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ABSTRACT

Spanning 1.7 million km? with glacial ice that exceeds 3,000 m thick in the interior,
the Greenland ice sheet plays a large role in Earth’s response to climate change. A
recently discovered firn aquifer within the ice sheet has the potential to buffer or enhance
sea level rise by retaining or outputting its contents into the ocean. This study examines
englacial hydrology to determine if the subsurface firn aquifer can discharge water into
the ocean via hydraulic fracturing of crevasses. National Aeronautics and Space
Administration (NASA) Operation Ice Bridge Accumulation Radar and Airborne
Topographic Mapper data is used to map the top of the aquifer and ice surface elevation
profiles by measuring water-table return signals. These profiles are input into a
groundwater flow model (SEEP2D), based on Darcy’s law, to determine the aquifer’s
potential water discharge into an existing crevasse at the lower elevation end of the
aquifer profile. Next, conservation of mass equations are implemented to yield water
depths in the crevasse at varying crevasse dimensions. This water depth is converted into
pressure and compared with known fracture thresholds to determine the likelihood of ice
failure at the base of the crevasse using the various initial crevasse dimensions. Model
simulations show that the aquifer can provide enough water to propagate fracture, for 30
m deep or greater crevasses, to the base of the ice sheet within a few weeks during the
melt season (when it is assumed water can discharge from the aquifer into an open

crevasse). This implies the aquifer has the potential to route water to the bed of the ice



sheet where it can effect outlet glacier flow velocity and provide a direct conduit for

water discharge from the inland aquifer to the global ocean.
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CHAPTER 1

INTRODUCTION

The Greenland ice sheet spans 1.7 million km? [Bamber et al., 2001] with glacial ice
that exceeds 3,000 m thick in the interior. This ice sheet plays a large role in the Earth’s
response to climate change and contains the second largest ice volume, next to the
Antarctic ice sheet. Greenland’s ice mass has the potential to raise sea level by seven
meters, which could alter ocean and atmospheric circulation patterns [Stocker, 2013].
Mass loss from the Greenland ice sheet has been accelerating in the past few decades
[Shepherd et al., 2012; Zwally et al., 2002], thus contributing to global sea level rise.

Sea level has been rising on average 3.2 mm per year since 1993 and is expected to
increase exponentially as temperatures increase globally [Stocker, 2013]. Since the
oceans span approximately 360 million km?, a 3.2 mm increase equates to 1,152 billion
m?® of new water input into the oceans annually. Increasing volumes of water are
disrupting ecosystems and burdening low lying countries [Stocker, 2013]. Elevated ocean
levels cause coastal communities to become more stressed, as coastlines erode and
groundwater wells become saline due to saltwater intrusion. The amount of new water
contributing to sea level rise (as opposed to thermal expansion of existing ocean water) is
dominated by the mass loss from the Greenland and Antarctic ice sheets. The Greenland

ice sheet absorbs and stores a considerable amount of water in saturated pore spaces and



subsurface cavities before runoff proceeds into the ocean [Harper et al., 2012].
Meltwater runoff accounts for half of Greenland’s mass loss [van den Broeke et al.,
2009], and how this melt water reaches the ocean is poorly understood. Warming
temperatures have increased surface melt and simultaneously increased ice transfer to
low elevations. Crevasse extent has expanded, due to the warming, which enhances
propagation of meltwater to the base of the ice sheet [Colgan et al., 2011]. This is largely
responsible for the increase of surface to bed drainage events that have recently been
observed on timescales of days [Boon and Sharp, 2003] and even hours [Das et al.,
2008]. A recently discovered subsurface firn (partially compacted snow and ice) aquifer
located in southeast Greenland persists during the winter and has potential to buffer or
enhance global sea level rise [Forster et al., 2013]. This study, therefore, explores one
option of how water from the subsurface firn aquifer might exit the Greenland ice sheet,
by analyzing crevasses as a mechanism for routing water to the bed of the ice sheet.

This study investigates the possibility of the Greenland firn aquifer behaving like a
terrestrial groundwater transport system by delivering water to an open crevasse at the
aquifer’s lower elevation termination and by hydrologic fracturing of crevasses to the
base of the ice sheet as a mechanism for water exiting the aquifer. This study attempts to
answer the following questions by coupling a groundwater flow model and a
hydrofracture model.

1. How much water is flowing through the Greenland aquifer along a flowline

feeding Helheim Glacier?
2. Is there enough water flowing from the aquifer along this flowline, discharging

into a crevasse, to yield adequate pressure within the crevasse and thus propagate



a fracture to the ice sheet bed?
If the answer to the second question is yes, then there is a direct self-propagating path
for water to reach the ocean, contribute to sea level rise, and influence outlet glacier ice

dynamics by reducing bed friction.



CHAPTER 2

LITERATURE REVIEW

This section reviews the hydrology of the Greenland ice sheet and explains how
research has evolved into understanding fracture mechanics and the Greenland aquifer.
This literature review begins with background on water transport and storage across the
ice sheet and transitions into current research on the aquifer and fracture mechanics.
Previous research accomplishments will be explained to highlight how the project builds
on past knowledge to increase awareness of glacial hydrology and to better understand

sea level rise.

2.1 Greenland Hydrology

The movement of water through the Greenland ice sheet is required for understanding
how sea level will rise in the coming century. The mass balance of the Greenland ice
sheet is the culmination of melt water runoff, precipitation minus iceberg calving,
evaporation, and ice sublimation [Rennermalm et al., 2013]. The accumulation zone is
the region on the ice sheet where snowfall exceeds runoff, and the ablation zone defines
regions where a combination of melt, sublimation, and calving exceed precipitation.
These zones are separated by the equilibrium line altitude.

Glacial melt water travels to the ocean through a variety of transport mechanisms.



Water may be transported supraglacially via stream networks on top of the ice sheet. This
surface water on the ice sheet can then be drained in the ablation zone where lakes and
rivers transport water to the base of the glacier via crevasses and moulins. When
crevasses contain enough water, these fractures in the ice deepen to route water into the
ice sheet [Cuffey and Paterson, 2010]. This increases ice surface velocity five to ten
times, due to the fracture opening [Doyle et al., 2013]. Moulins, near vertical shafts
where water propagates downwards within the ice [Fountain and Walder, 1998], also
deliver water to the base of the glacier [Catania, 2008]. This water is routed through
channels at the glacier bed, but many uncertainties exist about these drainage systems
[Rennermalm et al., 2013]. The accepted model is R6thlisberger’s R-channel theory that
employs the following conservation principles [Rathlisberger, 1972]. Conservation of
energy is used to explain how energy is transformed. Thermal energy is absorbed by
water and by melting ice tunnels, while thermal energy is generated due to the frictional
movement of water against the ice. This energy forms the basis of how conduits melt to
allow water flow through the ice sheet. Conservation of mass is always applied in such a
way that water is conserved, whether it melts or refreezes, as it flows through the glacier
[Walder, 2010]. These channels and fractures within the ice make up the network of
water pathways through the glacier and allow water to exit the ice sheet at the margins.
Water may also be stored in and on the ice sheet for a period of time before being
routed to the base of the glacier. Glaciers are commonly thought to delay runoff and
provide water storage by holding precipitation in the form of ice, snow, or water
[Jansson, 2003]. This water reserve is dependent on climatic factors and stores a majority

of the world’s fresh water. Water may be retained in the pore spaces of the glacier and



form an underground aquifer or refreeze as the water percolates through the ice [Pfeffer et
al., 1991]. Instead of pooling inside the ice sheet, water may be temporarily stored in
supraglacial lakes. These lakes form in topographic depressions on top of the ice and
increase ablation by lowering surface albedo [Tedesco and Steiner, 2011]. The lakes
cover extensive areas, most notably in southwest Greenland, and can empty and refill
rapidly during warm summer months [e.g., Das et al., 2008]. These large scale drainage
events periodically propagate meltwater to the bed [Zwally et al., 2011] and can cause
outburst floods to the detriment of towns and cities near glacially-fed rivers. On the
Greenland ice sheet, drainage to the bed causes basal sliding of outlet glaciers that can
result in accelerated mass ice discharge into the oceans, by lubricating the base of the ice
and reducing friction between the bed and the glacier [Lampkin et al., 2013; Tedesco et
al., 2013; van de Wal, 2008; Jansson, 1995]. Basal sliding is also enhanced from
increased pressure on the ice at the bed, due to water addition. As ice discharge increases,
the surface of the glacier is exposed at lower elevations [Cuffey and Paterson, 2010].
Warmer temperatures at these lower elevations further melt the ice, contribute to this
positive feedback mechanism, and have potential to accelerate sea level rise contributions
from areas of the ice sheet drained by outlet glaciers where surface water is delivered to
the bed.

Recent advances in satellite measurements have allowed more precise surface mass
balance measurements. For instance, measurements from the Gravity Recovery and
Climate Experiment (GRACE) satellite have shown that the Greenland ice sheet
experienced an average of 240 = 18 Gt per year of ice mass loss between 2002 and 2011

[Sasgen et al., 2012]. Since the 1960s, mass loss on the Greenland ice sheet has nearly



tripled [Shepherd et al., 2012], due to the fact that increasing accumulation within the ice
sheet has been exceeded by calving and melt [Zwally et al., 2011]. More water is being
stored in and routed through the glaciers via englacial conduits, calving, or subglacial

aquifers due to ice sheet melt in a warming climate [Stocker, 2013].

2.2 Internal Accumulation

Meltwater accumulates within the Greenland ice sheet in a frozen state via two
different processes. The first process occurs from meltwater that refreezes once it
percolates into the cold firn and the second occurs when the water held by capillary
forces freezes [Schneider and Jansson, 2004]. Water can freeze and thaw numerous times
before being released from the ice sheet, which makes estimating firn runoff challenging.
As temperatures warm, it is predicted that the firn layer will disappear [De Woul, 2006],
which would reduce water retention within the ice sheet and amplify peak discharge
[Braun et al., 2000]. Secondly, the capillary component of water accumulation in the ice
sheet is calculated from firn porosity and residual water content [Schneider and Jansson,
2004]. The firn porosity is the ratio of pore volume to total volume, and the residual
water content is the water retained in the pores that cannot be released due to gravity.
Widespread Greenland mass loss [Hanna et al., 2008] suggests that melt loss by firn
storage may become increasingly important as more melt occurs within the percolation
zone [Rennermalm et al., 2013]. More attention should be given to internal accumulation
as the climate continues to warm and questions arise such as will the ice sheet retain melt
water or will water quickly run off into the ocean?

A firn aquifer was recently discovered in southeast Greenland and is estimated to



encompass 70,000 km? [Forster et al., 2013], with the potential to output 140 £ 20 Gt of
water into the ocean [Koenig et al., 2014]. This suggests that the ice sheet is currently
retaining melt water, since an aquifer is a geological formation that stores water within a
porous medium below the surface. For the Greenland firn aquifer, water is stored
between the particles of ice, which has the potential to buffer or enhance sea level rise by
retaining or outputting water. Two aquifers, a firn mountain glacier aquifer, and a
groundwater aquifer are compared with the Greenland aquifer to better understand
Greenland’s characteristics. The difference between a confined groundwater aquifer and
a firn mountain glacier aquifer is that the spatial extent of the mountain firn aquifer
continually changes and water exists only seasonally, whereas for confined groundwater
aquifers the spatial extent is fixed and water persists annually [Kawashima et al., 1993].
Fountain [1989] considers the mountain glacier firn aquifer to be a perched unconfined
aquifer that employs crevasses to drain into otherwise impenetrable ice. The Greenland
aquifer is considered to act similarly to a mountain glacier firn aquifer in that its spatial
extend is variable. The Greenland aquifer, however, acts more like a confined
groundwater aquifer, in that water persists annually in the Greenland aquifer, while water
exists only seasonally in temperate glacier firn aquifers. The Greenland aquifer persists
through the winter due to extensive summer surface melt stored within large subsurface
pore spaces, followed by high snowfall amounts beginning in early autumn providing
thermal insulation of the melt water [Munneke et al., 2014]. This aquifer in Greenland is
thus able to store heat and water at depth through the winter [Miége et al., 2015]. For a
mountain glacier firn aquifer, water input varies daily and seasonally, and the aquifer

water depth is predominantly controlled by crevasse spacing [Fountain and Walder,



1998]. The velocity of water flow through the firn is highly variable, as crevasses vary in
spacing and depth. While the Greenland firn aquifer exhibits similar properties to
groundwater aquifers and mountain glacier aquifers, there are distinct differences that
must be taken into account.

Research suggests that storing surface water within the firn will delay contributions to
sea level rise and eventually numerous infiltration events will completely fill the pore
spaces with water [Harper et al., 2012; Schneider and Jansson, 2004]. In recent decades,
firn pore space is filling more rapidly with water and the percolation zone is spreading
into previously dry snow regions [Harper et al., 2012]. This has significance because the
regeneration of the dry firn column takes extensive time and must be conducted in small
increments. It is therefore crucial to understand the movement of water through the ice
sheet to estimate the effects of climate change and implications for sea level rise. Water
movement is directly dependent on hydraulic conductivity, and a study was conducted to
measure the hydraulic conductivity of water through a firn aquifer within a mountain
glacier, revealing the hydraulic conductivity to equal 1 x 10~ m/s by using two pumping
tests during the ablation season [Oerter and Moser, 1982]. Our team conducted field
measurements in April 2015 on the Greenland ice sheet near Helheim Glacier revealing
hydraulic conductivity values of 1.88 x 10 m/s. Hydraulic conductivity measurements
can vary over many orders of magnitude in a single terrestrial groundwater system
[Schwartz and Zhang, 2003]. Therefore, a hydraulic conductivity on the firn within one

order of magnitude to previous mountain glacier studies is a relatively small margin.
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2.3 Crevasse Propagation

Crevasses are fractures in the ice that form from glacial movement and the resulting
stress on the ice. These fractures open in the direction of maximum tension that is
controlled by ice movement over the bed [van der Veen, 1998]. Since crevasses are
proportional to local surface slope [van der Veen, 1998], changes in slope and ice
thickness influence crevasse extent. Research shows that the extent of crevasses on the
Greenland ice sheet has increased by 13% since the 1980s, likely due to the overall
thinning and steepening of the ablation zone [Colgan et al., 2011]. This is particularly
concerning because, compared with a segment of ice not containing crevasses, the
presence of crevasses doubles the solar radiation absorbed by the ice [Pfeffer and
Bretherton, 1987]. As warming increases, crevasses will continue to provide a positive
feedback mechanism enhancing glacial melt by reducing albedo and providing a means
for water transport.

Crevasses are the most crucial avenues for water transport [Fountain and Walder,
1998], and research indicates that when crevasses are filled with water, crevasse
propagation is increased by hydrofracture [van der Veen, 1998]. Glacial conduits will
form from crevasses if the creep of ice closing the channel is exceeded or at least
balanced by melt from flowing water [Rathlisberger, 1972]. Research indicates englacial
conduits run throughout the glacier, as shown by video cameras lowered into boreholes,
which revealed many englacial voids throughout the ice thickness [Harper and
Humphrey, 1995]. Most frequently, conduits develop where flowing water is in contact
with ice for the longest duration [Rdothlisberger, 1972]. If the water supply is abundant,

surface crevasses can penetrate to the glacier base causing increased glacial melt [Benn et
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al., 2009]. It is suggested that water-filled crevasses are less likely to fracture in cold ice
unless there is a sufficient source of water present, such as supraglacial lakes [Alley et al.,
2005]. The speed at which crevasses penetrate the ice depends on the fracture mechanics
of the ice [Weertman, 1971]. This rate accelerates with increasing flow, but ice creep can
block the flow of water from the crevasse [Fountain and Walder, 1998]. A steady water
supply reduces the likelihood of creep pinching off the crevasse from its water source by

keeping the conduit open to transport water to the base of the glacier.

2.4 Fracture Mechanics

Fracture mechanics is based on the assumption that all materials contain small cracks,
which affect the integrity of a material. Stresses are higher near these defects, which can
lead to enlargement, possibly to a point of fracture [van der Veen, 1998]. The fracture
criterion for crevasses is debated as some researchers say that ice fractures as tensile
stress reaches a critical value [Vaughan, 1993] while others say it depends on strain rates
[Vornberger and Whillans, 1990]. Researchers also debate how depth crevasses penetrate
the ice. In 1955, Nye assumed that a crevasse would propagate until the ice overburden
pressure equals the tensile stress. Weertman [1973] questioned that Nye did not take into
account stress concentrations near the crack tip and thus his model could only be applied
to crevasse fields as opposed to individual isolated crevasses. Nye’s method of estimating
crevasse depth ignores the effect of stress concentrations existing in the immediate
vicinity of the crevasse tip [Weertman, 1973]. This oversight is acceptable in a field of
closely spaced crevasses due to the blunting effect where no tensile stress can exist and

no large stress concentrations near the crevasse tip can develop. This effect promotes
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downward propagation of neighboring crevasses on each other [Weertman, 1973].
Weetman’s model takes into account both crevasse fields and isolated crevasses.

A significant source of water must be present to fracture crevasses. Lampkin et al.
[2013] shows that supraglacial lakes ranging between 0.25-0.8 km in diameter,
independent of volume, can fracture ice 1.5 km thick or less. This implies knowledge of
surface hydrology which is critical for modeling crevasse propagation. The water supply
for this study comes from the Greenland firn aquifer, which provides water to crevasses
at varying depths, depending on the aquifer water table depth. By providing a steady
supply of water, the aquifer may simulate repeated surface melt events. Multiple surface
melt events allow for a more continuous surface water flow, which reduces resistance
from the ice and allows cracks to fracture more readily [Boon and Sharp, 2003]. A water
filled crevasse can penetrate to a mountain glacier or ice sheet bed, provided the water
level is 15 m or less below the surface and the tensile stress is greater than approximately
150 kPa [Vaughan, 1993; van der Veen, 1998, Boon and Sharp, 2003]. Crevasse fracture
is a positive feedback mechanism, meaning that once water proceeds to the glacier bed,
ice flows more rapidly downstream from the crevasse. This widens the crevasse and
allows more water to flow to the bed [Boon and Sharp, 2003]. Overall, crevasse
propagation, once started, is likely to continue, allows more water to flow to the bed, and
is enhanced by stresses which promote water flow into crevasses [Alley et al., 2005].

The distribution of stresses near the crack tip can be quantified with the stress
intensity factor. This factor is modeled as a function of the applied stress and has been
calculated numerically and analytically according to geometry and applied stresses by

various studies [Sih, 1973; Tada et al., 1973]. The stress intensity factor is proportional to
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crevasse depth, such that a greater depth means a larger stress intensity and a higher
likelihood the crevasse will propagate the fracture to the bed of the ice sheet. It should be
noted that stresses in firn are generally less than those in completely densified ice [van
der Veen, 1998]. This is partially due to considerably smaller firn densities (~350 kg/m?)
than solid ice (~917 kg/m?) [Rist el al., 1996], which in turn reduces the stress intensity
factors. The large variability of physical properties in firn make it difficult to quantify
stresses required for failure [Das et al., 2008].

This study will use three criteria, identified by Alley et al. [2005], to determine if
crevasse propagation will occur. First, in order for propagation to occur, local tensile
stress must be greater than the critical stress intensity. Secondly, as shown by van der
Veen [1998] and Weertman [1973], the crack must remain filled with water because
deviatoric stresses (stresses due to fluid motion) are not strong enough to counter
hydrostatic stresses. Lastly, continued water flow into the crevasses is required so the
water does not refreeze and block the crack. The crevasse deformation is assumed elastic
in nature with crevasse surfaces free of traction. This culminates in an equation where,
the sum of the stresses produced by hydrostatic pressure, tensile stress, and dislocations
equal zero on all crevasse faces [Weertman, 1973], which maintains that forces and
energy remain in equilibrium. Little study has been conducted on how water from the
aquifer reaches the base of the glacier, so this study addresses glacial hydrology by

studying crevasses as a means for water to proceed to the base of a glacier.



CHAPTER 3

DATA AND METHODS

This study utilizes a vertical profile of the subsurface aquifer from Operation Ice
Bridge (OIB) radar data. The data uses ultra-high frequency radar, referred to as
Accumulation Radar (AR), with a bandwidth of 300 MHz and a frequency of 750 MHz,
thus enabling imaging of 65 cm vertical resolution [Rodriquez-Morales et al., 2013].
National Aeronautics and Space Administration (NASA) Airborne Topographic Mapper
(ATM) light detection and ranging (LIDAR) is used in parallel with AR radar to map
surface elevation profiles along the AR transect. From individual OIB radar frames, a
water table is defined when a continuous reflector is observed for at least 0.5 km
horizontally. The AR detects the top of the aquifer because of a large dielectric contrast
between the water filled firn and the dry firn above. However, the radar signal cannot
penetrate through the aquifer due to increasing attenuation from the water, and thus
cannot detect the lower bounds of the aquifer. From radar mapping of the top of the
aquifer surface, the lateral flow within the aquifer can be investigated. These are the
inputs used in Groundwater Modeling Systems (GMS) to estimate water flow volumes
discharging from the aquifer into a crevasse. With the modeled discharge, conservation of
mass and Weertman’s [1973] equations of tensile stress are utilized to determine if

enough water is available to propagate a fracture from the bottom of the preexisting
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crevasse to the bed of the ice sheet. This study looks to explore englacial hydrology using
the methods below, pictorially represented in Figure 1 to understand how melt water
within the aquifer may exit the ice sheet, reach the ocean, contribute to sea level rise, and

influence ice discharge from outlet glaciers by increasing ice speed.

3.1 Study Area

This research focuses on Helheim Glacier, shown in Figure 2, which is located in
southeast Greenland along the lower elevation boundary of the Greenland firn aquifer.
This location was chosen for ground-based measurements and airborne surveys because
Helheim glacier is currently one of the fastest flowing outlets along the Greenland ice
sheet and has experienced substantial thinning, leading to further glacial retreat [Howat,
2005]. Upon looking at WorldView imagery, the lateral extent of the aquifer coincides
with a crevasse field, which also makes Helheim a desirable location. This research
builds upon prior work that mapped the aquifer with airborne radar and ice surface
topography with LIDAR remote sensing [Miege et al., 2015].

Two field campaigns, along the Helheim transect, were conducted in April and
August 2015. This study utilizes hydraulic conductivity data of the aquifer, water level
fluctuations from pressure transducer measurements in a borehole within the aquifer, and

air surface temperature measurements.
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3.2 Aquifer Discharge

The discharge of water from the aquifer into a crevasse at its lower elevation
termination is constrained by two independent estimates of water available to the
crevasse. The analysis is conducted along an ice flow line feeding Helheim Glacier that
runs perpendicular to the elevation contour lines and the crevasse orientation (Figure 2).
The first method for estimating water availability to the crevasse uses a traditional
terrestrial groundwater flow model and the second estimates the total surface melt that is
produced along the profile. This profile is first modeled in SEEP2D [Jones, 1999], a 2D
finite element groundwater model that is typically used to simulate groundwater flow
within terrestrial aquifer systems by solving Darcy’s law for every point along the depth
profile. SEEP2D considers the aquifer to be a saturated, unconfined, steady state system
and can be programmed to model complex groundwater flow. The SEEP2D flow cells
depend on surface topography, and as water velocity increases, the flowlines become
closer together. Flowlines are the same as streamlines in fluid mechanics literature, which
are curves instantaneously tangent to the fluid velocity within the flow field [Kundu and
Cohen, 2008]. The same amount of water discharges between each flowline, thus, if
flowlines are closer together, velocity must correspondingly increase. This analysis
assumes no flow into or out of the cross sectional plane and that Darcy’s law is valid
throughout the aquifer. SEEP2D assumes the modeled fluid is incompressible (valid for
water) and simulated groundwater flow lines using Darcy’s law (Equation 1). Darcy’s
law describes the flow of fluid through a porous media where Q is the volumetric flow
rate (m>/s), A the area (m?), k the hydraulic conductivity (m/s), AL the change of length

(m), and 4H the head difference (m).
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AH
Q=kal (1)

The inputs needed for SEEP2D to estimate water discharge from the aquifer are therefore
the variables described above in Darcy’s law.

The SEEP2D inputs used to simulate the aquifer discharge along the Helheim transect
are obtained from NASA airborne data and field measurements acquired by our team in
April and August 2015. Two methods were used to measure hydraulic conductivity. The
first was an “aquifer test” following the Theis [1935] method, in which two bore holes
were drilled into the aquifer approximately one meter apart. Water was pumped out of
one borehole which also caused the water level in the observational borehole to drop. The
rate of water level recovery in the observational borehole was recorded with a pressure
transducer attached to a data logger, every few seconds for about 75 min. The second
method used to measure hydraulic conductivity was a “slug test,” which involved
displacing water within a single borehole and recording the time required for the water
level to recover back to the level before displacement, following the Hvorslev [1951]
method. Slug tests could be completed every few minutes, which is much quicker than
the 75 min for an aquifer test. The slug tests are fast because they assess small aquifer
water volumes, thus measuring the hydraulic conductivity over a smaller horizontal area
of the aquifer. The mean hydraulic conductivity of the field site is 1.88 x 10 m/s, with a
range of 8.8 x 107> m/s. This experimental hydraulic conductivity was one of two input
parameters for SEEP2D. It should be noted that the hydraulic conductivity is not uniform

through the entire transect, but due to field sampling limitations a single point wise
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measurement of hydraulic conductivity was used.

The second input parameters were head fluctuations within the aquifer. As local flow
cells within the aquifer are dependent on ice sheet surface topography, surface
depressions act as discharge points for the aquifer, while areas of higher slope act as
recharge points [Miége et al., 2015]. Head values are equivalent to top of the aquifer
water elevations along the profile. These are available approximately every 16 m along
the transect from OIB radar and are assigned to each node in the SEEP2D simulation
along the transect. At present time, there are no measurements of the variability of the
basal boundary of the aquifer along a transect. Therefore, we use point measurements of
aquifer thickness obtained from individual bores holes drilled through the aquifer. The
model assumes a constant aquifer thickness of 25 m, which falls within the observational
results found by Koenig et al. [2014], where the top of the aquifer was 12 m below the
surface and extended to a depth of 37 m at pore close-off where there were no more
interconnected pores between the ice grains. These parameters, modeled in SEEP2D,
yield aquifer discharge into a crevasse at the lower elevation end of the transect which
can then be used to determine if fracture propagation will occur within the crevasse. Here
it is assumed that all the water from the firn will be routed to the crevasse system.

The discharge from SEEP2D generates an upper bound for aquifer discharge that can
be compared with lower bound melt day measurements using a degree day melt model
provided by Olivia Miller (manuscript in preparation, 2016). The degree day melt model
is considered the lower bound because it represents the amount of possible melt for one
season, while the SEEP2D is an upper bound since it represents a multiyear

accumulation. A degree-day melt model assumes that, for each 1°C over 0°C, a certain
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water equivalent of snow will be melted per day based on the daily average air
temperature. The amount melted per day per degree over 0°C, is determined empirically
for the region. This coefficient is then multiplied by the sum of the daily average
temperatures above 0°C over the melt season [Broeke et al., 2010]. The degree-day
model provides the amount of snow melt recharge along the transect, which can then be
multiplied by total area, to determine how much discharge is available to drain into the

creévasse.

3.3 Pressure Required for Fracture Propagation within a Crevasse

With a constraint on aquifer discharge into a crevasse, the second part of this study
works to identify whether the aquifer provides enough water discharge and corresponding
pressure to propagate water to the ice sheet bed via hydrologic fracturing. Starting from
basic principles of conservation of mass, the crevasse water depth, from the aquifer
discharge, is calculated. Then, assuming various initial crevasse depths, tensile stress is
calculated using Weertman’s [1973] model. It can then be determined whether the
resulting tensile stress is great enough to propagate a fracture within the crevasse to the

base of the ice sheet using tensile strength values of glacial ice from the literature.

3.3.1 Fluid Mechanics Model
This model uses fluid mechanics, starting with the integral form of conservation of
mass, to determine crevasse water depth based on discharge from the Greenland aquifer
as modeled by SEEP2D or the melt day model. The equation for conservation of mass is

shown below in Equation 2, where total mass equals the rate that mass accumulates
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within the control volume, plus the rate of mass outflow across the control surface.

dMsys 0 S AN
Dot = 21, (pdV) + [ (pF - dA) = 0 @)

Here, p is the water density, ¥ is velocity of water passing through the crevasse, V is

water volume, and 4 is the cross sectional area at the inlet or outlet. Equation 2 reduces,
as follows, to Equation 3 (complete simplification is found in the Appendix), assuming a

unit length.

?
0= po [A(W] + pvoA, — pvid; 3)

H is the height of the water as a function of time, A is the area of the triangle with respect
to height, Ao and A are the cross sectional areas at the outlet and inlet, respectively. The
crevasses are considered triangular, as shown below in Figure 3, to calculate the crevasse
area solely as a function of height and angle at the crack tip. Figure 3 details how the

dimensions of the triangle are defined for the derivation below in Equations 4, 5, and 6.

tan(0) = % 4)
b = h  tan(0) (5)
area = %bh = %hztan(g) (6)

The derivation in Equations 4, 5, and 6 detail how the triangle area is calculated. These
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Equations (2-6) set up the foundation to calculate crevasse water depth.
Equation 3 then uses Equation 6 to model water depth for fracture when no water
seeps out of the crevasse tip before failure occurs, yielding Equation 7. This means that

water velocity exiting the crevasse is considered zero before fracture.

= [5r@?an®)] = o @)

This equation depends on Qj, which is water flowing into the crevasse as discharge from
the aquifer. Solving the differential equation by separation of variables yields the

following solution for crevasse water depth in Equation 8.

_ 2Q;t
h = tan(@) (8)

The complete derivation for calculating water height can be found in the Appendix.
Tensile stress at the crevasse tip is then calculated from modeled water height in the

crévassc.

3.3.2 Tensile Stress Calculation
The tensile stress for an isolated, water-filled crevasse is calculated using the method
developed by Weertman in 1973. Following Weertman’s method, the sum of the
hydrostatic pressure (pgy), tensile stress (T), and stress from dislocations (oxx(y)) must

equal zero, as shown in Equation 9, where Y is the glacial ice thickness measured from
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the top surface.

—pgy +T + 0y (y) =0 )

This equation balances the forces at the crevasse tip. The stress from dislocations
(anywhere atoms are out of alignment) is complex, and Kuang and Mura’s [1968] answer
for the general solution is utilized in this study. These equations assume that the
crevasses are free of traction, thereby ignoring friction of water in the crevasse.
Therefore, Equation 9 is coupled with Equation 10, where h is the water height, p’ the

density of water, and p the density of ice [Weertman, 1973].

—pgy —p'glh—y)+T + 0, (y) =0 (10)

The general solution for Equation 9 and 10 is given by Weertman [1964]. The solution

for tensile stress (T) and crevasse depth (L) is given in Equation 11.

L_(%)J’

) st ()] - @@ -iz0 an

Equation 11 can be solved for tensile stress, shown in Equation 12, at various crevasse

depths to determine if crevasse propagation will occur due to hydrofracture.

rem @ (- Q@] o



Various crevasse geometries are modeled to build a framework and understand where

fracture propagation within a crevasse is possible.
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Figure 2: Image of Helheim Glacier and flight lines on the Greenland ice sheet. Locations
of the perennial firn aquifer (PFA) are highlighted in blue, Operation Ice Bridge
flightlines are outlined in purple, and the transect used in SEEP2D modeling is drawn in
green using a Landsat 8 true color image acquired in August 2015.
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Figure 3: Crevasse dimensions for modeling water flow. (a) Water enters and exits a
triangular crevasse (b) with corresponding modeling dimensions.



CHAPTER 4

RESULTS AND DISCUSSION

The results from both the aquifer discharge and crevasse fracture modeling are
presented and discussed below. Field observations measured a hydraulic conductivity
consistent with typical groundwater flow conditions. The SEEP2D and melt day
modeling provide an upper and lower bound, respectively, for aquifer flow. It was found
that, for several test cases, hydrofracture of an existing crevasse can occur. This means
that certain crevasse geometries are capable of allowing water to propagate to the base of

the ice sheet.

4.1 Aquifer Discharge

SEEP2D is utilized to model aquifer flow with inputs, boundary conditions, and
assumptions, as described in the methods section. Assuming no water flows into or out of
the cross section and that Darcy’s law is valid, SEEP2D simulates an average total flow
rate of 15,260 m>/yr per meter width of the profile. These results were conducted with a
hydraulic conductivity value of 1.88 x 10 m/s that was measured on the Greenland ice
sheet by the field team in April 2015. As seen in Figure 4, flow cells are highly correlated
to surface topography. Head values are assigned to each node along the top of the

transect, which means that head fluctuations translate to drainage rates.
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The area between two adjacent flowlines is known as a flowtube. The discharge
through each flowtube is uniform. This means that velocity increases when the width
between flowtubes is smaller, and decreases when that width is greater. Helheim Glacier
discharge results and the modeled flowlines through the aquifer are plotted against
elevation and distance along the transect (Figure 4). Discharge locations may be
manifested as thick subsurface ice layers, where water moving vertically upwards is
refrozen as it moves into colder firn. Based on the model results, all of the flow appears
to be coming from one kilometer previously along the transect. Therefore, the total flow
used in the modeling only includes the discharge from the last kilometer of the transect.
However, the assumption of homogeneous hydraulic conductivity with depth implies that
the flow paths would be different from a real heterogeneous system, since water flows
more slowly through regions of low hydraulic conductivity, and more quickly through
regions of high hydraulic conductivity. For example, Miége et al. has determined that
there is evidence of thick ice layers (very low hydraulic conductivity) within the firn that
may be evidence of a mechanism for discharge along the transect (manuscript in
preparation, 2015).

The flow was calculated with an assumed 25 m thick aquifer, which agrees with
measured results [Koenig et al., 2014]. However, the aquifer thickness may change along
the transect as hydraulic gradients vary spatially. Since radar signals cannot penetrate to
the lower margins of the aquifer, due to signal attenuation from the water and limited
field sampling, a constant 25 m aquifer thickness is the currently accepted value. This
offers room for future study if more detailed field measurements can be obtained. Flow is

likely altered due to the presence of ice lenses which hinders vertical water flow and
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therefore changes horizontal water movement. Even though densification competes with
the slow lateral flow through the aquifer via compaction [Koenig et al., 2014], the lateral
flow persists. Figure 4 also implies that water may be entering and exiting the aquifer
along the transect.

The SEEP2D results were compared with the degree-day melt model. The degree-
day melt model yields an available recharge based on season melt of 0.5 m/yr. For one
meter width along the entire transect, this means a 6,000 m*/yr of possible recharge. This
value is about half the discharge simulated with SEEP2D (15,260 m>/yr per m of
transect). Further constraints must be found to better quantify discharge into crevasses,
but combining SEEP2D analysis with the recharge model does provide an initial set of

constraints for discharge into a crevasse.

4.2 Tensile Stress Required for Fracture

From the calculated water flow using the SEEP2D (Figure 5) output and recharge
measurements (Figure 6), tensile stress is calculated for an array of crevasse dimensions.
In these figures, the values to the left of the black diagonal line-segments do not
propagate fracture in the crevasse, but values at the black diagonal line-segments or right
of them do yield fracture. This provides insight into what parameters must be met in
order for crevasses receiving water from the aquifer to fracture to the base of the ice
sheet. For deep crevasses with small widths, fracture can occur in a matter of weeks.
Twenty-five crevasse widths were measured using August 2015 WordView 1 imagery
from DigitalGlobe© (Figure 7), which shows the width of crevasses to be 8.5 m on

average with a standard deviation of 3 m. The largest crevasse width measured was 14 m,



30

and considering image resolution of +1 m, an upper width bound of 15 m was used.
These widths were measured on Helheim Glacier near the end of the modeled transect
within close proximity to the field sites. The fracture propagation analysis indicates that
an average width of 8.5 m falls within the range of possible fracture propagation. It is
hypothesized that more focused stresses exist at the crevasse tip of thin crevasses
compared with wider water-filled fractures, thus enabling fracture propagation to occur
more readily for small crevasse widths, like those measured on Helheim.

Fracture propagation occurs much more quickly using SEEP2D simulated aquifer
discharge into a crevasse compared to the melt day modeled discharge. Within one
standard deviation of crevasse widths, crevasse fracture for the SEEP2D simulation can
occur after 30 days of being filled from the aquifer, if the crevasse is 30 m deep, or after
21 days, if the crevasse is 35 m deep. One crevasse, out of 25, was observed to have a
width of 3 m, which indicates the possibility of fracture propagation for a 30 m deep
crevasse after 37 days for the recharge model. With an initial crevasse depth of 35 m, the
recharge model predicts that fracture propagation at widths within one standard deviation
of the mean can occur after 33 days.

Fracture propagation does still occur for both methods of discharge estimation but the
melt day model results indicate that fewer crevasse geometries will allow propagation.
These models assume constant water flow from the aquifer, which is likely true for some
weeks in the summer but not during the winter when it is likely that, while water still
flows within the aquifer, it would probably freeze upon entering a crevasse. Based on an
air temperature time series at the field site in 2015, there are approximately 50 days with

average temperatures above 0°C. Therefore, if fracture propagation does not occur within
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a 50 day melt window, it is assumed that propagation will not occur. It is also assumed
that, during the summer, crevasses are open to the atmosphere and not filled with snow.
In the winter, an ice plug may form as the aquifer water freezes upon contact with frigid
atmospheric air. Winter water movement is still a question requiring further study. For
both SEEP2D and melt day calculations, threshold for fracture exists more extensively
with crevasse depths greater than 30 m. For the following analysis, a crevasse depth of 30
m is used with SEEP2D.

It should be noted that hydraulic conductivity plays a large role in determining the
feasibility of crevasse propagation. Hydraulic conductivity is directly proportional to
water flow, due to the relationship with Darcy’s Law. Therefore, even subtle changes in
hydraulic conductivity can vastly affect the flow values. The average field value
measured near the Helheim site (1.88 x 10 m/s) is used primarily, but the error bounds
of this measurement yield large variations on the flow calculations. In order to assess the
sensitivity of the uncertainty, the results for two additional hydraulic conductivity values
are displayed, in Figure 8, for a 30 m deep crevasse. Although the hydraulic conductivity
has a large impact on the time duration until fracture propagation, the three cases shown
in Figure 8 all yield fracture within the time scale of one summer season. Even with
hydraulic conductivities varying within the measurement range, crevasses are likely to
propagate aquifer water to the ice sheet bed. This hydrofracture process is a positive
feedback mechanism, because once a fracture exists, water can continuously propagate to
the bed and widen the fracture as more water carves out the sides of the fractured vertical
conduit. Water filled crevasses also have the positive feedback mechanism of decreasing

the albedo, increasing absorption of the sun’s energy into the ice sheet and hence
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widening the crevasse [Stocker, 2014]. This enhances ice sheet melt and increases water
output into the ocean. These results imply that crevasses offer a possible outlet to the
ocean, allowing the firn aquifer to directly contribute to sea level rise and increased

glacial flow velocity.
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Figure 4: Helheim flowlines through the Greenland aquifer. The red line shows the ice
sheet surface, blue lines outline the extent of the aquifer, and black lines represent water

flow through the aquifer. A preexisting crevasse is assumed to be located at the lower
elevation termination of the aquifer.
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Figure 5: Tensile stress for crevasses using SEEP2D discharge results. Crevasse depth
(L) 1s modeled at 25, 30, and 35 m with varying widths over a time period of 50 days.
The dashed line is mean crevasse widths measured on Helheim while the boxed area
indicates one standard deviation around these average widths. The black diagonal line-
segments are the 150 kPa tensile stress criteria used for ice fracture.



34

Tensile Stress Tensile

_ - Stress kPa
15 L=25m 15 L=30m 15 L=35m 00
—_ 150
£
~10 - "
iy
5
; — —-— —_— — — — | — — | I— —
= 100
w
©
e ° y
0 e 0 — 0 e
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50 0
Time (days)

Figure 6: Tensile stress for crevasses using melt day results. Crevasse depth (L) is
modeled at 25, 30, and 35 m with varying widths over a time period of 50 days. The
dashed line is mean crevasse widths measured on Helheim while the boxed area indicates
one standard deviation around these average widths. The black diagonal line-segments
are the 150 kPa tensile stress criteria used for ice fracture.
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Figure 7: Crevasse width measurements on Helheim glacier. Worldview 1 August 2015
true color imagery from DigitalGlobe© is used to measure the widths (15 of the 25
measurements are displayed in this image). The location of the crevasses with respect to
Helheim glacier is shown in the upper left corner.
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Figure 8: Tensile stress plots for 30 m deep crevasses at varying hydraulic conductivities
(k). The dashed line is mean crevasse widths measured on Helheim while the boxed area
indicates one standard deviation around these average widths. The k values shown
represent the mean, upper, and lower ranges of sampled k. The black diagonal line-
segments are the 150 kPa tensile stress criteria used for ice fracture.



CHAPTER 5

CONCLUSION

This research provides an initial analysis to examine a mechanism that allows water
in the Greenland firn aquifer to exit the ice sheet via crevasses. These results indicate
hydraulic fracturing of crevasses is possible, meaning that the aquifer has an outlet
mechanism to release water into the ocean, therefore contributing to sea level rise.
SEEP2D discharge quantification represents an upper bound of water flow into a terminal
crevasse yielding 15,260 m*/yr per meter width of the transect while melt day
calculations yield a lower bound of 6,000 m>/yr per meter width. For crevasses 30 m or
greater in depth, fracture propagation is possible within a summer season after 30 days
according to SEEP2D modeling and after 37 days for the melt day modeling. However,
some assumptions have been made. For example, water flow through the ice is
considered uniform in order to solve conservation of mass. The flow is known to be
turbulent, but uniform assumptions allow a close-formed solution. A uniform assumption
is made in all groundwater modeling applications making this a viable first-order
assumption for flow within the Greenland aquifer. In the SEEP2D model, the flow is
considered to be one-dimensional. This means that crevasses extend infinitely in the
transverse direction, which is a reasonable estimate as a starting basis (Figure 7).

Another assumption is that crevasses will propagate a fracture when critical conditions of
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stress are exceeded on the ice surface [Kehle, 1964; Vaughan, 1993], which is a fully
accepted condition in the glaciology literature. It is also assumed that there is a constant
discharge and that tensile stress, density, temperature, and hydraulic conductivity are
constant throughout the ice thickness. Difficulty of field sampling and limited resources
constrain this as the only currently feasible option. These assumptions are within the
reasonable realm for an initial analysis to understand crevasses as a possible outlet

mechanism for water in the Greenland firn aquifer to reach the ocean.



APPENDIX

HYDRAULIC FRACTURE DERIVATION

Below is the full derivation for the hydraulic fracturing model. This derivation starts

with conservation of mass in Equation 2 and ends with an equation for water fill height.

T = 2 [, (pdV) + [ (pB - dA) = 0 (13)
0= p5 LA + prod, — prid; (14)
5 3 h@®*an(0)] = ¢~ v24, (1)
2 [sr®?tan(e)| = ¢; - 0 (16)
h(t) tan(6) 52 = Q; (17)
tan(0) [ h(t)oh(t) = Q; [ at (18)
~tan(9)h(t)? = Qt (19)

h= |2 (20)

tan(8)
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