-covered glaciers.

3.2 Introduction

The response of glaciers to climate change is of fundamental scientific interest, and
has important practical consequences, including fresh water availability, global sea-level
change, and environmental hazards (e.g., Richardson and Reynolds, 2000; Immerzeel et al.,
2010). A significant threat to Himalayan communities is moraine-dammed lakes that form
following glacier recession or subsidence (Bolch et al., 2008a; Benn et al., 2012; Thompson
et al., 2012). Recent studies show that the areal extent of glaciers in the Everest region,
including many with a thick debris cover, decreased 5% during the second half of the 20th
century (Bolch et al., 2008b; Salerno et al., 2008) and are also thinning actively. For Khumbu
Glacier, the rate of thinning across the ablation area averaged 0.38 + 0.07 m a™* between
1970 and 2007 (Bolch et al., 2011). Predicting the future of Himalayan glaciers and, hence,
assessing the societal consequences is especially challenging due to the presence of surface
debris, which strongly influences glacier mass balance and evolution (e.g., Scherler et al.,
2011, Anderson and Anderson, 2016).

In order to shed light on glacier changes in the Khumbu region, and by extension in
similar settings along the Himalaya and elsewhere, several researchers have used numerical
models to examine the current state of the glacier and its probable evolution. Naito et al.
(2000) coupled mass balance, which they modified to represent simply the protective effect
of debris, and glacier flow to investigate shrinkage of the Khumbu between 1978 and 1999.

They predicted that the lowest part of the glacier would stagnate and eventually decouple
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from the upper glacier, which could lead to the development of a large and potentially

hazardous glacial lake. Shea et al. (2015) used a glacier mass balance, parameterized for
both clean and debris-covered glaciers, and ice-flow model to examine historical change of
glaciers in the Everest region from 1961 to 2007 and assess future changes. They concluded
that glaciers may lose between 73 to 96% of their total volume due to sustained warming by
the year 2100.

Rowan et al. (2015) used the integrated second-order shallow ice approximation
(iISOSIA) model (Egholm et al., 2011) to investigate the response of Khumbu Glacier to
recent and future climate change. Their 3-D model coupled ice flow with debris evolution,
and focused on interactions between the debris cover and mass balance. Model simulations
quantified the imbalance of Khumbu Glacier with the current climate, which is evident from
the current and post-Little Ice Age (LIA) thinning of the Khumbu. They suggest that even
without a further change in climate, Khumbu Glacier will continue to respond to post-LIA
warming until AD2500. Furthermore, they predicted a loss equivalent to 8-10% of the
present-day volume by AD2100 and detachment of the debris-covered tongue from the
accumulation area of the glacier before AD2200. It is worth noting that their estimate of
glacier shrinkage by AD2100 is an order of magnitude less than that predicted by Shea et al.
(2015). In another study, Anderson and Anderson (2016) developed a transient 2-D model to
investigate debris cover and glacier evolution for generic debris-covered glaciers, using
Khumbu Glacier as a case example. Unlike Rowan et al. (2015), they focus on improving
understanding of glacier evolution solely in response to changes in debris cover; in this initial
modeling phase, they do not consider the effects of climate change. Among many important

findings, model simulations show that a high input of debris to the glacier surface greatly
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increases glacier lengths relative to debris-free glaciers responding to the same steady climate,

which is consistent with observations of debris-covered glaciers existing entirely below the
snow line (Konrad and Humphrey, 2000; Scherler et al., 2011). These numerical models
provide insight into the response of Khumbu and other debris-covered glaciers and are a
foundation for future studies.

In this paper, we build on these early studies and address unexpected observations
outlined by Kaab et al. (2012) suggesting that thinning of debris-covered glaciers over a 5-
year span was not statistically different from thinning of relatively debris-free (clean)
glaciers; herein, we refer to these results as the debris-covered glacier anomaly. According
to the authors, the long-recognized insulating effect of debris acts on local scales of
continuous cover, but not over the scale of the entire debris-covered tongue where rapid ice
loss continues due to the thermokarst processes. At Khumbu, the rough thermokarst surface
and very thick cover layer of debris likely reflect this behavior, providing a rare opportunity
to examine it in detail because of the relative wealth of data available for this glacier. Using
existing and new observations of thinning rates, surface velocity, and the thickness of both
ice and debris, we quantify a relation between debris thickness and the rate of ice melting.
The relation reflects processes occurring on a scale larger than the distinct thermokarst
roughness elements, which include depressions and tarns 10-100 m in diameter and
intervening ridges with exposed ice on steep slopes; thus we name it the “large-scale melt
rule”. We assess the rule in an ice-flow model, which is validated with new and existing data
from Khumbu Glacier. An often-overlooked result evident from these and other datasets is
that the ice is dynamically thickening in the ablation zone, hence the melting rate must

exceed the remotely measured thinning rate. Herein, we will show that the melt rate exceeds
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the thinning rate on Khumbu Glacier by more than an order of magnitude over much of the

debris-covered area. We stress that the representation of the influence of surface debris on
ice melt strongly impacts the modeled long-term evolution of both the glacier and debris; a
conclusion shared by other studies (e.g., Scherler et al., 2011; Rowan et al. 2015; Anderson
and Anderson, 2016). Finally, we predict the future state of the glacier using a model
validated through observations of the modern glacier and from known, former glacier states
during LIA (~0.15 ka) and the regional Last Glacial Maximum (LGM; ~18 ka). These
periods of relative glacier stability provide useful reference states for assessing glacier
models because glaciers were closer then to being in balance with the climate than during the

current period of active recession.

3.3 Khumbu Glacier

The 18 km-long glacier descends from an elevation of ~7100 m, directly below Mt.
Everest, to its terminus at 4900 m. It covers ~17 km? within a ~90 km? basin (Fig. 3.1).
Sheer rock faces that surround the accumulation zone shed snow and ice avalanches onto the
glacier. A steep, heavily crevassed icefall connects the accumulation zone with the relatively
gentle debris-covered ablation zone that extends to the terminus. The modern equilibrium
line altitude (ELA) is within the icefall at about 5700 m (Scherler et al., 2012); whereas, at
the end of the LIA, it was estimated to be 5479 + 120 m (Kayastha and Harrison, 2008).

The wealth of published and unpublished data about Khumbu Glacier makes our
study possible. The data include: 1) Meteorological data: A high-altitude (5050 m a.s.l.)
automatic weather station (AWS) has recorded hourly meteorological observations near
Khumbu since 1990 (Bollasina et al., 2002). The data include air temperature and

precipitation, and when included with other AWS, the temperature gradient with elevation (-
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5.8°C km; Scherler, 2014). Seasonal temperature and precipitation observations include:

Winter) low average monthly temperature (-8°C) and light precipitation (less than 2% of
annual amount); Summer) warmer temperature (3.1°C) and intense precipitation (87% of
annual amount) (Tartari et al., 1998). 2) Ice thickness: seven ice-penetrating radar profiles
measured in 1999 across the ablation region define its transverse geometry. The maximum
ice thickness decreased from 450 m near Everest Base Camp (EBC) to less than 20 m about 2
km from the present terminus (Gades et al., 2000); it is not known well beyond this location.
However, in most of the lower reach of the glacier, the difference between the surface of
Khumbu Glacier and the valley floor at the outer base of the lateral moraines exceeds the ice
thickness considerably indicating that the current glacier bed is perched well above the valley
floor directly adjacent to the moraines (Fig. 3.1C). 2) Ice thickness changes: In addition to
the satellite-based studies of active thinning outlined in the introduction, the local elevation
difference between the top of the most recent (LIA) lateral moraines and the current glacier
surface shows nearly 100 m of glacier thinning in the center of the ablation area while the
terminus and EBC region have been relatively stable. 3) Surface velocity: repeat sets of
satellite imagery have vyielded estimates of surface velocity that are nearly continuous
spatially; we use these to calculate ice and debris fluxes and utilize them as a modern
baseline from which to compare sparse historical field measurements and model results
(Kodoma and Mae, 1976 and Nakawo et al., 1999). 4) Distribution of surface debris: Early
studies showed that the thickness of the surface debris varies from less than 0.1 m directly
below the icefall to more than 2 m near the terminus (Nakawo et al., 1986). Our field
geophysical measurements and observations show the debris to be thicker, averaging ~5 m

near the terminus (Chapter 2).
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3.4 Model

In this section, we introduce the ice-flow model, melt-rate relationships, and
boundary conditions used to investigate the evolution of Khumbu Glacier. We focus on the
debris-covered ablation area of the glacier, and begin by considering the conservation of ice
and debris, and its relationship to changes in the glacier and debris volumes over time. Then
we introduce the numerical glacier flow model, the boundary and initial conditions, and a
new representation of the rate ice melt is under debris for a much broader range of debris

thickness than addressed in previous studies.

3.4.1 Conservation of ice and debris

We begin with a series of conservation equations that quantitatively link the dynamics
and other properties of ice and debris, and serve as the basis for our flow-band model along

the glacier centerline. Conservation of ice is:

OH _ 1 0(Q)
E = b(Z, DS) W) ox (Eq 1)

where H is glacier thickness, t is time, x is the downvalley distance, b is the net mass balance
rate as a function of elevation, z, and surface debris thickness, Dy, w is glacier width, and Q;
is ice flux:

Q; = UwH, (Eq. 2)
where U is the depth-averaged glacier velocity. In the ablation zone of Khumbu, assuming

negligible accumulation, the net mass balance rate approximates the ice-melt rate. This

assumption is reasonable for Khumbu Glacier, as discussed later. The ice-melt rate is then

the sum of the surface subsidence rate, ‘;—IZ assuming the glacier bed is stable, plus the vertical
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component of ice motion (i.e., the emergence velocity), positive being upward,; it scales with

the ice convergence (last term in Eq. 1).
Similarly, a conservation equation for the debris parallels Equation 1 for the ice,

taking the form:

0D7or __ (9—-1)9(QrD) _
= o S —F(0), (Eq. 3)

where Dr,; is the total effective debris thickness, which includes surface and englacial
debris , ¢ is the debris porosity, S(x) is a debris sink term, and F represents the rate of
fluvial evacuation of debris by the proglacial stream. The last two terms on the right side are
critical; without them, the glacier will not reach a steady-state length. Instead, rapidly
thickening debris at the glacier terminus will effectively stop ablation forcing the glacier to
advance. Konrad and Humphrey (2000) conceptually introduced a debris sink term at the
glacier terminus, which involved debris raveling off the glacier terminus as exposed ice at the
glacier toe melted underneath, undercutting the debris. Anderson and Anderson (2016)
parameterized the removal of debris at the glacier terminus as a function of the debris
thickness and clean-ice mass balance rate at the terminus. They found that the steady-state
glacier length, as well as if it even reached a steady state, was dependent on the debris flux
off the glacier. The representation of the sink term in our model is discussed in section 3.5.3.

The total debris flux, Qrp, comprises both debris advected along the surface, Q, and
within the glacier, Q.,,:

Qrp = Qs + Qen, (Eq. 4)

where

Qs = UswD, and Q,,, = UWHC, (Eq. 5)
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The variable Us is the surface velocity and C, is the average volumetric concentration of

debris in the ice. Inserting Equations 4 and 5, into Equation 3 leads to:

00rot — @Dy \wp_ + TwHC,) — S(x) — F(x),  (Eq. 6)

at wa

Eq. 6 expresses how the effective debris thickness changes over time, in response to
the glacier dynamics and debris losses. In our model, we assume that the englacial debris is
sourced from mass wasting and headwall erosion occurring on the rock slopes surrounding
the accumulation zone and extending under the glacier. In the ablation zone, mass wasting is
limited to the marginal glacier region away from the centerline and the basal-debris supply is
a relatively minor component of the effective debris load (Gustavson and Boothroyd, 1987).

The surface debris thickness increases with time as debris melts out of the ice at a rate
m, which is a sensitive function of debris thickness, and with the convergence of the flux of

debris advected on the glacier surface. The conservation of surface debris is expressed as:

0Ds . (1-¢) 0(Us Dsw)
Ge =z, DYy~ PR S ~F() (Eq.7)

In this analysis, we distinguish between the net mass balance term, b, used in Eq. 1
and the melt-rate term, m, used in Eq. 7 that neglects accumulation and other forms of ice
ablation. Sublimation is most likely negligible relative to melting at the relatively high
surface temperatures that prevail over the lower reach of the glacier. Moreover, in the upper
ablation zone, scattered debris promotes melting by absorption of solar radiation (Inoue,
1977). Annual accumulation in the ablation zone is neglected. Although winter snowfall
often covers the entire glacier, its overall magnitude is small relative to the precipitation
during the monsoon, which falls as snow at high altitudes and as rain at lower altitudes due to

the high summer temperatures (Inoue, 1977).
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3.4.2 Glacier flow model

Our 1.5-dimensional central flowband model uses the finite-difference method to
discretize our domain. In the solution, ice thickness is evaluated at each grid center, and ice
flux is evaluated across each grid edge. The depth-averaged horizontal velocity comes from
the shallow-ice approximation (SIA), which applies to cases where the ice thickness is
smaller than the characteristic length scales over which thickness changes significantly
(Fowler and Larson, 1978; Hutter, 1981). The SIA is adequate for understanding the
behavior of the slow-moving, debris-covered ablation area of Khumbu Glacier, which is

relatively uniform in width, surface gradient and velocity. The depth-averaged velocity, iig,,

attributed to internal ice deformation is:

Tger = —(fpig sin )" H"™*1 (Eq. 8)
where A and n (= 3) are flow law parameters. As in Anderson and Anderson (2016), ice
throughout the ablation area is treated as temperate, which is consistent with the abundance
of surface water on the glacier during much of the year and with model results for the nearby
East Rongbuk glacier that show the existence of an extensive temperate zone in the ablation
area (Zhang et al., 2013). Accordingly, A is set at the standard value of 2.4 x 10 Pa3 s
(Cuffey and Paterson, 2010). The timestep for ice flow and debris evolution is 0.01 yr. The
shape factor, f (= 0.8) accounts for lateral drag for an idealized parabolic glacier cross-
section (Cuffey and Paterson, 2010). p; is ice density, g the acceleration due to gravity, and
«a the glacier surface slope. We do not include an explicit parameterization for basal sliding;

instead, we solve for the rate of sliding as the residual between the observed surface velocity

and the velocity due to internal ice deformation. At East Rongbuk Glacier, basal sliding was
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found to be a minor contribution to the mean annual ice velocity; rather, flow is dominated

by internal deformation (Zhang et al., 2013).

3.4.3 Boundary Conditions

Additional model inputs include surface and bed topography, which are derived from
analyses of modern digital elevation models (DEMs). A 15 m-resolution DEM is used to
define the current glacier geometry, as well as the geometry of former glacier extents. Bed
topography was determined from ice thicknesses in the lower ablation zone, which were
interpolated between measurements at seven cross-glacier sections (Gades et al., 2000). Ice
thickness, and hence bed topography, in the upper reaches was estimated from measurements
of surface slope and assuming a constant value, 10° Pa, for the basal shear stress, which is
consistent with values we calculate for locations where the ice thickness is known. Directly
below the ice-fall, the ice flux is defined as the integrated net mass balance profile upglacier.
The debris flux, which is completely englacial because of the lack of significant surface
debris upglacier of this location, is the product of the ice flux and the englacial volumetric
concentration of debris, which is taken to be constant. In the model, ice flux is zero at the
headwall and ice thickness vanishes at the terminus.

To validate and calibrate the model for Khumbu Glacier in light of the regional
climate, we first consider steady states, and use well-developed moraines and related
landforms and deposits that record past glacial extent and thickness under climate conditions
closer to those required to sustain the glacier in a relatively stable state than at present. The
distribution of the glacial landforms and timing of past glaciations along the Dudh Koshi
valley have been investigated since the 1970s, as reviewed by Owen et al. (1998). Much

debate therein arguably reflects potential ambiguities in the interpretation of landforms, but
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based on optically stimulated luminescence (OSL) dates of glacial deposits, Richards et al.

(2000) assigned the following ages to past glacial advances: ~18 ka (LGM), ~10 ka
(Holocene), and ~1 ka. The OSL method determines the time elapsed since a sample was
exposed to daylight and assumes that quartz grains are 99% reset after an extremely rapid (10
s) exposure to sunlight (Richards et al., 2000). The OSL ages are supported by cosmogenic
radionuclide (CRN) °Be surface exposure dates performed on moraines in the region; in the
analysis several boulders were dated to check reproducibility and to assess the possibility of
CRN inheritance (Finkel et al., 2003). Here, we use the end of the LIA (~0.15 ka) as our
reference period, instead of the timing of the peak LIA roughly estimated to be 0.5 ka (Finkel
et al., 2003), as to permit focusing on the subsequent glacier shrinkage. The timing, ~0.15 ka,
corresponds to photographs of Jannu Glacier in eastern Nepal that show the glacier surface
close to the crest of the lateral moraines (GlacierWorks, 2016). Furthermore, a high-
resolution ice core in Dasuopu, Tibet and tree-ring records from Nepal both indicate a warm
interval beginning in ca 1870—1890 (Thompson et al., 2000; Cook et al., 2003). We
acknowledge the uncertainties in characterizing mountain meteorology as ice-core records
from nearby East Rongbuk Glacier show a decrease in precipitation up to the late 1800s to
early 1900s followed by an increase and, finally, another decrease in the late 1900s (Kaspari
et al., 2008).

The modern terminus of the glacier roughly coincides with the upglacier end of the
LGM moraines and the lower end of the LIA moraines (Fig. 3.1). Curiously, based on 2003
DEM, the LGM moraine surface would be nearly 200 m lower in elevation than the crest of
the LIA moraine if slightly extrapolated upvalley. The LIA lateral moraines on both sides of

the glacier are traced in Fig. 3.1, which also shows the prominent LGM left-lateral moraine
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(dashed red line in Fig 3.1a) that extends continuously along the east side of the valley for ~5

km from the terminus to beyond the Imja Khola tributary. This LGM moraine is dated to the
Periche Il glacier succession at 16 + 2 ka (Finkel et al., 2003), which is within the range of
the timing of the LGM retreat of glaciers in Tibet (Clark et al., 2009). The early Holocene-
aged moraine is less prominent, but has been located near the base of the contemporary
terminal moraine, and suggests that the terminus has remained in the same position for 10*

years (Richards et al., 2000).

3.4.4 Glacier mass balance in the absence of debris

In the model, the net mass balance rate is approximated as a simple linear function of

elevation, b,, until a maximum, b7***, is reached:
; dby,
b, = — (zjce — ELA) or (Eq. 9)
b, = bmex,
where % is the mass-balance gradient, and z;.,, is the ice elevation. This approach has been

used to represent the mass balance of other high altitude Himalayan Glaciers, including the

nearby glacier AX010, which is about 30 km SW of Khumbu Glacier (Harper and Humphrey,

2003; Adhikari and Huybrechts, 2009; Anderson and Anderson, 2016). For each ice-flow

model, we examined mass balance gradients ranging from 0.005 to 0.015 a™%; here we show
db,

only model results with d—bz = 0.01 a%, which is similar to the gradient for glacier AX010,

and b7** js 2 m a”* (WGMS, 2005).
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3.4.5 Dependence of surface melt rate on surface debris thickness

The melt rate of ice beneath debris has been measured directly in the field at prepared
plots of known debris thickness (e.g., Ostrem, 1959; Nakawo and Young, 1981; Reznichenko
et al., 2010) and at natural sites with in situ surface debris (e.g., Inoue and Yoshida, 1980;
Mattson and Gardner, 1990; Kayastha et al., 2000; Nicholson and Benn, 2006). Lundstrom
(1992) compiled much of the data, including measurements from Khumbu Glacier, and
established one of the first relationships between the rate of ice melt and debris thickness;
however, the data are limited to at most a few decimeters in thickness.

Previous theoretical studies have simply parameterized the influence of debris on

surface melt rates as:

m( D) = b, exp (_DDS) (Anderson, 2000) (Eg. 10)
or as:
m(Ds) = b, (D ?:‘D ) (Anderson and Anderson, 2016) (Eq. 11)

where b, is the melt rate for clean ice, reflecting local environmental conditions, and D, is a
fall off length scale, (~0.1 m); it represents the thickness of debris under which the melt rate
is 1/e of the bare-ice rate (Anderson, 2000). Eq. 9 sets the clean-ice melt rate in Eq. 10. In
the formulation by Anderson (2000), the melt rate decreases exponentially with increasing
debris thickness and nearly vanishes under a few decimeters of debris and yet at Khumbu
Glacier, where debris thickness averages ~3-6 m near the glacier terminus, the glacier is
actively thinning at rates of 0.2 to 0.4 m a* (e.g., Bolch et al., 2011). In Anderson and
Anderson (2016), the melt rate decreases in a hyperbolic fashion with increasing debris

thickness (Eq. 11), which approaches zero melt less rapidly than the exponential formulation.
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The type of insulation represented by Eqgs. 10 and 11, (herein local-melt rule) are

appropriate locally where debris cover is continuous and uniform. The local-melt rule does
not apply to larger spatial scales for rough glacier surfaces with discontinuous surface debris,
where ice-melt is enhanced by thermokarst activity. To account for these cases, we have
developed a large-scale melt rule that pertains to domains larger than the size of individual
thermokarst roughness elements (ice cliffs, tarns & crevasses).

The large-scale melt rule uses the conservation of ice, Eg. 1, and relevant data from
Khumbu Glacier. We approximate the ice-flux divergence as finite differences in ice flux (in
and out) for each of the six glacier zones of the ablation area of Khumbu Glacier (Fig. 3.1);
the variables for each zone are summarized in the supplement (Table 3.2). Surface velocities
derived from feature tracking (FT- data courtesy of M. Braun, 2012) and ice-thickness from
ice-penetrating radar surveys were used to calculate the depth-averaged velocity. For the
lower two km of the glacier, we augment the FT velocities with repeat GPS measurements at

nine sites.

3.5 Results

We begin by introducing the large-scale melt rule, which provides a quantitative
framework to investigate the debris-covered anomaly enigma suggested by Kéab et al. (2012).
Then we present results of a repeat GPS survey on Khumbu. Next, we describe and estimate
the debris sink term, which differs from other models (e.g., Anderson and Anderson, 2016).
The preceding results are incorporated into a numerical model, which begin as a simulation
of the steady-state glacier. For this state, we use inferred LIA environmental conditions
rather than the modern conditions because the modern glacier is far from being in

equilibrium with the present environment. We gain further confidence in our model by
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simulating the well-known extents of the LGM glacier. In the model, the climate forcing is

introduced by variations in the local net mass balance, which can be imposed by assuming
either a balance shift or an ELA shift. Using the LIA-optimized simulation as the initial
condition, we explore the response of Khumbu Glacier to environmental change by raising
the ELA to an elevation consistent with published values of the contemporary ELA (Richards
et al., 2000; Owen et al., 2009; Asahi, 2010). Raising the ELA decreases the area of the
accumulation zone and, hence, the ice flux through the ELA. We consider the sensitivity of
the modeled behavior by showing results for cases using the conventional local-melt rule and

for cases using the large-scale melt rule.

3.5.1 Large-scale meltrule

Within the ablation zone, the ice-flux convergence causes positive emergence
velocities, but the upward movement is more than offset by melting to yield the modern
surface thinning rates shown in Fig. 3.2 (values in Table 3.2). Hence, the actual melt rates
are larger (i.e., more negative mass balance) than the observed thinning rates (e.g., Bolch et
al., 2011) through the ablation zone.

The rate of ice melt in Fig. 3.2 directly leads to the large-scale melt rule. For the
formulation of the rule, the ice-melt rate is related to the corresponding debris thickness (Fig.
3.3). For use in the numerical models, we then parameterize the curve using a fit that has the

same form as Eq. 11:

m(Dg) = M (-2—) (Eq. 12)

D+ Dy
where the coefficient M has a constant value of 4.7 m a™; the same value as the average melt
rate measured by Kayastha et al. (2000) for ice melt on debris-free ice at EBC. D, is 0.25 m,

which is greater than the 0.165 m value used by Anderson and Anderson (2016). As with
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Anderson and Anderson (2016), we neglect the melt-amplifying effects of very thin debris.

For comparison, Fig. 3.3 includes the melt-rate rules used in Anderson (2000) and Anderson
and Anderson (2016) and the melt-rate curve and data used by Lundstrom (1993). To ease
comparison, we use a constant value for the clean-ice melt-rate term in Egs 10 and 11, which
is set to the average clean-ice net mass balance of -3.0 m a of nearby Changri Nup Glacier

(Vincent et al., 2016).

3.5.2 Modern dynamics at the glacier terminus from GPS

Low velocities near the terminus hamper assessment of remotely sensed
measurements of flow and surface thinning. Hence, we augment satellite measurements with
GPS measurements of large boulders at the glacier surface that can safely be assumed to
move with the surface ice (Fig. 3.1B). Over a three-year interval, we made repeat GPS
measurements at sites along the glacier and used kinematic post-processing methods to
derive surface velocity vectors. We chose stable, mostly flat boulders over 1.5 m in diameter
as measurement sites. The average distance between sites and a local base station was 0.75
km and the occupation time was 1 hr. Surface velocities show motion near the terminus (Fig.
3.4): vertical velocities are negative at all locations except for the southernmost site. That is,
although the emergence velocity is positive (Fig. 3.2), with one exception, large boulders on
the glacier surface are subsiding, suggesting significant ice loss and conduit collapse well

below the surface.

3.5.3 Debris Sink

As described before, the absence of a debris sink prevents a steady-state solution

(Konrad and Humphrey, 2000). In other modeling studies, a debris sink term is included at
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the glacier toe to remove a prescribed amount of debris from the glacier surface. In

Anderson and Anderson (2016), the term is dependent on the local melt rate, which parallels
the conceptual model of Konrad and Humphrey (2000); however, at Khumbu, a massive
infilling of debris surrounds the toe and effectively shields the glacier from melt processes
that are dependent on local air temperatures and insolation (Fig. 3.1).

At Khumbu, the availability of key datasets allow us to explore an alternate debris
sink, by enabling the calculation of the change in total debris flux along the glacier. In Fig.
3.5, the total debris flux is shown at each of the seven locations where ice thickness is known.
The distinct downglacier decrease in the total debris flux reflects a progressive loss of debris
from the glacier. Assuming that significant change in the volume of sediment stored in the
interior of the glacier is unlikely, this debris flux decline implies that debris is actively
accumulating under the glacier. The rate of change in the total effective debris thickness can
be quantified from the divergence of the total debris flux (Eqg. 3); this change was
approximated as the ratio of the change in debris flux measured at two cross-sections, Q,,,, —

Qaown 10 the distance between the defining sections, Ax (Fig. 3.1). Where @, is the

upglacier location. The rate of basal deposition along the glacier, S(x), is:

S(x) = — Zup~%down (Eq. 13)

w(x)  Ax

For the debris sink/source analysis, the glacier was subdivided into six zones (Fig.
3.1), each extending across the width of the glacier. For all zones, the rate at which debris is
removed from the glacier and presumably added to the bed ranges from -0.05 to 5 mm a*
(Fig. 3.5). Along the glacier, basal deposition is highest in the three upper glacier sections

and steadily decreases downglacier to a minimum value near the terminus (Fig. 3.3).
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The effectiveness of the debris sink term to allow for a steady-state glacier was

explored numerically. The model uses the boundary conditions for Khumbu Glacier

including an ELA at 5700 m. The mass balance gradient, %, is set to 0.01 at. Debris

accumulates at the glacier surface using the melt rate parameterization from Eq. 11. In Fig.
3.6, the resulting debris thickness profile is plotted for three cases. The first case assumes no
debris sink, neither at the terminus nor along the glacier profile. In this case, very thick
debris piles up at the glacier terminus; the glacier never reaches steady state and continues to
advance. In the second case, a basal sink of debris was applied along the glacier guided by
observations presented in Fig. 3.5. In this case, thickened debris still forms at the glacier
terminus, as the basal sink is low in this location. The modeled glacier never reaches steady
state, although the advance is much slower than the case with zero sinks. The final case
assumes that debris is lost both along the glacier and at the terminus. The terminal sink rate
was set using measurements from Chapter 2 that calculated the volume of the terminal debris
infilling. The rate of debris removal assumed the debris had accumulated over 10 ka
(Richards et al., 2000). An initial debris sink was set at 0.15 m a* and was modified until the

glacier converged to steady state, which occurred at 0.26 m a™.

3.5.4 LIA and LGM glacier conditions

Next, we simulate the LIA and LGM stages of Khumbu Glacier. The coupled flow
model was run to steady state under constant climate conditions until the glacier profile
matched the LIA extent and closely approximated the surface profile set by the LIA moraines
(Fig. 3.7a). The model uses the same mass balance gradient as other models but uses an ELA

position that was initially set at 5480 m (Kayastha and Harrison, 2008), roughly 220 m lower
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than the modern ELA. Ultimately, an ELA set to 5540 m yielded the most realistic values for

the extent and thickness of the glacier during the LIA. For reference, the sensitivity of ELA
rises and falls is explored in section 4.6. As with all models, the debris sink acts along the
entire glacier and at the terminus. At the surface, debris accumulates based on the local-melt
rule (Eg. 10) and begins with zero surface debris. The growth of melt-out surface debris
begins at a location just north of EBC, corresponding to the location where modern debris
starts. This location is fixed in all models, except the LGM solution, because surface debris
is not expected to form in the ice-fall due to it being steep and heavily crevassed, even
though parts of it are below the ELA. To facilitate comparison with other recent numerical
studies, our reference model uses values for the key parameters that are nearly identical to
those used by Anderson and Anderson (2016), including the flow law parameter, Glen’s
constant, shape factor, time-step, grid spacing and surface mass balance gradient.

At the most stable position for the glacier terminus, the LIA glacier has ~29% more
volume than the modern state, indicating that there has been a substantial volume loss since
the late 1800s. The model results also highlight the post-LIA decrease in ice flux (Fig. 3.7b);
at Gate 1, the LIA ice flux was about 27% higher, whereas at Gate 7, it was 95% higher. We
attribute this downglacier decrease in the ice flux since the LIA to the extremely low slope
and surface velocities.

While modeling the LIA glacier provides confidence in the flow model we seek
additional support by exercising the model to simulate the glacier extent from the LGM (~18
ka) and examine the state of a much larger glacier. As before, we use the observed moraines,
which indicate glacier thickness and extent. In contrast with previous simulations, the LGM

glacier is modeled assuming that the valley debris infill was eroded and evacuated during the
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glacial advance (Fig. 3.8). The glaciers corresponding to the oldest well dated moraines,

which are 30 ka and older would have filled the entire lower portion of Khumbu Valley,
rather than only the central portion that is currently occupied by the modern, underfit
Khumbu Glacier. We expect that the broader valley had to be excavated during this and
similar glacial advances, and hence that any unconsolidated debris would have been removed
during the extended ice advance over this area.

Similar to the LIA model, we assume that the surface debris is best modeled as a
coherent layer using the local-melt rule because we do not expect thick surface debris and
extensive thermokarst to develop during the culmination of the LGM due to the increased ice
flux and the reduced transit time through the ablation zone. We set the initial LGM ELA at
5400 m, which is in accordance with published values (Owen and Benn, 2005; Gayer et al.,
2006; Asahi, 2010) and adjust it to explore the sensitivity. We also adjusted the mass
balance gradient until the glacier reached a steady-state profile that closely matched the LGM
moraines; with the ELA at 5450 m, the optimal mass balance gradient was 0.09 a*.

The most realistic simulation of the LGM glacier, according to the moraines, is
shown in Fig. 3.8. At the location of the modern-day terminus, ice during the LGM is ~375
m thick, about 10 times the modern ice thickness at the terminus. Along the glacier profile,
the LGM surface is at a similar elevation to the LIA moraines, but the ice is much thicker,
especially near the current terminus, due to the removal of subglacial debris. The thickness
profile of supra-glacial debris during the LGM is similar to that during the LIA, reaching just

over a meter of debris near the terminus.
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3.5.5 Perturbing the LIA state to achieve modern and potential future states

The LIA surface is used as the initial, steady-state condition and the ELA is
progressively raised from 5540 to 5700 m to approach the modern state of the glacier.
During the simulation, the ELA is raised 1.1 m a* for the first 150 years and then kept
constant at 5700 m. We run the simulation for 500 years starting at the end of the LIA to
explore the long-term model behavior and show time slices at 0, 75, 150, 250, and 500 years;
the 150 year results are those corresponding most closely to modern conditions. We examine
the impact of the treatment of the debris influence on the mass balance on the glacier
evolution by comparing glacier profiles using the two distinct melt rules. The differences in
elevation between modeled glacier profiles and the LIA reference model, and in the
corresponding debris thickness profiles are shown in Fig. 3.9 and 3.10.

Evolution of glacier during an ELA rise using the local-melt rule

The first case uses the local-melt relationship (Eq. 3.9). The glacier shrinks due to the
ELA rise. The initial debris mantle developed in the LIA simulation efficiently slows melting,
and therefore, changes in glacier and debris thickness, are entirely controlled by the
divergence in the ice flux where the surface debris thickness exceeds ~50 cm. Fig. 3.10a
shows that the debris thickness changes near the terminus are not substantial.

Fig. 3.9 shows that the post-LIA surface subsidence increases downglacier rapidly
where debris begins to form, and then declines progressively. The maximum difference
between the LIA surface and this model is roughly near EBC, which conflicts with field
observations. In the upper third of the ablation area, the 150-year profile approximates the
current day surface closely, but the thinning rate averages over the entire ablation zone only

0.19 m a! over the modeled 150-year timespan (Table 1). Even over the shorter 75-year
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timespan, the average surface thinning rate is only 0.18 m w.e. a2, just under half of the 0.38

+0.07 ma?! thinning rate measured over the time period 1970—2007 (Bolch et al., 2011).
Furthermore, the LIA moraine suggests that, on average over the ablation zone, the glacier
surface has subsided 45 m at a rate of 0.3 m a in the last 150 years.

Evolution of glacier during an ELA rise using the large-scale melt rule

In this model case, the glacier evolves from the LIA state using the large-scale melt
rule (Eq. 12). Surface debris thickens over time as rapid ice melt supplies debris to the
glacier surface; it approaches about 3 m by 150 yr, which compares favorably with debris
thickness measurements that show several meters of debris in the lower part of the glacier
(Fig. 3.10b). As with the local melt rule, the post-LIA surface subsidence increases
downglacier rapidly in the upper reach of the ablation area but continues to increase far past
the point where the subsidence derived using the local rule switches trend (Fig 3.9), which is
considerably more consistent with field observations shown in Fig 3.9. This subsidence
gradually decreases downglacier from the highpoint and becomes nearly constant in the
lowest 5 km of the glacier.

The average rate of thinning closely resembles modern-day rates for the entire
ablation area; however, near the glacier terminus, the rate for both the 75 and 150 year time-
steps was about 0.2 m a*. The glacier continues to subside even after the ELA becomes
stable at timepoint 150. For a glacier averaging 150-300 m and with terminus ablation at 5-
10 m a’?, the response time is 15-60 years. At Khumbu, glacier thinning is about 0.1 m a™* at
the terminus and averages 0.5 m a’* over the entire ablation zone. The average thickness is
about 150 to 200 m, which yields a response time of 300 to 2000 years. Although the final

model output is 500 years, the model reached steady state at about 425 to 450 years (i.e., 275
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to 300 years after the ELA stopped rising), which is reasonable considering the response time

of the glacier.

3.5.6 Model Sensitivity

In addition to the model results shown above, we ran additional simulations to
explore the sensitivity of model parameters (i.e., ELA change, mass balance gradient,
englacial debris concentration). Glacier length is more sensitive to the mass balance gradient
than for changes in englacial debris concentrations as the melt out of debris is dependent on
the melt rate. In Fig. 3.11, the temporal sensitivity of the overall glacier length using the
large-scale and local melt rules is shown for various stepwise perturbations in ELA. An
asymmetry exists between rises and drops in ELA for both cases; however, it is more
pronounced for the local melt rule. The asymmetry indicates that rises in ELA have less of
an influence on glacier length and highlights the role that surface debris has on glacier

evolution.

3.6 Discussion

This study leverages considerable field data to quantify multiple facets of Khumbu
Glacier that bear directly on the “debris-covered glacier anomaly” (i.e., equivalent thinning
for both debris-covered and clean glaciers) including: 1) the development of a new melt-rate
parameterization based on modern-glacier observations 2) the treatment of debris sinks on
the glacier and 3) modern glacier dynamics at the glacier terminus. To my knowledge, this
study is the first to implement a spatially varying debris sink along the glacier that
complements the loss of debris at the glacier terminus. Without the debris sinks, a thick layer

of debris forms at the glacier terminus resulting in continuous glacier advance as the melt



66
rate vanishes. Moreover, the terminal sink is not dependent on the local melt rate, which

better reflects conditions at Khumbu Glacier where the entire glacier toe is completely
covered with debris.

Repeat GPS surveys of sites on the lower glacier have shed light on changes in
regions of very thick debris. Except for one site, all showed slow surface subsidence
(vertical velocity of about -0.05 m a™!) despite the positive emergence velocity expected to
approach ~0.5 m a! due to the convergence of ice. This unambiguous result indicates
subsidence of the debris layer at about 0.55 m a™*, which is not likely caused by ice melt
below the surface boulders at the debris-ice interface due to the very thick nature of the
debris. Using the average temperature profile in 2.5 m of debris, Conway and Rasmussen
(1980) estimated the average flux of energy through the debris was sufficient to melt 2 mm
day? of ice, or roughly 0.01 m a* over a 100 day melt season. We suggest that the solution
to this conundrum may lie in an extensive network of englacial or subglacial conduits, which
have been documented at Khumbu Glacier (Benn et al., 2009). Closure or collapse of
conduits sufficiently below the glacier surface would lead to generally coherent subsidence,
as our measurements suggest, rather than local collapses in the immediate vicinity of the GPS
sites. Moreover, emergence velocities would have been overestimated if the conduits
effectively render the glacier compressible, rendering the ice continuity equation
inappropriate as used here; incompressibility is assumed implicitly in using Eq. 1.

In model simulations, time-slice 150 represents the modern-day glacier and is
therefore most suitable for assessing the transient model (Fig. 3.12). We stress that a number
of characteristics of the modern glacier figure in this assessment of model results, including

thick surface debris (~3-6 m) near the terminus, variable surface thinning rate that is
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dampened by surface debris, gentle to near-horizontal glacier surface near the terminus, and

little or no retreat since the LIA. For the local-melt rule, the modeled glacier thins on average
~24 m, and at most ~50 m since the LIA, and the thinning rate averages 0.16 m a™* over the
entire ablation zone and 0.1 m a™* near the terminus. Slow thinning implicit in the local-melt
rule would add only a few centimeters of debris near the terminus. Fig. 3.7 shows the surface
debris thickness increases very slightly from its starting state at the LIA and reaches only ~1
m near the terminus, considerably less than the 4 m debris cover, and up to 12 m in some
places (Chapter 2).

In the large-scale melt rule model, at time 150, the glacier thins on average, 65 m,
with a maximum of ~90 m (Fig. 3.6). The average thinning rate is 0.43 m a%, consistent
with remotely derived contemporary rates averaged over the entire Khumbu ablation zone:
0.37 m w.e. a ! (Bolch et al. 2011) . Near the terminus, modeled thinning is slower, ranging
0.1 to 0.16 m al. These rates are similar to thinning rates measured from repeat GPS
surveys, which averaged 0.08 + .07 m a in the same region (Fig. 3.4). Debris, albeit thicker
than the local-melt rule, reaches ~4 m thick near the terminus suggesting that even with the
elevated ice-melt rate, there are still elements that warrant future work. Including a debris
sink resulted in less debris cover and a larger glacier retreat and increasing the concentration
of debris led to small changes in surface debris thickness but the overall effect was small due
to the feedback between ice melt and debris thickness.

Our results show that the large-scale melt rule is more realistic then the commonly
used local rule for Khumbu Glacier, and by inference for other glaciers with a thick mantle of
debris and distinctive thermokarst surface. For the entire glacier, from the LIA to the present

(at time-step 150 years) the volume loss modeled using the large-scale rule is 20% the LIA
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volume. This calculated volume loss is comparable to the actual loss, 17%, estimated using

the surface drop from the LIA moraines to the modern surface and neglecting the very slight
glacial retreat since the LIA. In contrast, Rowan et al. (2015) predicted a volume change of
38% and unrealistically large ice retreat from the LIA to the present; note that they assume a
500 yr timeframe for the change from the LIA to present. Assuming no further climate
change, they predict a further loss of 8-10% of the present-day glacier volume by AD2100.
Our study predicts similar results, about 6% volume change by AD2100, largely in the upper
and middle part of the glacier, and small change in the terminus ice thickness and extent.

The performance of the large-scale melt rule with respect to the local melt rule
indicates that a model that captures the character of the surface may be more important than
the debris thickness. At Khumbu, the lowest two kilometers show both a coherent, low-relief
surface and a hummocky, karst like surface. The thermokarst surface begins at the proglacial
stream outlet and increases across the glacier northward. This is shown in Fig. 3.1b as the
dark surface containing GPS sites 6-9; east and north of the sites the glacier surface has a
lighter color and is more dissected by surface streams. Increased warming beyond what we
see today will exacerbate thinning in the thermokarst parts of the glacier, while the thick,
coherent layer of debris near the terminus will stagnate and thin much more slowly. While
we do not predict complete detachment of the lower glacier, it suggests the likelihood of
formation of a major supraglacial lake, consistent with early work (Naito et al., 2000) as the
central part of the ablation area is thinning about four times faster than the lowest section.

Although the studies in the preceding paragraph, and that by Shea et al. (2015), which
predicts a total volume loss of 73 to 96% due to sustained warming by the year 2100, yield

contrasting results they all point to a future in which Khumbu Glacier will have lost a
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substantial part of its volume by AD2100. Using results of our most realistic simulation, the

volume of water stored in the glacier as ice starting in the LIA decreases by 0.25, 0.45, 0.70
and 1 km?3, respectively, in 50, 150, 250 and 350 years, which is roughly 200 years into the
future. The contribution of ice melt to the proglacial stream discharge is also important for
local populations. From Chapter 2, water discharge measured, averaged over two years, for
the proglacial stream was ~3.8 x 10" m® yr'l. Using the ice-melt rate from Fig. 3.2 for debris-
covered ice and Eq. 9 for clean ice, the expected contribution of ice melt to the proglacial
discharge is about 1.5 x 10" m® yr! or about 40% of the proglacial discharge. Not only does
this define a future of diminishing glacier volume, but it also means a serious reduction of
freshwater storage that is supremely important locally for regions with prolonged dry periods,
and important on much large scales for the large river systems emanating from high alpine

areas and for sea-level change.

3.7 Conclusions

We have used published estimates of ELA, present and past, as input for a coupled
ice flow and debris evolution model to explore the response of debris-covered glaciers to
climate change. We leverage a wealth of existing information combined with novel datasets
gathered in this study to validate a model of Khumbu Glacier. Our study is the first to define
quantitatively the influence of a thick debris cover, exceeding a few decimeters in thickness,
on the melt rate. Relative to influence of thin debris layer, melting is enhanced primarily
due to thermokarst processes that underlie the “debris-covered glacier anomaly” (K&éb et al.,
2012). Horizontal GPS measurements on surface boulders indicate that the glacier is actively
flowing, even in the lowest reaches of the glacier. Vertical velocities show that the debris

cover is subsiding, even though a positive emergence velocity is expected due to ice
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convergence throughout the lower section of the glacier. This expectation, however, stems

from the assumption that the glacier is incompressible, which may be false for the ablation
area due to a network of englacial conduits created by the thermokarst activity.

Results of a glacial flow model illuminate the overall influence of surface debris and
sinks of debris on the evolution of both the glacier and the surface debris thickness and
character (i.e., continuous or interspersed with thermokarst features). When the climate is
unfavorable for the glacier growth and ice motion is relatively slow, the debris influenced on
melting is best modeled using a large-scale melt rule that represents relatively rapid ice loss
where the glacier surface is karst-like and lakes and ice cliffs contribute significantly to ice
losses. Under more favorable condition, during steady periods or advances, such as during
the LGM, the best fit between simulation and records of past extent and ELA required the
use of a local-melt rule; using a large-scale melt rule required the ELA to be 75 to 100 m
lower.

Since the LIA, the glacier has thinned at rates averaging 0.4 m w.e. a indicating that
there is no apparent acceleration in glacier shrinkage. Thinning near the terminus is
considerably slower, ~0.1 to 0.15 m w.e. a*, and matches GPS measured rates of surface
lowering for the same region. In this area, the contribution of debris from melt-out is small,
which highlights the significant contribution from dynamic thickening. Our model results
agree with studies (Shea et al., 2015; Rowan et al., 2015), although our magnitudes differ,
suggesting that Khumbu Glacier will continue to thin for several decades to come, even if the

current climate persists.
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3.8 Supplement

More Sensitivity: Comparing a clean ice model to debris model

In this section, we model the response of a glacier with and without debris to explore
glacier sensitivity to debris cover. We start with a glacier similar to the LIA Khumbu and
raise the ELA by 1 m a® for 200 years. The glacier surface profiles at time increments of 50
years are shown in Fig. 3.13. The debris-covered case uses the large-scale melt rule. The
retreat is slower in the debris case and it flattens the glacier surface, producing a glacier
profile similar to that of the current Khumbu glacier. The clean glacier maintains the

convex-up profile typical of the ablation zone of steady-state glaciers.
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Figures for Chapter 3
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Fig. 3.4. - A. Multiband composite satellite image of Khumbu Basin (ASTER—3 Oct 2003).
Settlements (red dots), Everest Base Camp (EBC), nearby glaciers, and major peaks are identified.
Transverse white lines, labeled as gates, locate ice-thickness radar surveys by Gades et al (2000).
The blue dotted line outlines the glacier centerline. Periche, about 5 km downvalley of the
current terminus, is nested within the moraines marking the extent of Khumbu Glacier during the
LGM (white dashed line outline the left lateral moraine). B. Inset on right shows glacier zones
discussed in text; bounded by LIA lateral moraines and ice-thickness gates. Green dots identify
GPS sites repeatedly surveyed to calculate surface velocities in a region of slow motion. C.
Schematic downvalley cross-section of Khumbu Glacier from EBC, at far left of schematic, to the
proglacial valley; the end of the profile is shown as the orange star in A. A thick valley debris infill,
reaching over 100 m at the terminus, is inferred under the modern glacier. The moraine crests
(taken from 2013 DEM) of the LIA and LGM moraines are shown as the yellow and red lines,
respectively (Finkel et al., 2003; Barnard et al., 2006).



73

8
%) 6 ++--&--+ Surface subsidence rate
?j —@&— Emergence velocity
= 4 -=& --]ce melt rate
5 2
> o 0
R s S S S, &
: -2 ; ’—o‘———
) -

7’
S 4
’

0 2 4 6 8
Distance from EBC (km)

Fig. 3.2 - Components of the conservation of mass equation (Eq. 1) averaged within each glacier
zones (see Fig. 3.1). For reference, zone 1 extends downglacier from the highest radar survey,
Gate 1 near EBC.
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Fig. 3.3 - Relationships between melt rate and debris thickness for Khumbu Glacier. The grey
dashed line is fitted to a global set of measurements (grey circles) compiled by Lundstrom (1992)
of ice melt beneath debris layers; note that no data exist for debris over 1 m thick. The solid black
line shows melt rates derived in this study using the sum of the emergence velocity and surface
subsidence rate (error bars show uncertainties in the measurements) and the corresponding new
large-scale melt rule developed for Khumbu Glacier (Eq. 12). The black polygon shows the range
in ice-melt values for bare ice and ice covered with up to 5 cm of debris at EBC from May 22nd to
June 15t1999 (Kayastha et al., 2000); these values are annualized assuming that they are
representative of the 5 warmest months (May - Sept.) and that melting is insignificant during
colder months. The solid and dotted gray lines represent melt-rate parameterizations used in
Anderson (2000) and Anderson and Anderson (2016), respectively. The dash-dot black line
represents the new large-scale melt rule developed for Khumbu Glacier.
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Fig. 3.4 - Horizontal and vertical surface speeds derived from GPS measurements and feature
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2008 and March to May 2008. GPS surveys were in May 2012 and April 2015.
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deposition and uncertainties averaged over each of the glacier sections shown in Fig. 3.1 (dashed
line; vertical axis on right) plotted between each ice-thickness survey site.
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Figure 3.6 - Debris thickness profile for three cases that investigate debris sink terms. The dotted
line has zero debris sinks causing a thick pile of debris at the terminus and the arrow indicates
that the glacier continues to advance. The gray line uses a debris sink along the entire length of
the glacier, which still resulted in a thickened terminal debris layer. The solid black lines uses
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Fig. 3.7 - A) Modeled steady-state surface profile of Khumbu Glacier that matches glacier extent
and approaches the profile of the LIA moraine crests. We exclude upglacier results to ease
interpretation. Thin and thick black lines show the 2003 glacier surface, and bed interpolated
from ice thickness data (Gades et al., 2000); where line is dashed, ice-thickness was calculated
assuming a constant basal shear stress. Gates identify locations of glacier characteristics for the
LIA and modern glacier shown in Table 3.3. Modeled debris thickness at steady state is shown as
the inset panel. B) Modern and 1950’s ice fluxes were guided by measurements of surface
velocity (Miiller, 1968) and ice thickness.



79

6000
—— 2003 Glacier Surface

—— LIA Moraine Crest
- —— LGM Moraine Crest |

—— Modeled surface

é — Bedrock
c (sediment removed)
o 5000 - &
]
()
>
Q
Ll
- Debris Thickness - -
’é‘ L a
o / |
10 15 20 25
Distance (km)
4000 : : :

10 15 20 25

Fig. 3.8 - LGM extent of Khumbu Glacier. During this state, we assume the debris cover is thin but
continuous at all scales, and hence use the local-melt rule. For this case, the valley fill is removed
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as the LIA moraines but is thicker due to the lack of subglacial debris. Note that the upper reaches
of the model are not included in the presentation.
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Fig. 3.9 - Surface subsidence for both the large-scale melt rule (at left) and local melt rule (at
right) relative to the modeled LIA surface. The red line corresponds to the modern time in the
model. For comparison the distance between the modern glacier surface and the modeled LIA
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Figure 3.11 - Spatial and temporal response of glacier after a rise /fall in ELA. Glacier model uses
the local-melt rule (Eq. 10).
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Fig. 3.13 - Glacier evolution for both debris and no debris cases. The left panel is the debris-
covered case and evolves using the large-scale melt rule. The right panel is the clean glacier case

and evolves without debris cover. Colors ranging from blue to green to orange correspond to
initial, intermediate and final stages.



Tables for Chapter 3

Table 3.1 - Summary of differences in surface elevation
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Table 3.1. Summary of differences in surface elevation averaged over the ablation zone
between LIA profile and modeled profile*.

75 150 250
Surface Thinning Surface Thinning Surface Thinning
subsidence rate subsidence rate subsidence rate
m m w.e. a! m mw.e. at m mw.e. a?
Local-melt rule 15 0.18 28 0.15 39 0.14
Large-scale rule 37 0.45 66 0.40 97 0.36

* For comparison, the LIA moraine suggests that, on average over the ablation zone, the
glacier surface subsided 45 m at a rate of 0.3 m a'! in the last 150 years.




Table 3.2 - Summary of modern glacier variables

Table 3.2. Summary of modern glacier variables and zone-averaged dynamic

thickening.
u H w Q Emergence
el L Velo?:ity Zone
m al m m m? al
1 34 390 900 1.2 x 107 m m al
2 30 340 800 8.2 x 10° 880 |47 19 | Zonel
3 25 320 750 5.9 x 108 450 [ 6.0 1.7 | Zone2
4 14 135 690 1.8 x 108 2100 |29 +1.2 Zone 3
5 5 110 630 3.2x10° 1350 |09 +0.6 Zone 4
6 3 85 600 1.0 x 10° 1550 | 0.2 +0.09 | Zone5
7 1 40 600 2.4 x 10* 1585 [ 0.1 +£0.05 | Zone 6
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Table 3.3 - Model LIA glacier

Table 3.3. Model LIA glacier and modern characteristics
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Ice L Modern 1950's Ll Measured
) Model Model .
thickness . measured measured . debris
. ice flux . . debris X
difference 6.3 | dceflux(x | iceflux(x : thickness
(m) (x10°m 10 m3 al) | 10° md a) thickness (m)
a’) (m)
Gate
1 65 19.0 12.0 140 0.01 0.03
Gate
4 95 48 Lz ag 0.35 0.5
Gate
7 105 0.87 s ) 0.8 3.4




88
Chapter 4: Orogen-wide rates of glacial erosion during major

(~100-Kkyr) glacial cycles in the St. Elias Mountains, SE Alaska

4.1 Abstract

Localized convergence between tectonic plates and rapid erosion have created the highest
coastal range in the world - the St. Elias Mountains, SE Alaska. The spatial and temporal
distribution of glacial erosion rates, the dominant form of erosion in the region, however,
remains poorly defined and understood. Herein, we numerically simulate the distribution of
glacial erosion rates throughout the St. Elias Mountains for two time scales, contemporary,
based on the current dynamics and configuration of the principal existing glaciers in the
study region, and long-term, the last 10° to 10° years during which the regional ice masses
have undergone major cyclic fluctuations. For the long term, we calculate erosion rate as a
function of time and space for one representative cycle using an ice sheet model that is
validated through comparisons of model results for the current climate with the
characteristics of existing glaciers in the region. We hypothesize that the rate of erosion
scales with the glacier power, the amount of energy available for erosion per unit time and
per unit area of the glacier bed. Long-term model results show that, in general, erosion rates
averaged for the principal glaciers in the range are relatively constant in time, and that the
location of rapidly eroding domains is relatively stable due to topographic controls despite
the large glacier fluctuation. These domains of rapid erosion do not spatially correlate with
the time-averaged position of the equilibrium line (EL). The erosion model results are
compared to published exhumation rate data inferred from thermochronology to test our

hypothesis and the erosion model. When averaged over an entire major (~100-kyr glacial
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cycle), glacier power accounts for nearly 70% of the variation in the exhumation rate data

throughout this orogen. This is quite surprising because of variations in bedrock
characteristics and in uplift that are expected to be large. The strong correlation between
exhumation data and glacier power validates the hypothesis that the rate of erosion scales
with power and the numerical erosion model. It also enables calibration of the relationship

between glacier power and erosion rate for the St. Elias region.

4.2 Introduction

The rugged mountains of SE Alaska have recently received considerable attention
because of the interest in the interplay between climate, erosion, and tectonics. In particular,
the St. Elias Mountains constitute an ideal natural laboratory for studying this interplay
where the dominant geomorphic agent eroding the region and carving the landscape is glacial
ice. Moreover, a well-preserved offshore sediment record and relatively constant tectonic
convergence rates constrain mass flux estimates and shed light on temporal variations in
erosion rates (e.g., Gulick et al., 2015). Prevailing winds off the northeastern Pacific,
together with orographic effects, result in heavy precipitation and, at high altitudes, thick
snow that sustains the largest temperate glaciers on the planet and fuels rapid erosion.
Moreover, the region exhibits some of the most extreme relief resulting from ongoing
oblique relative motion (~55 mm/yr) between the Pacific and North American plates coupled
with focused, vigorous mass wasting and glacial erosion, which is evident in some of the
largest known sediment yields anywhere (Hallet et al., 1996, Jaeger et al., 1998; Sheaf et al.,
2003).

The orogen formed by collision and accretion of the Yakutat terrane into the

transitional corner that links subduction at the Aleutian megathrust to strike-slip motion
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along the Fairweather fault (e.g., Plafker, 1987; Bruhn et al., 2004; Pavlis et al., 2014). The

complex tectonic setting has resulted in major differences in the style of deformation across
the orogen (Bruhn et al. (2004). In the eastern part, dextral strike-slip faulting on the
Fairweather fault along with crustal contraction drives deformation forming the narrow
coastal range (Bruhn et al., 2012). At the syntaxial corner, the plate boundary bends
westward; the north-dipping Chugach-St. Elias fault sutures the Yakutat terrane and southern
Alaska forming foreland, and offshore (the Pamplona Zone) fold and thrust belts. GPS
measurements straddling the main faults indicate the fault-perpendicular motion is distributed
between shortening offshore and in the orogen with significant structural faulting/rotation,
high strain concentration, and rapid uplift (Figure 4.1; Elliot et al., 2013). In the western part,
structures curve southwestward toward the Aleutian Trench in a region of thick-skinned
folding and faulting (Bruhn et al., 2004). The evolution of the syntaxial orogen strongly
depends on this complicated tectonic setting as well as the lithospheric rheology and climate-
tectonics interactions (Zeitler et al., 2001; Koons et al., 2010; 2012).

Despite the widespread recognition of the importance of glacial erosion in the
evolution of high mountains, little precise information is available about the role of glaciers,
and rates of glacial erosion are defined only by sparse data representing averages over single
or multiple basins spanning up to 5000 km2. For example, numerous field studies of
sediment accumulation in SE Alaska fjords (e.g., Koppes and Hallet, 2002; 2006; Love et al.,
2016), on the continental shelf (Jaeger et al., 1998; Sheaf et al., 2003) and in the deep sea of
the Gulf of Alaska (Gulick et al., 2015) have, respectively, documented spatially averaged
erosion rates over multiple timescales for individual glacier systems and regional rates.

Perhaps the highest well-documented rates derive from Tyndall Glacier in Icy Bay, a
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tidewater glacier, west of Malaspina Glacier. Koppes and Hallet (2006) estimated the long-

term, basin-wide erosion rate to be 9 + 2 mm/yr based on the sediment yield from Tyndall
Glacier averaged over ~50 years after applying a large correction factor (~3) to reduce the
rates, in an effort to account for the probable acceleration of ice flow and release of stored
sediment associated with glacial retreat. On the shelf, sediment accumulation rates averaged
nearly 8 mm/yr corresponding to an erosion rate of 5.1 mm/yr averaged over the last 104
years, which Sheaf et al., (2003) attributed to efficient erosion by glaciers. The authors
suggest that their estimated rates are not typical of the entire 5 Myr history of mountain
building and represent only the last interglacial period. Recently, Gulick et al. (2015),
reporting on seismically derived offshore sediment volumes that represent nearly 3 Myr of
accumulation, underscored the significance of climate driving erosion rates, and suggest that
the high sediment flux leaving the mountains exceeds tectonic inputs. Collectively, the
studies of sediment accumulation in fjords, on the shelf, and in the deep sea show that
erosion rates in SE Alaska are among the highest in the world.

Numerous other studies have addressed the spatio-temporal evolution of rock
exhumation using multiple thermochronometers from bedrock and detrital samples; they
yielded valuable data that were discussed in the context of the climate and glaciers in the
region (e.g., Berger et al., 2008; Berger and Spotila, 2008; Enkelmann et al., 2008, 2009,
2010, 2015, 2017; Spotila and Berger, 2010; Pavlis et al., 2012; Grabowski et al., 2013;
Falkowski et al., 2014). We note that in the St. Elias region, tectonics are dominated by
convergence and, therefore, we do not expect tectonic exhumation; hence, for simplicity, we
equate exhumation and erosion to conservatively assess long-term erosion rates. Much of the

exhumation research was part of the Saint Elias Erosion/tectonics Project (STEEP), which
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addresses the St. Elias orogen and the interaction of regional plate tectonic processes,

structural development, and rapid erosion. In a review of tectonics and climate research,
Whipple (2009) noted that Berger et al. (2008) and other STEEP studies represent “the most
convincing case so far” for a climate influence on tectonics by documenting a shared
temporal evolution of deformation and climate. Moreover, Berger and Spotila (2008) drew
attention to the spatial coincidence of rapid exhumation localized along the south, windward
side of the range and the general position of the mean Quaternary equilibrium line (EL) to
suggest a simple explanation for the location of the rapid exhumation: glacier erosion rates
peak near the EL where ice fluxes are highest, as expected on theoretical grounds (e.g.
Anderson et al. 2006). However, the extent, dynamics, and spatial distribution of erosion is
poorly constrained for glaciers and ice sheets such as the Cordilleran that were typical during
the Quaternary. This topic merits elaboration, and will revisited in the discussion.

At the scale of a single valley, Headley et al., (2012) examined the dynamics of the
ice and, in particular, the spatial distribution in basal conditions that control erosion rates
within the Seward Throat, where the ice flow is exceptionally rapid and crosses major
structures between Seward and Malaspina Glaciers (Figure 4.1). Merrand (2013) also
examined the spatial distribution of erosion rates for the Seward-Malaspina system, and did
so for a full 100-kyr cycle using a simple, 2-D glacier flow model. Despite these studies, the
spatial distribution of glacial erosion rates and the influence of rock strength and crustal
deformation on erosion rates throughout the orogen remain poorly known.

Whereas, the previous paragraph focuses on the spatial distribution of glacial erosion
rates, other studies investigate the controls on erosion rates in diverse tectonic settings. Over

geologic timescales, Yanites and Ehlers (2016) developed a calibrated erosion model for
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sliding velocity and exhumation rate for the southern Coast Mountains of British Columbia,

which were primarily uplifted during the late Neogene (Parrish, 1983). The results of the
study confirmed that sliding influences the rate of glacial erosion; however, only the high
elevation of the region remains ice covered throughout the model runs. Over the majority of
time, ~80 to 90%, the model domain is either ice-free or covered with cold-based ice,
whereas, the principal glaciers in SE Alaska are present over the entire 115-kyr model. In the
Southern Alps of New Zealand, Herman et al. (2015) reported that the glacial erosion rate is
proportional to the ice-sliding velocity squared based on 5 months of measurements of
glacial velocities and suspended sediment load at Franz Josef Glacier near the Alpine Fault.
The result agrees with theoretical predictions for glacial abrasion (Hallet, 1979), which
suggests that glacial abrasion may be the dominant erosional process for fast-flowing glaciers
over weak rock and is contrary to field observations suggesting that quarrying is the principal
process of glacial erosion (Iverson, 2012 and references therein).

Herein, we present model results on glacial erosion rates for two timescales, the
present-day and the longer-term; the latter represents of the past ~100-kyr when much larger
ice masses covered the study area and underwent large oscillations, extending from current
glacier margins near the present coastline to the edge of the continental shelf. We
hypothesize that the rate of erosion increases with the glacier power, the amount of energy
available for erosion per unit time and per unit area of the glacier bed, which has the
advantage of representing the strength of the ice-bed coupling, the basal shear stress, as well
as the sliding rate. For the present-day, glacier power is derived from modern-glacier
characteristics and mass conservation principles, much as is commonly done in studies of

bedrock incision by rivers (e.g., Finlayson et al., 2002). The model of glacier power is
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validated by comparison with results from a full-stress 2-D model of glacier flow and sliding

(Headley et al., 2012). For the long-term, we use results from an ice sheet model to define
the spatial and temporal distribution of the erosion rate for ice masses that have undergone
massive changes during the Quaternary. By averaging the modeled erosion rate over a
complete ~100-kyr representative of the late Quaternary, we define a spatially continuous
quantitative index of the erosion rate representative of the longer-term, and then compare the
modeled index with geologic data that define exhumation rates in the region, to test our
hypothesis that glacial erosion scales with power, and to assess and calibrate the erosion

model..

4.3 Methods

We seek to define the orogen-wide spatial distribution of glacial erosion rates based
on the hypothesis that the rate of erosion increases with the amount of energy available for
erosion per unit time and per unit area of the glacier bed (i.e., the glacier power per unit area).
We consider two states of the glaciers in the region, the contemporary glacier configuration
and fluctuating glaciers over a complete, major glacial cycle. We then compare the glacier
power distribution time-averaged over the cycle, assumed to represent the late-Quaternary
distribution, with published values of exhumation rates from samples collected near major,
long-lived glacier systems to test the hypothesis that the rate of glacial exhumation scales
with glacier power, and calibrate the power-rate relationship. Note that glacier power would
be more precisely described as the glacial basal power; however, we use the shortened
version, which, in form, parallels river power.

Our approach is similar to that used commonly in studies that assume the erosion rate

to increase with sliding speed (e.g., Harbor et al., 1988; Anderson et al., 2006; Herman et al.,
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2015). With regard to erosion by ice sheets such as the Cordilleran, glacier power is

preferable to sliding speed because basal shear stress may vary from around 105 Pa,
comparable to those typical of alpine valley glaciers (Cuffey and Paterson, 2010), to as low
as 103 Pa, where the lubricating effect of water or soft-sediments reduce erosion rates, as
well as basal shear stresses. In such regions, erosion rates would more likely vary with
glacier power. The glacier-power approach has been used in other studies investigating
subglacial erosion beneath ice sheets (Pollard and Deconto, 2009; Hallet et al., 2011,
Melanson et al., 2013); however, in these studies, the erosion law proportionality constant
and exponent are poorly constrained. A further advantage of this approach is that it
decreases reliance on mechanistic models of abrasion (Hallet, 1979) and quarrying (Hallet,
1996; Iverson, 2012) that address erosion on small scales (generally <10-100 m) but require
detailed information that is largely unavailable about the geometry and strength of the
bedrock under the ice; they are not suited for studies of erosion of large regions because of
the low spatial resolution of the models used (4 km in long-term model), and of poorly
known basal conditions, bed properties, and large changes in glacial cover and basal
conditions over glacial cycles.

In the contemporary glacier model for the whole range, the product of the current
glacier surface slope and balance flux serves as a convenient index of the glacier power per
unit area. The balance flux is the distribution of mass flux that would exist if the glacier were
in steady state; it derives from simple mass-conservation principles. The balance flux at any
glacier cross-section is the product of the area of the basin upglacier of that section and the
integrated net mass balance, derived from the contemporary climatology (Fricker et al.,

2000). Note that the balance flux divided by the cross-section width and depth yields the
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average balance ice speed; it exceeds the rate of basal ice motion, but only slightly so for

many of the fast-moving glaciers in SE Alaska, such as the Seward Glacier, where the
contribution of internal ice deformation to the overall velocity is small (Headley et al., 2012).
Comparison of the balance flux with the current flux determined directly from ice thickness
measurements (Rignot et al., 2013) and flow velocities (Burgess et al., 2013) showed that
balance fluxes closely approximate (<7% difference) ice fluxes for the principal glaciers in
the St. Elias Range. The balance flux for Seward/Malaspina and Hubbard Glaciers exceed
the measured flux by 7% or less, whereas for Bering Glacier it is 12% lower than the current
ice flux; mismatches on this order or larger are not surprising especially for glaciers known
to undergo major surges (e.g., Molnia and Post, 2010) and for fast-moving glaciers in rugged
terrain where airborne radar measurements of ice thickness are challenging (e.g., M. Truffer,
2016, pers. communication).

For the long-term model, the glacier power field is calculated through the last major
glaciation, starting 115 kyr ago and ending now, for the entire orogen as the glacier systems
grow and shrink. The evolution of the Cordilleran Ice Sheet is simulated using the
University of Maine ice-sheet model, UMISM (Fastook and Prentice, 1994; Fastook et al.,
2008). UMISM is a 2.5 D finite-element mass and momentum ice dynamics solver with
embedded components for calculating isostasy, thermodynamics, basal sliding, simple
calving, and surface mass balance. The spatial resolution of the model is 4 km. The glacier
portion of the long-term model is validated based on glacial geology investigations. At the
LGM, the model yields glaciers reaching the shelf edge and, for most of the study region,
reaching the LGM extent consistent with geologic observations (Figure 4.2; Manley and

Kaufman, 2002).
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Much like the glacial geology studies of ice extent that were used to assess the

validity of the ice-sheet model for LGM conditions, model results for contemporary
conditions were assessed by comparing the modeled glacier thickness for the current
conditions with direct measurements of the thickness of existing glacier using low-frequency
radar soundings (Rignot et al., 2013). Figure 4.3 shows the ice-thickness differences,
modeled - measured. The median of the absolute value of the thickness difference is 140 m
with a standard deviation of 80 m. This amounts to ~20% of the ice thickness in the active
reaches of the principal glaciers, and hence, constitutes reasonable agreement, providing
confidence in the UMISM model as implemented herein.

In the UMISM model, climate is defined from gridded input consisting of monthly
mean surface temperature and total precipitation. Surface mass-balance is calculated from a
degree-day method based on gridded monthly inputs of temperature and precipitation (Birkel
etal., 2012; Putnam et al., 2013; Schaefer et al., 2015). Within a UMISM simulation, surface
temperature at each gridcell is scaled to calculated ice surfaces using a fixed atmospheric
lapse rate of 5 °C/km, thus providing a means for accumulation areas to expand or contract
with evolving surface topography. The model initializes with ice-free terrain.

To develop a 115-kyr simulation, climate boundary conditions were shifted between
LGM and modern end members paralleling a time-series forcing signal of paleo-temperature.
The gridded end-member temperature and precipitation fields were derived from existing
climatologies. For the modern climate, we used the 2 km (scaled to 4 km) 1961-1990
monthly climatology for Alaska and western Canada from PRISM (Daly et al., 1997).
PRISM (Parameter-elevation Regressions on Independent Slopes Model) is a knowledge-

based system that uses point measurements of temperature, precipitation, and other
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parameters to produce realistic gridded estimates of surface climate conditions, including

orographic precipitation. Annual snow accumulation is found by summing precipitation
amounts for all months when the temperature is < 0 °C. A temperature forcing function is
supplied by scaling the global sea-level signal from Shackleton et al. (2000) such that LGM
values register -7 °C relative to mean Holocene scaled to 0 °C. Model output fields were
generated every 500 years for the duration of the experiment. PRISM, which has undergone
rigorous validation (e.g., Daly et al., 2000; Wang et al., 2006), is better suited to provide
model boundary conditions than reanalysis (e.g., North American Regional Reanalysis
[NARR]; Mesinger et al., 2006) mainly because of its high resolution (2-4 km PRISM versus
32 km NARR). Reanalysis, however, was used over ocean areas, as PRISM coverage exists
only over land. In comparison with another study that uses the same climate forcing
scenarios, our study shows synchronous advance/retreat phases (Seguinot et al., 2015).

The representation of glacier sliding in UMISM, which bears directly on erosion and
sediment production, is a general relationship for beds at the melting point originally
formulated by Weertman (1964), and modified to incorporate the strong effect of basal water
and effective pressure on sliding rates. A 2D solution for conservation of water at the bed
allows for basal water movement down the subglacial hydraulic potential gradient (Johnson,
2002). For coastal glaciers, a number of factors including water depth, terminal ice flux,
calving rate, and melting at the ice face (Motyka et al., 2003) control the terminal position.
UMISM does not include a physical treatment of ice shelves or calving at ice grounding-lines.
In order to prevent ice margins from extending beyond the continental shelf, a calving

parameterization was used in which a 115-m water equivalent mass loss is imposed at all
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elements where the grounding-line water depth is less than 500 m below present mean sea

level. LGM sea level was prescribed at 130 m below present mean.

4.4 Results

4.4.1 Contemporary distribution of glacier power

Figure 4.4 shows the spatial distribution of the relative erosion rates assuming they
increase with glacier power based on contemporary glacier characteristics (i.e., glacier
surface slope and balance flux) for the entire orogen. Power is only defined regions covered
by large, modern glaciers. Two clear erosion hotspots stand out; as will be discussed later,
they coincide with areas where exhumation is rapid (Enkelmann et al., 2015). One is the
Seward Throat where the Malaspina/Seward glacier system cuts across the east-west trending
high range that culminates with Mt St. Elias. The other is further east, about 10 km from the
terminus of the Hubbard glacier close to where strike-slip motion along the Fairweather fault
transitions to convergence across many E-W-trending structures.

In Figure 4.5, results from our contemporary erosion model are compared with those
from a full-stress 2-D model of glacier flow, sliding and erosion through a small region of
special interest because of the exceptionally rapid ice flow, the Seward Throat (see Figure
4.4; Headley et al., 2012). The longitudinal variation of erosion rates, normalized to the
maximum value, is shown for different representations of glacial erosion. The dominant
features in our results generally resemble those of the full-stress numerical model; both
studies show three peaks throughout the throat, with the highest peak located at the southern

end of the Seward Throat. The relative erosion rate is low both up-valley and down-valley of
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the Seward Throat due the strong control of the basin geometry (valley width) on the spatial

distribution of ice speed and erosion rates.

4.4.2 Quantitative glacier power averaged over a full glacial cycle

Having considered the distribution of relative glacial erosion rates for contemporary
conditions and glacier extent and gained confidence in our approach, we now investigate this
distribution at 4 km resolution through a complete 100-kyr glacial cycle, using UMISM.
Figure 4.6 shows the modeled glacier power, the product of the UMISM-calculated basal ice
speed and basal shear stress for each time-step averaged over the full glaciation. The highest
time-averaged glacier power is located in regions of high relief, primarily where basal ice
speed is high as ice is channeled through narrow valleys. These regions coincide with the
particularly active portions of the contemporary glacier systems and suggest that rapid
erosion is sustained in the areas of Bering/Bagley, Seward/Malaspina, and Hubbard Glaciers
through a 100-kyr glacial cycles, and by inference, through much of the Quaternary. Outside
of the St. Elias area, rapid glacial erosion is also expected in other major mountain systems
including the Alaska Range, Wrangell Mountains, Chugach Mountains, and in Glacier Bay.

The offshore glacier power results should be viewed with caution as the
parameterization for basal ice motion in UMISM is guided by the characteristics of existing
glaciers that do not extend offshore. Moreover, the erosion model is suitable for bedrock
terrain rather than substrates of unlithified sediments, and the shielding effect of sediments
on bedrock erosion is not taken into account. This distinction between bedrock and sediment
substrate over the broad continental shelf is important because glaciers advancing offshore
well beyond the coast line would generally not to be in contact with bedrock; instead, they

would override extensive outwash plains, comprised of the glacio-fluvial sediments that have
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accumulated to form the shelf. Offshore model results show that as the ice advances across

the shelf, ice streams emanating from the major glacial systems on land continue southward
along sea valleys and shelf-crossing troughs (Figure 4.6), which represent high sediment-flux
pathways for eroded material onto the shelf and, in some cases, into deep waters via the
Surveyor Fan (Reece et al., 2011; Elmore et al., 2013).

The modeled spatial distribution of glacier power per unit area averaged over a major
glaciation representative of the late Quaternary can be compared to available geologic data.
Figure 4.7 shows the glacial power for the sub-region illustrated in Figure 4.6, where
exhumation rates have been determined using low temperature thermochronology
(Enkelmann et al., 2015; 2017; and references therein). Only thermochronometric
measurements from sites adjacent to the modern glaciers or within a 10 km-wide zone from
the northern glacier boundary are included in Figure 4.7. At many of the sites, samples were
collected a few kilometers from the glaciers; we assume they represent glacially driven
erosion because 1) over long time scales, we expect subaerial processes to lower hillslope at
same rate as glacial erosion, and 2) the thermochronologic data are sensitive to exhumation
over domains spanning several horizontal kilometers (Ehlers and Farley, 2003; Yanites and
Ehlers, 2016). No direct samples of bedrock were taken under the ice, and the detrital
samples are assumed representative of the bedrock for the entire catchment area. The
northern 10 km-zone incorporates regions dissected by smaller glaciers, or that may have
been under vigorous glacier systems before being advected northward due to the rapid
convergence (~40 mm/yr) between the SE Alaska and the Yakutat block (Elliot et al., 2013).
In Figure 4.7, bedrock and detrital apatite U-Th/He and fission track (FT) samples are

grouped by age; young cooling ages are scattered along the southern flank of the range facing
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the Pacific Ocean. For reference, apatite FT ages between 2 and 4 Ma correspond,

respectively, to exhumation rates of about 2 and 1 km/Myr (assuming a 30°C/km temperature
gradient and a closure temperature of 110°C), and ages between 2 and 0.1 Ma correspond to
rates of about 2 to 6 km/Myr (i.e., 2-6 mm/yr; Enkelmann et al., 2015).

Figure 4.8 shows the basin-wide average glacier power per unit area over time for the
three principal glacier systems. Over much of the glaciation, glacier power in each basin is
remarkably constant; the magnitude of glacier power varies within a range of 2 W/m? or less
and shows little trend. Exceptions include an increase in glacier power for Bering Glacier at
the start of the model simulation when the glacier expands beyond Bagley icefield and grows
over time. For the Seward and Hubbard glacier systems, the glaciers form quickly at the
beginning of the simulation. At 30 ka, the sharp increase in glacier power for Bering Glacier
reflects a major expansion of the glacier; the basin area nearly doubles because the drainage
divide shifts northward as the ice sheet thickens during the build-up to the LGM. Another
transient increase, at ~50 ka, reflects the initial stages of another major advance. The spike in
glacier power dissipates quickly after the ice caps grows and may reflect low basal shear
stress due to the thicker yet more gently sloping ice cap. Starting at 10 ka, the onset of LGM
deglaciation, glacier power increases significantly for all three basins due to the dominant
effect of the steepening ice surface on the basal shear stress. For instance, at Hubbard
Glacier the ice thinned by ~150 m near the glacier terminus from the LGM peak thickness;
however, the velocity sped up about 35% during the same period. Similar changes (i.e.,
thinning of ice coincident with increased ice velocity) occurred within Seward Throat and at

the Bagley/Bering confluence.
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4.5 Discussion

4.5.1 Assessing the erosion model

Model results document the spatial distribution of erosion rates in SE Alaska, for
contemporary glacier conditions and for conditions averaged over the major ~100-kyr
glaciations representative of the long-term, the Quaternary. The long-term model also yields
the temporal pattern of erosion rates through major glaciations. A major factor generally
limiting the usefulness of, and confidence in, glacial erosion models is that they cannot be
validated and calibrated because of the paucity or lack of local erosion rate data. Herein, we
validate the hypothesis that erosion rates increase with glacier power and the UMISM-linked
erosion model of long-term erosion rates for the entire orogen, using extensive
thermochronometric data that define site-specific exhumation rates. The large range of both
glacier characteristics and erosion rates also enables us to calibrate the erosion model for the
study region.

Figure 4.9 compares exhumation rates derived from thermochronometry to the
corresponding modeled glacier power per unit area averaged over a complete glaciation. The
exhumation rates were derived from apatite U-Th/He and FT ages shown in Figure 4.7
assuming a 30 °C/km geothermal gradient (Enkelmann et al., 2015; 2017). AHe closure
temperatures were calculated for each sample by inputting grain radii and computed cooling
rates into the CLOSURE program (Brandon et al, 1998; Enkelmann et al., 2017).
Additionally, Enkelmann et al. (2017) corrected for the long wavelength topographic
influence on shallow isotherms in active mountain ranges by adjusting them to the relative
local (10 km radius from each sample) mean elevation (Stiiwe et al., 1994; Mancktelow and

Grasemann, 1997). For the region, apatite ages, as well as detrital zircon FT ages that not
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shown in Figure 4.9, reveal that exceptionally rapid exhumation (~2-5 mm/yr) is primarily

localized in the lower reaches of the Hubbard and Seward-Malaspina Glacier systems
(Enkelmann et al., 2015). Error bars incorporate sources of uncertainty for both the glacier
model (horizontal bars) and the cooling ages (vertical bars). Model uncertainty was derived
from the mismatch between model results of ice flux and modern ice-flux measurements; on
average, they differed by ~15%; however, we double the uncertainty to 30% to provide a
more conservative estimate. Sources of uncertainty for the cooling ages, which differ for
each thermochronometer, include ranges in cooling depths and temperatures as well as
uncertainty in the geothermal gradient. In Figure 4.9, cooling age uncertainty is taken from
errors reported by Enkelmann et al., 2015; 2017).

In Figure 4.9, an orogen-wide trend in glacier power and exhumation rate is clear and
significant (p-value < 0.001), which validates the hypothesis that erosion rate increases with
glacier power, and seems to do so linearly within the limits of the data. Glacier power
accounts for nearly 70% of the variation in exhumation rates. Two clusters stand out from
the general trend, each defined by three points: the Bering cluster above, and a cluster
distinctly below the trendline. The latter represents the northern reaches of the study region
where glacier power is high, 4-5 W/m?, despite the location in the rain shadow of the St.
Elias Mountains, and exhumation is unusually slow presumably due to the bedrock being
relatively resistant to erosion.  In this region, crystalline and sedimentary rocks were
incorporated into the plate margin prior to the Yakutat plate collision and were
metamorphosed ca. 50 Ma at greenschist and amphibolite grade pressure and temperature
(Plafker, 1987; Plafker et al., 1994; Bruhn et al., 2012). In addition, as suggested by Koppes

et al. (2015) for glaciers in another region, the relatively low precipitation and surface input
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of liquid water in the rain shadow would tend to slow erosion even if sliding rates and glacier

power are elevated.

In contrast, the outliers around Bering Glacier represent faster erosion, over twice as
fast as expected from the trend, which is likely due to the bedrock assemblage being
relatively “weak” and easily eroded in this part of the orogen. This is not surprising because
it includes thick, folded, and faulted sedimentary units that have experienced only shallow
burial, insufficient to reset zircon-FT ages (Enkelmann et al., 2010), and little or no
metamorphism (Figure 4.1). Bering Glacier also overlies a tectonic boundary inferred to be
an active thrust or oblique-slip thrust fault, the Bering Glacier fault. Moreover, the region
west of the glacier, where the samples yield young cooling ages, is seismically active (Bruhn
etal., 2010; 2012).

In actively deforming orogens, material weakening due to crustal strain likely plays
an important role in rapid erosion due the pervasive fracturing of rock and reduced resistance
to erosion (Molnar et al., 2007; Koons et al., 2012). In the St. Elias, crustal strains are
expected to increase toward the eastern part of the orogen near the transition from oblique
transform motion to normal convergence at the plate boundary corner due to changing crustal
velocities and the intersection of orogen scale structures (Koons et al., 2010). We would
expect a corresponding eastward decrease in resistance to erosion and an increase in the ratio
of exhumation rate to glacier power. Figure 4.9 does not show this trend, however; even in
the western part of the orogen, the region is highly erodible as indicated by the Bering cluster,
presumably due to the bedrock being inherently weak. Moreover, the rapid erosion for the
Seward and Hubbard glaciers in the eastern part is commensurate with the high glacier power

there. We suggest that an eastward strain-related trend is not evident because the bedrock
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assemblage is inherently so heterogeneous, ranging from poorly lithified sedimentary units to

metamorphic and plutonic rocks. Additionally, bedrock is pervasively weakened through the
entire width of the orogen by the rapid crustal convergence, as well as the extensive shearing
associated with hundreds of kilometers of advection of the Yakutat terrane to the northwest

along the Fairweather fault.

4.5.2 Temporal variation in basin-wide erosion rates through a glacial cycle

Over the full glacial cycle, the model suggests that glacier power for the three basins
in Figure 4.8 is relatively constant compared to the large variations in the extent, thickness,
and speed of the ice masses, suggesting offsetting changes in factors affecting glacial
erosion during the different glacial phases. Thicker glaciers with gentle surfaces typical of
major glacial advances seem to erode at roughly the same rate as smaller, steeper glaciers
during inter-glacial periods. Transients occur during times of rapid advance (i.e., the peak at
50 ka), significant retreat, or large changes in basin area such as large increase in basin area
for Bering Glacier at 30 ka (Figure 4.7). For the latter, glacial ice that previously flowed
away from Bering Glacier reversed flow into the glacier, which increased ice discharge south
of the Bering/Bagley confluence. Over the course of the glaciation, this ice rerouting
occurred only once but caused a significant increase in glacier power between 30 to 20 Ka,
doubling the glacier power for Bering Glacier. Subsequently, power sharply decreased at the
approximate time of the post-LGM retreat for glaciers in southern Alaska (Barclay et al.,
2009).

Surprisingly, glacier power for all three major glaciers is faster than the long-term
average beginning at the start of the Holocene, at ~ 10ka (Figure 4.8). Yet during the early to

middle Holocene, glaciers in Alaska were relatively drawn back (Barclay et al., 2009), which
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was likely due to warmer and drier summer conditions than today’s around the Gulf of

Alaska between 9 and 6 ka (Mann et al., 1998). In fact, glacier power increases over this
period and only begins to lower during the Neoglaciation period of glacier expansion after 5-
6 ka. During much of the Holocene, the modeled glacier extent is similar to the present day
extent. In this smaller state, ice flow is more rapid due to increased surface slope and is
concentrated into steep and narrow valleys (e.g., the Seward Throat & the lower reaches of
Hubbard Glacier), which are favorable for rapid erosion due to fast flow of thick ice. In
addition, these valleys are likely underlain by heavily damaged bedrock, as they often trace

major structures (regional thrust faults) and zones with abundant seismicity.

4.5.3 Is the EL a useful metric of erosion rate?

In an important paper providing the first documentation of the spatial distribution of
exhumation rates in the St. Elias Orogen, Berger and Spotila (2008) brought attention to the
apparent spatial relationship between zones of rapid erosion and the ELA position. However,
caution is in order when considering this relationship for ice masses undergoing large
changes in extent and thickness. Berger and Spotila (2008) define an ELA front, the zone
between the modern and the LGM ELA, based on glacial geology studies in the interior of
Alaska (Péwé, 1975). In projecting this ELA front onto modern topography, however, they
neglect to account for the large increase in the elevation of the accumulation areas of the
glaciers relative to the present day for the thick ice that covered the region over much of the
last 115 kyr. In a study investigating the retreat of the Laurentide ice sheet, Hooke and
Fastook (2007) used the UMISM model to calculate ice-sheet profiles at various times and
showed that an ELA drop of less than 1 km displaced the equilibrium line position southward

toward the glacier margin 600 km. Similarly, in SE Alaska a drop in ELA would displace
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the equilibrium line southward, which is likely limited in the south because glaciers cannot

extend into the Pacific beyond the edge of the shelf because of the efficient loss of ice where
the terminus is in deep water. In Figure 4.6, we show the modern ELA and the average
position of the equilibrium line during the last major glaciation representative of the
Quaternary; it extends to near the edge of the shelf where the loss of ice due to calving in the
open ocean vastly dominates other mass losses. We stress that, on average over much of the
period exhumation, the equilibrium line is 10s of km offshore from the locus of rapid
exhumation along the range-front and in the syntaxial corner. Hence, the ELA position on
the modern landscape is not a useful indicator of the location of zones rapidly eroded by
glaciers undergoing large changes in thickness. Moreover, ELA-based approaches suffer
from general limitations; the location of the equilibrium line on large fluctuating glaciers is
sensitive to the ice thickness changes, and hence is poorly known in the absence of numerical
results with sufficient resolution to represent topographic control on ice flow, and it does not
consider other factors controlling erosion rates aside from ice flux, including basal conditions

and bedrock characteristic.

4.5.4 Implications for controls on erosion rates

This study and two others (Herman et al., 2015; Yanites and Ehlers, 2016) report
relationships between rates of erosion and either glacier power, or glacier sliding (the latter
two studies). In particular, using an approach that parallels ours, Yanites and Ehlers (2016)
showed a general agreement between the spatial distribution of the temporally averaged
sliding velocity over a glacier-interglacial cycle and exhumation rates based on
thermochronometric data. They reported a linear relationship between rates of exhumation

and a glacial erosion model based on sliding velocities; however, their results were also
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consistent with the power-law relationship of erosion and glacial sliding similar to the result

reported by Herman et al. (2015). Differences in the type of relationship (i.e., linear vs.
power-law) indicate the sparse validation and point to need for additional studies. Drawing
conclusions about the dominant process of glacial erosion (i.e., abrasion vs. quarrying) is
likely premature especially considering the lack of information about bed characteristics
including basal coupling. The glacier power model used in our study is, however, more
general because it accounts for the sliding velocity and the strength of the coupling between
the glacier and substrate, which is especially important in areas where water or soft-
sediments underlie the glacier.

The proportionality factor in erosion laws, which are effectively indices of bedrock
erodibility, and exponent are particularly uncertain (e.g., Herman et al., 2015). We expect the
erodibility to be highly variable in space because of differences in lithology and bedrock
strength. For the St. Elias Range, we define the erodibility as the ratio of erosion rate to
glacier power, is 2.8 x 10-11 Pa-1 and ranges between 4.7 x 10-12 Pa-1 to 1.4 x 10-10 Pa-1,
which yields the first validated and calibrated glacial erosion law based on glacier power for
a tectonically active mountain range. We note that Herman et al. (2015) also validated their
erosion model for basal sliding for a tectonically active range with modern glaciers, and did
so with a promising novel approach but their results may not be robust; because of the very
short duration (i.e., 5 months) of their study at Franz Joseph glacier, the results may not be
representative of long-term erosion and the erosion rates inferred limited suspended sediment

flux data could easily be confounded slight changes in sediment storage within the basin.
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For comparison, we computed the bedrock erodibility for the Coast Range of British

Columbia using results from Yanites and Ehlers (2016). We converted their modeled sliding
velocities to glacier power per unit area assuming a constant basal shear stress of 105 Pa, a
typical value for alpine glaciers (Cuffey and Paterson, 2010), which yields an erodibility
constant of 5.6 x 10-13 Pa-1. The result is a 50-fold difference from our value of bedrock
resistance to erosion; however, the difference may not be unreasonable considering the
difference in material strength between the two study regions. Following the same approach,
the erodibility constant for Herman et al. (2015) using glacier power is 6.6 x 10-10 Pa-1,
which falls within our range of erodibility values. The range in erodibility constants likely
relates to the local geology and tectonic history. At Franz Joseph Glacier, highly fractured
bedrock borders the Alpine Fault; whereas, the Coast Range of British Columbia consists of
relatively intact pre-Tertiary metamorphosed rock of a coherent crustal terrane and igneous
plutons (Parrish, 1983). In SE Alaska there is a wide-range of rock types, including

sedimentary rocks, that have a complex history of strain damage.

4.5.5 Model limitations and caveats

Our model addresses glacier evolution and erosion for a broad region over an entire
115-kyr cycle of glaciation; however, the model is simple and guided only by sparse
observations and, hence, several limitations warrant attention.

The ice sheet model, UMISM, generates the spatial distribution of erosion rates
broadly resolved both in space and time. The model uses a time step of 500 years and, hence,
only low frequency temporal variations can be resolved. High frequency variations,
including seasonal fluctuations in conditions and processes at the glacier bed that affect

glacier sliding and erosion, are not resolved. In particular, the evolving pattern of subglacial
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hydraulics, which changes on seasonal to glacial cycle time scales is known to cause large

changes in effective stress (Merrand, 2013) and sliding velocity, both of which impact rates
of quarrying (lverson, 1991; Hallet, 1996) and evacuation of erosion-derived sediments. The
model spatial resolution, 4 km, is adequate for defining the broader patterns of ice flow and
glacial erosion; the corresponding spatial averaging is advantageous as the modeled erosion
rates can be compared to exhumation rate data averaged over this length scale, decreasing the
variability in data caused by the inherent variability in substrate characteristics (e.g.,
lithology and damage density, differential uplift, and bed roughness). Most of the elements
of the alpine topography are, however, below the model resolution.

The long-term ice sheet model also does not take into account changes in 1)
climatology due to the growth and decay of large ice masses, 2) local sea level due to crustal
loading by ice and sediments, 3) transients, including glacial surges, and 4) bed elevation due
to erosion and deposition over a full glacial cycle lasting >105 years, and yet, even with the
104 years of the Holocene, sedimentation on the shelf reaches up to nearly 300 m locally
(Worthington et al., 2010).

For the relationship between exhumation and glacier power, we focus on regions that
are currently glaciated and have been glaciated throughout the entire glaciation; however,
there are a few domains where exhumation is fast in currently unglaciated areas (e.g., Berger
et al., 2008) but erosion is known to extend well beyond the glaciers to the topographic
divides due to avalanches and other subaerial mass wasting processes. Moreover, the
analysis focuses on the principal glaciers; it does not include smaller glaciers, such as
Tyndall Glacier in Icy Bay that is currently eroding at 10 mm/yr or more (Koppes and Hallet,

2006) and the associated mass wasting. The latter includes the massive landslide that
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collapsed recently on the terminus of Tyndall Glacier (October 17, 2015;

http://www.ldeo.columbia.edu/news-events/detecting-landslides-few-seismic-wiggles). In
addition, the exhumation signal is blurred spatially by the northward crustal advection due to
high convergence rates, 20-30 mm/yr, across the St. Elias range (Elliot et al., 2013).
Nevertheless, the long-term model constitutes a powerful and rarely used tool for examining

tectonic-glacier interactions and for interpreting results from exhumation studies.

4.6 Conclusions

The St. Elias range in SE Alaska is an ideal region for examining the spatial variation
in glacial erosion rates for both the contemporary state of the glaciers, and for the fluctuating
states through major glaciations typical of the late Quaternary. Moreover, a wealth of
existing data sheds light on glacial and erosional processes, on the complex geologic and
geophysical setting that can affect bedrock resistance and erosion, and on the tempo of
exhumation throughout the study region. Importantly, the region is also home to the largest
and most erosive alpine glaciers on the planet. They provide valuable guidance for the
parameterization in the ice-sheet model and for validating the results. We find a significant
linear relationship between average glacier power per unit area and exhumation; the
averaging here is temporal and over a full ~100-kyr glacial cycle typical of the late
Quaternary. The variation in glacier power accounts for ~70% of the observed range of
observed exhumation rates despite the large range of substrate characteristics expected in the
study region. The results validate the hypothesis that the rate of erosion scales with the
glacier power, and provide calibration for the St Elias range. Compared to regions with
coherent bedrock (i.e., the Coast Range of BC), bedrock erodibility is relatively high 2.8 x

10-11 Pa-1 due to the local crustal assemblage consisting of either weakly lithified sediments
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or diverse metamorphic and plutonic rocks that have been pervasively weakened by large

strains.

Model results also dispel the notion that zones of rapid exhumation are spatially
coincident with the position of the EL; over much of the model duration, the average position
of the EL is displaced horizontally well south of zones of rapid exhumation, near the
continental shelf break in the Gulf of Alaska. According to the model, rapid erosion is
currently concentrated into two clear regions, the Seward Throat and the lower reaches of
Hubbard Glacier. They coincide closely with areas of rapid exhumation (e.g., Enkelmann et
al., 2015; 2017). Regionally, the highest rates of exhumation and basal energy expenditure
occur in the eastern portion of the orogen near the transition from strike-slip motion along the

Fairweather fault to convergence along the Chugach-St. Elias fault.
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major glaciers, and geographiclocations. GPS displacements, red arrows, Elliot et al., 2013.
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value indicates that the modeled glaciers are thicker.
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principal glaciers using their current geometry and mass balance. The area of rapid exhumation
reported by Enkelmann et al. (2015) is outlined with heavy red dashes. Onshore, red lines
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Figure 4.5. Comparison of relative erosion rates, normalized to the maximum value, for the
Seward Throat. Top-right: Relative erosion rates for multiple erosion rules computed in a higher
order model and, in general, show three peaks through the throat (Headley et al., 2012). Bottom-
right: The glacier power from this study, which also shows three peaks in the same relative
position as the more complex model.
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Figure 4.6. Spatial distribution of the time-averaged glacier power through a major glaciation.
Hot colors indicate areas where much energy is available to drive erosion, and hence, where
erosion in bedrock areas is expected to be rapid. Yellow lines show the modern shoreline and
USA-Canada national boundary and the black box shows the area of Figures 4.1 and 4.7. Sea
valleys and glacial shelf-crossing troughs are abbreviated as: ASV—Alsek Sea Valley; BT—Bering
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2013). Irregular lines show the modern ELA, in red, and time-average ELA, in yellow, over the full
glaciation.
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for which the basal characteristics were tracked through time in Figure 4.8.
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Enkelmann et al. (2015). The regression equation expresses the relationship between the
exhumation rate, y, based on thermochronological estimates, and the modeled glacier power per
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Chapter 5: Summary and conclusions

5.1 Tempo of erosion at the top of the world

In Chapter 2, | investigated the rate at which ice sculpts the highest parts of our globe,
and considered the co-evolution of valley glaciers and topography. Much as the flow of the
glaciers is sustained by snow accumulation at high elevations, the downvalley movement of
ice-entrained debris is sustained by input of debris to the glaciers. This input must result
from glacial and periglacial erosion of the catchment. In the Mount Everest area, and other
regions with glaciers deeply covered in debris, a substantial portion of the products of
erosion accumulates on the lower reaches of the glacier and is deposited locally, filling in the
valley and forming a massive moraine complex that typically initiated in the early Holocene.
In less arid glaciated areas (e.g., SE Alaska), the glaciers flow faster due to greater snow
accumulation and more debris is lost from the basin being flushed away in meltwater streams
and rivers.

In order to determine erosion rates, | spent several field seasons in Nepal collecting
data and field checking observations derived from remote sensing data. A significant dataset
resulting from this work is the downglacier variation in debris thickness, which was used in
Chapters 2 to determine the surface debris flux and in Chapter 3 to establish a relationship
between ice melt and debris thickness. | determined the debris thickness using a variety of
techniques including geophysical imaging techniques (i.e., electrical resistivity tomography
and ground-penetrating radar), as well as direct visual observations. Other fieldwork
included monitoring stream discharge and suspended sediment flux in the proglacial stream,
and measuring surface albedo, temperature gradients in the surface debris, and surface

displacements with sequential GPS surveys.
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Two surprises emerged from my study. First, erosion rates are similar to exhumation

rates, and they show no significant changes over time scales ranging from 10 to 107 years.
Taken together with paleo-elevation evidence that shows an absence of long-term surface
uplift, the results suggest a self-organized balance achieved as the surface and tectonic
systems mutually adjust to remove rock mass from the crest of the range at roughly the same
rate as the rock uplift. The second surprise wat that over the last 104 years, the bulk of debris
produced by erosion remains under and in the vicinity of Khumbu Glacier, suggesting that
although erosion rates of the basin do not vary appreciably in time, debris evacuation and
transfer down valley are likely be highly variable in time and peak during major glacial
advances. The current accumulation of debris beneath Khumbu Glacier represents a sink of
supraglacial debris that curtails the accumulation of debris on the glacier surface; as this is
likely representative of other glaciers in the region, this basal debris accumulation, has
important implications for estimates of ice volumes, and predictions of glacier evolution and

future fresh-water resources.

5.2 Debris-covered glaciers and climate change

In Chapter 3, | investigated how debris-laden glaciers respond to their changing
environment. Beyond the fundamental scientific interest in glacier response to climate
change, understanding the future of debris-covered glaciers has important practical
consequences, including fresh-water availability, global sea-level change, and environmental
hazards. Moreover, the study quantitatively addressed unexpected observations by K&&b et al.
(2012) that thinning of debris-covered glaciers over a 5-year span was not statistically
different from thinning of relatively debris-free (clean) glaciers. To investigate this “debris-

covered glacier anomaly”, as well as the behavior of Khumbu Glacier, I developed an ice-
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flow model that is coupled with surficial and internal debris. | validated the model using the

former glacier extents and thicknesses that are well recorded by the lateral moraines, as well
as considerable field measurements of debris thickness and surface displacements using GPD,
remote sensing studies, and DEM analysis. My approach parallels Rowan et al. (2015), who
developed a model that used the Little Ice Age (LIA) moraines as a steady-state target;
however, in my study, | calibrated the model using both the LIA and the Last Glacial
Maximum (LGM) moraines and leveraged significant field measurements.

The study further departs from other debris-covered glacier modeling studies in that |
developed a new relationship between debris thickness and the rate of ice melting. The
approach assumed that the long-recognized insulating effect of debris acts on local scales of
continuous debris cover, but not over the scale of the entire debris-covered tongue where ice
loss is rapid due to thermokarst processes. This is important because the rough, thick cover
layer of debris of Khumbu Glacier likely reflects this behavior. The relationship was
quantified using existing and new observations of thinning rates, surface velocity, and the
thickness of both ice and debris. It reflects processes occurring on a scale larger than the
distinct thermokarst roughness elements; thus, it is named the “large-scale melt rule”.

Results of the glacier-flow model illuminate the overall influence of surface debris
and sinks of debris on the evolution of both the glacier and the surface debris thickness and
character (i.e., continuous or interspersed with thermokarst features). Model results suggest
that when the climate is unfavorable for glacier growth and ice motion is relatively slow, the
debris influence on melting rates is best modeled using the large-scale melt rule that yields
relatively rapid melting even under thick debris due to enhanced melting from exposed ice

cliffs, surface lakes, and englacial water conduits. Under more favorable conditions, during
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steady periods or advances, such as during the LGM, the best fit between simulation and

records of past extent and ELA required the use of a local-melt rule, as used in most other
debris-covered glacier models.

For the entire glacier, from the LIA to the present the volume loss modeled using the
large-scale rule is 20% of the LIA volume. This calculated volume loss is comparable to the
actual loss, 17%, estimated using the surface lowering from the LIA moraines to the modern
surface and neglecting the very slight glacial retreat since the LIA. In contrast, Rowan et al.
(2015) predicted a volume change of 38% and unrealistically large ice retreat from the LIA
to the present. Assuming no further climate change, they predict a further loss of 8-10% of
the present-day glacier volume by AD2100. | predict a slightly smaller ice loss, about 6%
volume change by AD2100, largely in the central part of the glacier, and little change in the
terminus ice thickness and extent.

This study is the first to define quantitatively the influence of a thick debris cover,
exceeding a few decimeters in thickness, on the melt rate.  Relative to the insulating
influence of a thin cover of debris, melting is enhanced primarily due to thermokarst
processes that contribute to the debris-covered glacier anomaly. Since the LIA, the glacier
has thinned at rates averaging 0.4 m w.e./yr indicating that there is no apparent acceleration
in glacier shrinkage and, importantly, Khumbu Glacier will continue to thin until at least
AD2300. Thinning near the terminus is considerably slower, ~0.1 to 0.15 m w.e./yr, and
matches GPS measured rates of surface lowering for the same region. Model results agree
with other studies in general (Shea et al., 2015; Rowan et al., 2015), but differ in detail: they
all suggest that under the present climatic trend, the glacier will thin for at least the next one

hundred years and likely beyond.
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5.3 Spatial distribution of erosion rates in SE Alaska

In Chapter 4, | considered the spatial and temporal distribution of glacial erosion rates
in SE Alaska. The study benefitted from published estimates of glacial erosion that were
estimated using diverse methods including monitoring sediment yields from streams,
estimating offshore sediment volumes, and using thermochronometric methods. Members
of the multidisciplinary Saint Elias Erosion/tectonic Project (STEEP), which included several
researchers from the University of Washington, laid much of the strong foundation of work.
Despite the wealth of data, major gaps in our knowledge remain and invalidated speculations
exist in the literature. For example, the general spatial correlation between the inferred long-
term position of the equilibrium line (ELA) and zones of rapid exhumation has been used to
suggest that the two are interrelated. Such suggestions, however, are not sound because they
do not consider the large variations in the location of the equilibrium line over major glacial
cycles, or in erosion rates within individual basins.

The aim of my SE Alaska study was to develop numerical models of glacial erosion
in collaboration with the University of Maine to advance understanding of the rate of glacial
erosion, and hence sediment production, on the orogen scale as a function of glacier
characteristics. My part in the project led to the development of two models. The first, the
contemporary model, led to the first orogen-wide spatially continuous index of erosion rates,
which was hypothesized to be glacier power per unit area; it is the product of the speed of
basal motion and the strength of the glacier-bed coupling. In the model, the balance flux and
glacier surface slope were used as proxies for basal motion and bed coupling, respectively.
Results show that erosion is concentrated into two clear hotspots corresponding to the

Seward Throat and Hubbard Terminus, which coincides with areas where exhumation is
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rapid (Enkelmann et al., 2015). At the Seward Throat, the model was validated with and

showed remarkable agreement with a full-stress model developed by Headley et al. (2012).

Whereas the contemporary model was based on the current configuration of glaciers,
the long-term model considers the state of, and erosion by, the much larger ice masses that
likely prevailed over much of the Quaternary. For this model, | calculated the glacier power
field as the product of the basal ice velocity and basal shear stress at discrete times for the
entire orogen as the glacier systems grow and shrink through a full 100-kyr glacial cycle.
The late Quaternary evolution and dynamics of the northern sector of the Cordilleran Ice
Sheet were simulated using the University of Maine Ice-Sheet Model, UMISM. Long-term
model results show that, in general, for the principal glaciers in the range basin-wide
averaged erosion rates are relatively constant in time, and that the location of rapidly eroding
domains is relatively stable due to topographic controls despite the large glacier fluctuations.
These domains of rapid erosion do not spatially correlate with the time-averaged position of
the equilibrium line.

An important outcome of this work is a novel glacial erosion rule, which contrasts
with comparable rules in the literature in two ways. First, this new rule relates erosion rates
to glacier power per unit area, whereas, in other studies, the erosion rate is generally assumed
to scale with the sliding rate. Second, whereas existing rules and models generally lack both
validation or calibration, the novel rule was validated and calibrated using published
exhumation rates; using this rule, glacier power accounts for ~70% of the observed range of
observed exhumation rates despite the diversity of geologic terrains and large range of
substrate characteristics expected in the study region. The proportionality factor in our

erosion law, effectively an index of bedrock erodibility, is 2.8 x 10-11 Pa-1, yielding the first
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validated and calibrated glacial erosion law based on glacier power for a tectonically active

mountain range.

5.4 Summary

This thesis strives to shed light on glacial erosion in two settings using diverse
methods and techniques. At Khumbu Glacier, Nepal, erosion of the catchment has on average
maintained a steady pace over the past 10* yr. Moreover, the rate of erosion is similar to
published long-term (O ~ 107 yr) exhumation rates derived from thermochronometric data in
the Khumbu region. In the course of this research, | also became interested in the long-term
storage of debris in the upper catchment and episodic evacuation, and in the role of the
eroded material on the response of the glacier to climate change, which | explored using a
numerical model. The results are the first to address the debris-covered glacier anomaly
quantitatively. In Alaska, my work led to the first validated and calibrated glacial erosion rule
based on glacier power, and the first spatially continuous determination of the distribution of

glacial erosion rates for an entire orogen averaged over a major glacial cycle.
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