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Degree of Doctor of Philosophy
(in Glaciology and Remote Sensing)
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As ice shelves are floating and lack resistive stress at their base, resistance to flow is
accommodated along their lateral margins and various pinning points such as ice rises and
nunataks. As such, ice shelf shear margins and their strength through time remain a
critical control on ice shelf stability. Specifically, lateral shear zone destabilization is an
important precursor to ice shelf collapse. In this thesis I utilize in-situ, remote sensing, and
numerical modeling techniques in order to characterize the flow field and geometry of the
western lateral margin of the Ross Ice Shelf as well as a region upstream of the grounding
line. I first develop a method to investigate the kinematic drivers of crevasse initiation in
the McMurdo Shear Zone, Antarctica through the delineation of crevasse features from
ground penetrating radar observations and comparison with kinematic outputs derived
from remotely-sensed ice surface velocities. I then use spatial patterns in crevasse
attributes to make inferences on crevasse history and discuss implications on the current
and future stability of the shear margin. Next, I estimate ice thickness within this shear
margin from a combination of mid-frequency ground penetrating radar observations and
Digital Elevation Models and assess the sensitivity of Ross Ice Shelf stress balance to

uncertainties in ice thickness datasets within this region through numerical modeling



techniques. My results suggest that previous modeling frameworks have overestimated the
sensitivity of the region to melting. Finally, I perform a transient streamline analysis of a
region of upstream grounded ice known as the Whillans and Ice Stream and characterize
the short-term velocity fluctuations within its slowdown evolution using available
remotely-sensed velocity datasets between 1997 and 2016. I incorporate these observations
of velocity fluctuations as well as mass changes into a transient finite element modeling
solution of ice flow. Through inversion techniques, I estimate annual changes in basal shear
stress in order to force a 100-year transient model of ice slowdown for the Whillans Ice
Stream and discuss the possible mechanisms that could be driving slowdown fluctuations
on annual timescales such as lake drainage events, basal freeze-on and till weakening

mechanisms, as well as changes to downstream boundary conditions.
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CHAPTER 1
INTRODUCTION: ICE SHELF STABILITY

1.1 Introduction

1.1.1 Introduction and Aims of Thesis

Ice shelves (i.e., expansive floating sections of glacier ice) fringe most of Antarctica’s
coastline, provide resistance to ice flow from the ice sheet interior, and control the rate of
ice discharge into the ocean. As nearly 75 percent of the ice flux from the Antarctic Ice
Sheet passes through ice shelves (Bindschadler and others, 2011), understanding controls
on ice shelf stability is paramount to future predictions of sea level rise. The Antarctic Ice
Sheet stores approximately 26 million gigatons of ice, estimated at 58 m of sea level rise
equivalent, yet uncertainties in centennial global sea-level rise predictions are dominated by
uncertainties in ice sheet contributions (van de Wal and others, 2019). Current
contributions to sea-level rise are dominated by thermal expansion and mountain glacier
melt input, but recent modeling efforts predict meltwater outputs from the Antarctic and
Greenland Ice Sheets will surpass these inputs by the end of the century (van de Wal and
others, 2019).

The importance of floating ice shelf influence on ice sheet contributions to sea-level rise
was not widely agreed upon until roughly a decade ago. Ice sheets and ice shelves were
assumed to be mechanically uncoupled with ice shelves acting as passive bodies of ice. Now
the concept of buttressing — that ice shelves exert a back-force at the grounding line and
resist the flow of their tributary glaciers — is widely accepted as a critical control on the
force balance of ice sheets (Pattyn, 2018). However, ice sheet models still struggle to
capture changes in bulk rheology and buttressing due to the mechanical weakening of ice
shelves.

Lateral margin resistance is particularly important for ice shelves due to the absence of

resistive stresses at their base. The strength of these shear margins and stability through



time is therefore a critical control on ice shelf stress balance. Specifically, lateral shear zone
destabilization is an important precursor to ice shelf collapse (Scambos and others, 2008).
Therefore, detailed observations of shear margins can serve as important indicators of
overall ice shelf stability. In addition, a deeper understanding of the mechanisms by which

shear margins weaken will be important.

1.1.2 Definition and Characteristics of Ice Shelf Shear Margins

Ice shelf shear margins are zones of focused strain localization resulting from steep
velocity gradients where relatively fast-flowing ice moves past bedrock or neighboring
slower moving ice. They are typically located along the lateral margins of glaciers or within
the confluence of glacial streams in ice shelves. In this dissertation, I will focus on two
regions of interest along the Ross Ice Shelf (RIS). The first is the McMurdo Shear Zone
(MSZ), a relatively well-studied segment of the western lateral margin of the Ross Ice Shelf
(RIS) where fast ice (~450 m yr~!, estimated from GPS observations during field data
acquisition) shears past the slower-moving McMurdo Ice Shelf (MIS; ~200 m yr—!; Arcone
and others 2016), creating a 5-10 km wide zone of intense crevassing. The second is the
confluence of the Whillans and Mercer ice streams (WMIS) flowing out of the Siple Coast
region of West Antarctica and into the RIS. A long-term slowdown (~4 m yr—!) and a
thickening (0.06 + 0.02 m yr~') of the Whillans Ice Stream are believed to be occurring
(Joughin and others, 2005; Stearns and others, 2005), which influences the shear margin
dividing Whillans and Mercer Ice Streams. However, the consistency of this slowdown and

changes to the shear margin are unknown.

1.2 Factors Influencing Ice Shelf Stability

While the effects of climate change such as increased atmospheric and oceanic warming
are certainly important in influencing ice-shelf stability, this dissertation focuses on

exploring the mechanisms by which these changes occur. Factors influencing ice-shelf



stability include surface mass balance (Banwell and MacAyeal, 2015; DeConto and Pollard,
2016), ocean induced basal melt and freeze-on processes (e.g. Alley and others 2016; Craven
and others 2009, ice shelf fracture and suturing processes (Jansen and others, 2013; Kulessa
and others, 2014) and lateral ice shelf buttressing due to contact with land (i.e. pinning
points) or adjacent slower moving ice (Favier and others, 2016; Reese and others, 2018).

Observations of thinning ice shelves across Antarctica point to a common sequence of
events along their lateral margins that follow initial submarine melt-driven thinning:
thinning increases susceptibility to fracture and crevassing, which reduces the load-bearing
surface area and lateral drag provided by the ice shelves, and ultimately results in a
substantial loss of buttressing potential at the grounding line (Dupont and Alley, 2005;
Khazendar and others, 2015; MacGregor and others, 2012).

By far the most important contribution to uncertainty of ice sheet contributions to sea
level rise is the effect of the Marine Ice Sheet Instability (Robel and others, 2019). This is
the hypothesis, first put forward by Weertman in 1974 (Weertman, 1974), that the West
Antarctic Ice Sheet is preconditioned for collapse. This instability is a result of the fact
that the majority of the ice sheet lies below sea level which leads to the following positive
feedback effect: initial basal melt at the grounding line causes the ice sheet to retreat into
deeper water, exposing a greater surface area to basal melt. This process is believed to
have occurred in paleo- records (Pollard and others, 2015), and is predicted to be occurring

again in present times (Ritz and others, 2015).

1.2.1 Feedbacks on Floating Ice

While the MIS has important consequences at the grounding line, several significant
feedbacks occur within the shear margins of ice shelves. The first feedback concerns the
effect of deformational heating. Ice is a non-Newtonian fluid in which thermomechanical
feedbacks occur. The viscosity of ice for a given stress decreases with temperature, with

warmer ice deforming more readily than colder ice under the same applied stress.



Therefore, an inherent feedback occurs with strain heating: faster ice flow leads to higher
rates of shear heating and further ice softening. This process is often exacerbated by
feedbacks related to ice fabric, crystallographic orientation, and ice impurities (Jones and
Glen, 1969; Budd and Jacka, 1989; Cyprych and others, 2016). As ice flows, its crystalline
fabric changes in response to the stresses it has encountered. While crystallographic
orientation away from shear margins is typically isotropic, crystals within regions of high
shear are known to rotate to a preferred orientation that is more easily deformable (Qi and

others, 2019); this in turn leads to an increased rate in shear.

1.2.2 Feedbacks within Grounded Regions

While dynamic feedbacks along ice shelves mostly occur at their lateral margins,
grounded ice regions have some additional feedback processes that can occur at the ice-bed
interface. For the fast flowing ice streams of West Antarctica, these inherent instabilities
can lead to the complete stagnation of an ice stream on the order of a thousand year time
period, such as has been documented at the Kamb Ice Stream (Catania and others, 2006).
While the exact mechanism of the switch from stagnation to activation is unknown, a
cyclic nature can be observed: fast motion induces melting at the ice-bed interface which
reduces basal shear stress. As ice speeds up, a thinning occurs which leads to a greater
basal temperature gradient, and heat due to frictional heating is advected away from the
bed more efficiently (Christoffersen and Tulaczyk, 2003a). This increase in temperature
gradient can lead to a switch from basal melting to basal freeze-on (Tulaczyk and others,
2000). As basal freeze-on increases, ice flow slows down which reduces the contribution of
shear heating, which is then compensated by the latent heat of fusion (i.e. more basal
freeze-on) which can lead to further ice deceleration.

While this runaway process can lead to ice stream stagnation on its own, the feedback
is further complicated by the non-linear rheological properties of till. Till rheology is

believed to be largely a function of stress and water content, with water-saturated till being



less consolidated and weaker. The instability is again tied to thermomechanics, with the
transport of water and heat within the till being coupled (Christoffersen and Tulaczyk,
2003b). As freeze-on occurs at the ice-till interface, this causes a heat sink, and water flows
out of the till leading to dewatering. This reduction in water content leads to a more
consolidated (i.e. stronger) till layer which can enhance slowdown (Bougamont and others,
2011). The highly non-linear (quasi-plastic) rheology (i.e. resistive to flow until a critical
yield stress is reached) is not easily adopted in ice flow models, making predictions on the

timing of ice stream stagnation difficult.

1.3 Ice Shelf Buttressing and Tributary Glacier Dynamics

The importance of back-stress, defined qualitatively as a stress induced by anything
that resists the forward motion of glacial ice (Thomas, 1973), is clear when considering the
effects of the rapid, large-scale collapse of the Larsen A and B ice shelves along the
Antarctic Peninsula on ice discharge from their tributary glaciers (Glasser and Scambos,
2008). For instance, glaciers that fed the Larsen B ice shelf exhibited as much as an
eight-fold increase in velocity following the collapse of the ice shelf in 2002 (Rignot and
others, 2004). While peak flow velocity has since decreased following its initial collapse,
Larsen B’s disintegration has continued to have significant and long-lasting impacts on the
discharge of tributary glaciers in the region (Rott and others, 2011; Khazendar and others,
2015). Less severe changes along ice shelves can also considerably alter the stress balance
distribution of tributary glaciers, resulting in a reduction of back-stress and subsequent sea

level rise (MacGregor and others, 2012; Khazendar and others, 2015).

1.4 Summary and Dissertation Objectives

The overarching aim of this dissertation is to improve our understanding of ice sheet
dynamics and the role of floating ice in modulating mass flux across the grounding lines of

the Antarctic Ice Sheet. This work focuses on three main objectives:



e Characterize the flow field and geometry of the western lateral margin of the Ross Ice

Shelf using remote-sensing derived surface kinematics and ground penetrating radar

e Infer the sensitivity of grounding line flux of the Ross Ice Shelf to changes observed
at its western lateral margin utilizing finite element numerical modeling of ice flow,

temperature, and stress balance

e Assess the downstream impact of a reduction in buttressing by characterizing the flow
field and basal properties at the Whillans/Mercer Ice Stream confluence through time

and comparing the time series with predicted trends from ice stream modeling efforts

1.4.1 Overview of Chapters

In Chapter 2, I investigate the kinematic drivers of crevasse initiation in the McMurdo
Shear Zone, Antarctica. To do so, I delineate crevasse features within a robust high
frequency ground penetrating radar dataset collected within the region. I compare these
with kinematic outputs derived from remotely-sensed ice surface velocities in order to
develop a statistical method to estimate crevasse initiation threshold values. I then use
spatial patterns in crevasse attributes such as width and overlying snowbridge thickness to
make inferences on crevasse history. I close with a discussion of the implications on the
current and future stability of the shear zone as well as regional consequences to logistic
operations along the shear zone. In the third chapter, I assess the sensitivity of Ross Ice
Shelf stress balance to uncertainties in ice thickness datasets, in particular along its western
lateral margin. I first present estimates of ice thickness based on in-situ GPR observations
and surface elevation observations within the McMurdo Shear Zone. I then utilize the Ice
Sheet System Model (ISSM; Larour and others 2012) to explore both instantaneous
transient effects of localized thinning within the region and their associated sea-level rise.

In Chapter 4, I characterize short-term velocity fluctuations in the slowdown evolution
of the Whillans Ice Stream and discuss implications on the flow of the neighboring Mercer

Ice Stream as well as crevasse initiation within the region. To do so, I combine crevasse



observations from high-frequency ground penetrating radar surveys, kinematic outputs
derived from available satellite derived velocity outputs, as well as a detailed flow-line
analysis through time. Next, I incorporate these velocity fluctuations as well as mass
changes into finite element modeling solutions. Through inversion techniques, I estimate
annual changes in basal shear stress in order to force a 100-year transient model of ice
slowdown for the WIS. I close the chapter with a discussion of the possible mechanisms
that could be driving slowdown fluctuations on annual timescales such as lake drainage
events, basal freeze-on and till weakening mechanisms, as well as changes to downstream

boundary conditions.



CHAPTER 2
CREVASSE INITIATION AND HISTORY WITHIN THE MCMURDO
SHEAR ZONE, ANTARCTICA

2.1 Introduction

Ice shelf shear margins are zones of focused strain localization resulting from steep
velocity gradients where relatively fast-flowing ice moves past bedrock or neighboring
slower moving ice. They are typically located along the lateral margins of glaciers or within
the confluence of glacial streams in ice shelves. Shear zone stability represents a potentially
critical control on the mass balance of Ice Sheets because ice shelves buttress the flow of ice
from the Ice Sheet interior (Reese and others, 2018). Observations across Antarctica point
to a common sequence of lateral shear zone destabilization that follows initial submarine
melt-driven thinning: thinning increases susceptibility to fracture and crevassing, which
reduces the load-bearing surface area and lateral drag provided by the ice shelves, and
ultimately results in a substantial loss of buttressing potential at the grounding line
(Dupont and Alley, 2005; Khazendar and others, 2015; MacGregor and others, 2012).
While several modeling studies have highlighted the crucial role lateral margins play in ice
shelf stability (Favier and others, 2016; Khazendar and others, 2015), feedbacks between
thinning, mechanical weakening and fracture, and calving have only recently been
successfully incorporated into numerical ice shelf modeling (Borstad and others, 2012,
2016). Here I present a statistical approach to predict crevasse initiation in a shear zone
based on surface velocity observations and using ground penetrating radar as calibration.

The strong lateral gradients in velocity produce regions of local expansion and tensile
failure generates extensive swaths of concentrated crevassing. Multiple studies have laid
the groundwork for deriving critical strain rate and principal stress thresholds for crevasse
initiation based on field observations (Kehle, 1964; Meier, 1958; Vaughan, 1993). However,

crevasse initiation depends on several factors including ice temperature, density, impurities,



crystallography, and history (Vaughan, 1993), such that critical thresholds will vary in type
and value across different glacial environments. A more thorough understanding of crevasse
initiation thresholds could better capture the aforementioned feedbacks between
acceleration, crevassing, and weakening in large-scale numerical models which currently
only parameterize these feedbacks through damage—a scalar variable that quantifies the
loss of load-bearing surface area due to ice shelf fracture. Alternatively, Emetc and others
(2018) used a statistics-based approach to predict the location of observed surface fractures
based on several potential parameters including flow regime, geometry, and mechanical
properties of ice. They found the most reliable predictor parameters for modeling surface
fractures on ice shelves to be the effective strain rate (i.e., the second invariant of the strain
rate tensor) and principal stress.

Understanding crevasse initiation may best be achieved with small-scale observations in
which crevasses can be directly observed. While large-scale observations of intensified
fracture and rifting have been observed through remote-sensing observations (Borstad and
others, 2017), snow cover may obscure the full extent of a crevasse field—particularly in
regions of high snow accumulation—requiring in-situ observations to accurately map
crevasses. I combine crevasse observations from high-frequency ground penetrating radar
(GPR) surveys and kinematic outputs derived from remotely-sensed ice surface velocities of
the McMurdo Shear Zone, Antarctica, to develop a statistical method to investigate the
kinematic drivers of crevasse initiation and to estimate crevasse initiation threshold values.
While the crevasse initiation strain rate threshold for the McMurdo Shear Zone is not
directly transferable to other glacial settings, the method can be used as a tool for
monitoring dynamic changes in shear zones through time with minimal in-situ data. The
method can also be leveraged to optimize safety when collecting in-situ observations within

or traversing potentially crevassed regions.



Field Site
— 2002 Route
== 2018 Route
= GPR Trace

Velocity (m/yr)

-124

(km)

Northing

-128

-132

o Easting (km) 290

Figure 2.1. McMurdo Shear Zone location map. (a) Radarsat2 image of the MSZ with
contour map of velocity from MEaSUREs2. 2002 and 2018 SPoT route locations are noted
by the solid grey line and dashed lines respectively.(b) Overview of Antarctica with location

of MSZ noted by red star. (¢) GPR transects superimposed on 2017 TerraSAR-X image.
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2.1.1 The McMurdo Shear Zone

This study focuses on the McMurdo Shear Zone (MSZ), a relatively well-studied
segment of the western lateral margin of the Ross Ice Shelf (RIS) where fast ice (~450 m
yr~!, estimated from GPS observations during field data acquisition) shears past the
slower-moving McMurdo Ice Shelf (MIS; ~200 m yr~!), creating a 5-10 km wide zone of
intense crevassing (Fig. 2.1). A weakening of this lateral margin has the potential to
destabilize the RIS, as has been observed and modeled on smaller ice shelves (MacGregor
and others, 2012; McGrath and others, 2012; Vieli and others, 2007). Widths of crevasses
from ground-truth data in this region have ranged from small <0.5 m-wide cracks to ~14
m-wide (Courville, 2015). Near surface crevasses typically oriented at ~45° to flow (Arcone
and others, 2016) indicate relatively recent formation given the rotation associated with
shear.

Synchronous and aligned crevassing occurs in the marine ice at ~160 m depth in the
study area, despite a lack of evidence of open meteoric englacial fractures (Arcone and
others, 2016). This suggests that the englacial ice is under great stress, likely fractured,
and the greatest source of potential instability. Recent modeling by Reese and others
(2018) predicts that moderate thinning in this region could have far-reaching effects,
including an immediate acceleration of the Bindschadler and MacAyeal ice streams located
more than 900 km away. Recent observed changes of summer ice flow direction along the
MIS following a break-up event in March 2016 (Banwell and others, 2017; MacAyeal,
personal communication; MacDonald and others, 2019) suggest that dynamic changes may
already be underway in this previously stable region.

The MSZ region is also logistically important to the U.S. and New Zealand Antarctic
research programs. The United States Antarctic Program (USAP) annually mitigates
crevasse hazards along the South Pole Traverse (SPoT) route that crosses the MSZ. Since
the route’s creation in 2002 it has advected northward past White Island into a region of

greater flow divergence and intensified crevassing motivating the need to chart a new route
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across the MSZ where crevassing is minimal. Crevasses along the route have been
monitored yearly with GPR for infrequent mitigation (filling). My observations from 2017
add to this dataset and provide the most spatially extensive and robust dataset of in-situ

crevasse observations to date.

2.2 Methods

I analyzed ~95 km of high-frequency ground penetrating radar (GPR) data collected
within the MSZ in October of 2017. I identified individual crevasse features and estimated
their maximum width and overlying snowbridge thickness. Kinematic outputs such as
shear strain rate, dilatation rate, and vorticity rate were derived from MEaSUREs2 and
auto-RIFT ice flow velocities. I estimated the relative frequency distribution of crevasses
with respect to the kinematic data outputs. By utilizing these relative frequency
distribution plots I then predicted the number of crevasses along two potential routes
across the MSZ. Details of the methods used to process and analyze these data are

provided below.

2.2.1 GPR Collection and Processing

I used a GSSI SIR30 control unit and model 5103 400MHz antenna unit to record 20

I over a time range of 200 ns (~20 m in firn) and 4096 32-bit samples/trace with a

traces s—
time-variable gain. This time range was guided by GPR observations from previous field
seasons where minimal crevassing was found below 20 m (Arcone and others, 2016). I
deployed two four-wheel-drive battery-powered rovers (Yeti, Trautmann and others 2009;
and Scotty, Lever and others 2013, a later adaptation of Yeti’s design) to tow two separate
GPR systems (to cover more ground) at a constant speed of ~1.5 m s~!. Each rover was
coupled with a Garmin-19x GPS system and followed waypoints along 21 preplanned

transect routes orthogonal to overall ice flow direction (Fig. 2.1). This field survey was

designed both to investigate the spatial distribution of crevassing upstream of the SPoT
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where few observations have been gathered in the past, and to examine the inheritance of
past rifting at the tip of Minna Bluff. Transect length and spacing were constrained by
rover battery power capabilities and amount of time spent in the field.

I manually identified the leading edge of the direct-coupling wave (i.e., a combination of
direct transmission between transmitter and receiver antennas, and a surface reflection) in
the radar profiles, and set the depth to zero at that point. I then used the travel time to
depth conversion to transform the round-trip transit time into thickness using the following

formula

where €, is the dielectric permittivity (dimensionless), ¢ is the speed of light in a vacuum (3
x 10® ms™!) and ¢ is the round-trip transit time (in seconds). A permittivity value of ¢, =
2.2 was used for a depth of 20 m, as derived from hyperbolic diffractions (Arcone and
Delaney, 2000; Arcone and others, 2016). This value corresponds to an effective average
density of 0.58 kg m™® (Kovacs and others, 1982). To reduce data volume and increase the
signal-to noise ratio, I stacked the radar data by averaging adjacent traces together in sets
of three. Spatial accuracy before stacking was ~0.2 m per trace with a maximum error of
~0.4 m after stacking. A broadband finite-impulse response filter was applied to the
stacked transects to alleviate high-frequency noise and low-frequency modulation (Arcone

and others, 2016; Campbell and others, 2017).

2.2.2 Velocity Datasets

Kinematic outputs were derived from multiple velocity datasets including MEaSUREs2
and JPL auto-RIFT (Gardner and others, 2018; Rignot and others, 2017). The
MEaSURESs2 velocities were derived using speckle tracking and interferometric phase
analysis using RADARSAT-1, RADARSAT-2, ERS-1,ERS-2, and Sentinel-1 SAR
platforms, and ENVISAT ASAR acquired from 1996-1997, 2000, and 2007-2016 (Rignot

and others, 2017). In addition, JPL auto-RIFT velocities were derived using
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feature-tracking techniques from Landsat 7 and Landsat 8 scenes acquired during periods
of solar illumination (September-March) from 2013-2018 and have a temporal resolution of
less than 48 days (Gardner and others, 2018). The MEaSUREs2 dataset was mosaicked as
outlined by Rignot and others (2011) to produce a 450 m-resolution velocity map with
uncertainties of ~3 m yr=! in both x and y directions. The auto-RIFT dataset provided by
Gardner and others (2018) produced yearly velocity maps from 2014-2017 at 250 m
resolution with uncertainties of 20-30 m yr—! for individual velocity estimates. Both
datasets were produced in the Antarctic Polar Stereographic projection (EPSG 3031) with
true scale at 71° S. Temporal variations of the auto-RIFT velocities were comparable to the
magnitude of uncertainty and therefore short-term seasonal variations were considered
insignificant.

I created gridded estimates of the ice velocity components using a Kriging algorithm
(Surfer® 16 from Golden Software, LLC; after Abramowitz and Stegun 1972) that predicts
the value of a function at a given point by computing a weighted average of the known

values of the function in the neighborhood of the point. I then calculated the local spatial

Ve Ve OVy
ox ’ dy ' Ox

derivatives in ice velocity ( and %) using neighboring pixels. % and %y will
hereafter be called "flow-parallel shear" and "flow-perpendicular shear", respectively. These
terms are included for simplicity but it should be noted that they are not entirely accurate
in that the flow direction changes slightly throughout the study region. While principal
strain rates are typically used to assess where crevasses initiate, the overall ice flow
direction in the MSZ is almost perfectly S-N oriented in the Antarctic Polar Stereographic
projection. I therefore calculated shear strain rate € (deformational component due to

shear), vorticity rate w (rotational component), and dilatation rate A (rate of change in

area relative to original area) from the spatial derivatives using the following equations:

1 [V, oV,
1 /v, oV,



ov, dV,

A= + -2 (2.4)
ox oy

where the y-component of the velocity V,(m yr—!) was considered positive in the southward

direction and the x-component of the velocity V, (m yr~') was considered positive in the

westward direction.

2.2.3 Crevasse Features

GPR records from shear zones can be difficult to interpret due to the complexity of
features such as intersecting crevasses and cracking and folding stratigraphic layers. 1
therefore split features into two categories for analysis: 1) slot crevasses with distinct voids
and in which diffractions emanate from the terminated strata along their walls and 2) less
distinct crevasse features with evidence of sagging snowbridges and apparent voids but no
distinct walls (Fig. 2.2). All other features were excluded.

For each feature, I estimated the thickness of the overlying snowbridge H and the
maximum crevasse width W,,... H was quantified as the distance from the glacier surface

to the strongest peak of the hyperbola overlying the void. W,,.. was calculated as
Winae = dsin (¢ — 0) (2.5)

where d is the manually delineated width of the void (in meters), ¢ is the ice flow direction
from the remotely-sensed velocity datasets (in degrees), and 6 is the crevasse strike angle
(in degrees). For slot crevasses, d was delineated as the distance between the peaks of the
hyperbolas that emanate from crevasse walls; for crevasses that widen slightly with depth
the maximum distance between hyperbolic peaks was used (i.e. bottom dashed light in
Fig. 2.2 right). In the case of less distinct crevasse features which lack distinct walls, d was
determined as the distance between terminated strata. I assume that these crevasses are
actively forming within the study region and, as such, I use a strike angle of 45° to ice flow

in Equation 5.
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Figure 2.2. Crevasse attributes from GPR. (left) 400MHz profile of a simple crevasse
centered at 3.3 km along transect 21 in linear greyline format. The crevasse widens slightly
at depth, with a maximum width of 5 meters. The arrow indicates the strongest peak
(“SP”) of the hyperbolic reflection which yields overlying snowbridge thickness of 1 m.
Assuming a 45 © strike angle would make it 0.7 m wide. (right) 400 MHz profile of a
complex buried crevasse centered at 1.81 km along transect 2. The crevasse appears 13 m
wide. The strongest peak (“SP”) of the hyperbolic reflection yields an overlying snowbridge
thickness of 5.5 m. Assuming a 45 ° strike angle would make it 9.3 m wide. Two additional
simple crevasses (“SC”) are noted with arrows.

2.2.4 Statistical Method and Normalization

To compare crevasse features and surface kinematics I overlaid crevasse locations on top
of the kinematic maps and extracted the associated kinematic output values at each
crevasse location. I found several instances in the GPR record of crevasses in echelon, the

closest of which were spaced ~5 m apart. I therefore up-sampled each kinematic output

using a nearest neighbor approach in order to estimate the kinematic output every 5
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