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Abstract

This study presents a comprehensive overview of the current state of the Milne Ice Shelf and
how it has changed over the last 59 years. The 205 km? ice shelf experienced a 28% (82
+0.8 kmz) reduction in area between 1950 — 2009, and a 20% (2.5 +0.9km”> water equivalent
(w.e.)) reduction in volume between 1981 — 2008/2009, suggesting a long-term state of
negative mass balance. Comparison of mean annual specific mass balances (up to -0.34 m
w.e. yr') with surface mass balance measurements for the nearby Ward Hunt Ice Shelf
suggest that basal melt is a key contributor to total ice shelf thinning. The development and
expansion of new and existing surface cracks, as well as ice-marginal and epishelf lake
development, indicate significant ice shelf weakening. Over the next few decades it is likely
that the Milne Ice Shelf will continue to deteriorate.
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Chapter 1: Introduction

1.0 Introduction

Canada has lost > 90% of its ice shelf area over the last century (Vincent et al. 2001).
Recent northern Ellesmere ice shelf breakups (2000 — present), such as the complete loss of
the Ayles and Markham Ice Shelves, have highlighted the importance of assessing the
present state of northern Ellesmere’s remaining ice shelves. Although these features are
being lost at an alarming rate, little is known about their morphology, history or dynamics.
This study presents the most comprehensive assessment to date of the ice thickness and
volume of any northern Ellesmere ice shelf. A combination of historical data and recent
observations are used to assess changes in Milne Ice Shelf area and thickness over the past
half century. These changes are presented in the context of ice shelf breakups, sea ice losses,
and high arctic glacier mass balance. The following section provides an overview of recent

arctic change under which the current study is being undertaken.

1.1 Arctic change

1.1.1 Arctic temperature and climate change

Over the last 50 years air temperatures in the arctic (above 60°N) have increased at
twice the global average of 0.13°C decade™ (ACIA 2004; Lemke et al. 2007) Although
periods of increasing (1920 — 1960; 1980 to present) and decreasing (1900 — 1920s; 1960 -
1980) surface air temperatures were observed over the last century (1900 — 2003), a distinct
warming trend has been observed beginning in the 1960s (Figure 1.1). The last three
decades (1980 to present) are now the warmest on record (Figure 1.2) (ACIA 2004; Lemke
2007; NOAA2010:Attp://www.ncdc.noaa.gov/sotc/?report=global &year=2010&month=6.).
Arctic temperature change is most pronounced in the winter months and least pronounced in
the summer season (ACIA 2004; Lemke et al. 2007; Lesins et al. 2010). The IPCC (2007)

predicts that arctic air temperatures will increase by an additional 3°C to 11°C over the next
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Figure 1.1: Annual average change in near surface air temperature (°C) from stations on
land north of 60°N relative to the average from 1900 to 2003 (Source: ACIA 2004).
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century. In addition to changes in temperature, an increase in precipitable water (particularly
in the spring, summer and fall), an increase in summer wind speeds and a decrease in winter
cyclonic activity were observed at Eureka, located in the Canadian Arctic Archipelago
(CAA), between 1954 and 2007 (Lesins et al. 2010). Observed increases in surface air
temperatures are also reflected in changes in snow and land ice cover. Northern Hemisphere
annual snowcover has decreased at a rate of 1.3% per decade over the last 40 years
(European Environmental Agency 2008) and the duration of annual lake ice cover,
dominated by an earlier melt onset and later freeze-up, has also decreased (Duguay 2006).
Observed and predicted warming trends are likely to significantly impact the cryosphere,

leading to further large-scale changes in sea ice and land ice, including ice shelves.

1.1.2 Arctic land ice change

Observed anthropogenic warming could significantly affect the mass balance of
glaciers and ice caps, which are important contributors to global sea level rise (Abdalati
2006; Boon et al. 2010; Lemke et al. 2007). Glaciers and ice caps in the CAA comprise the
largest concentration of land ice (~151,057 km?) outside of Greenland and Antarctica
(Koerner 2002). Measurements of several glaciers and ice caps in the Queen Elizabeth
Islands (QEI) indicate that mass balances have become increasingly negative since the
1950s (Figure 1.3) (Braun et al. 2001; Demuth and Pietroniro 2007; Koerner 2002). This
trend, which has accelerated since the 1990s, coincides with the aforementioned increases in
temperature (Koerner 2005). Repeat laser altimetry surveys (1995 and 2000) of several ice
caps in the CAA showed an estimated regional mass loss of 23 km® yr' (Abdalati et al.
2004; Abdalati 2006).

Studies of individual glaciers and ice caps confirm these broader trends. For
example, the Murray Ice Cap, Hazen Plateau, Ellesmere Island, experienced an overall
reduction in area of ~28% between 1959 and 2000 and a 1999 - 2000 net mass balance of

-0.12 to -0.87 m water equivalent (w.e.). The mass balance for nearby Simmons Ice Cap
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ranged from -0.21 to -0.77 m w.e. over the same l-year time period (Braun et al. 2001).
Accelerated thinning of the Barnes Ice Cap, observed by Sneed et al. (2007), also coincides
with observed atmospheric warming in the Canadian Arctic. For the period 1970 — 1984 the
south dome of Barnes Ice Cap thinned at a rate of 0.12 m yr’', increasing to ~0.76 +/- 0.35 m
yr'! for the period 1984-2006. Between 1959/1960 and 1999/2000 the surface area of the
Devon Ice Cap decreased 2.4%, with thinning and associated volume losses estimated at -67
+/- 12 km® (Boon et al. 2010; Burgess and Sharp 2004). Finally, model results (1959 — 2006)
of Laika Glacier, Coburg Island, Nunavut showed a predicted area decrease of 23%, volume
loss of 24%, and an increase in mass balance gradient (Huss et al. 2008). Under future
climate warming scenarios, complete wastage of the Laika Glacier is predicted by the end of

the 21 century.

1.1.3 Arctic sea ice change

Sea ice is a key cryospheric component in regulating the global climate system. Not
only does its high albedo reflect a significant amount of incoming direct solar radiation, the
presence of sea ice provides a physical barrier which separates the relatively warm ocean
from the cold atmosphere in winter. According to the ACIA (2004), average arctic sea ice
extent decreased between 15 and 20% over the last three decades. These marked area
reductions (reduction of 7.8% per decade for 1953-2006), and an earlier melt onset
attributed to warmer air and ocean temperatures, have created a weaker barrier for heat
exchange between the atmosphere and ocean (Perovich et al. 2008; Serreze et al. 2007,
Stroeve et al. 2007). From 1958 to 1990, reductions in sea ice were greatest in the eastern
and central parts of the Arctic Ocean, with smaller reductions in the Beaufort and Chukchi
Seas (Rothrock et al. 1999; Serreze et al. 2007). Beginning in the late 1990s, parts of the
western Arctic Ocean including the Beaufort and Chukchi Seas witnessed the sharpest
declines (Maslanik et al. 2007; Rothrock et al. 1999). Rapid reductions in the western Arctic

have extended well into the 21 century.



Coincident with a decrease in extent has been a decrease in the age and thickness of
the Arctic’s sea ice cover (Figure 1.4) (Maslanik et al. 2007; Nghiem et al. 2007). Between
March 2005 and 2007, the extent of multiyear sea ice (MY]), defined as sea ice that has
survived at least one melt season, decreased 23% (Nghiem et al. 2007). Few areas of very
old sea ice (8+ years old) remain. Instead the bulk (58%) of the MYI is comprised of 2 — 3
year old ice; a 35% increase since the 1980s. Regions containing at least 50% of 5 year old
MYTI at the end of the winter season (March) decreased by 56% between 1985 and 2007.
Although the trend towards a younger, thinner Arctic sea ice cover has accelerated in recent
years, thinning has been observed from the 1950s onwards. Analysis of end of melt season
sea ice draft thickness between 1958 and 1999 showed an average decrease of ~1.3 m, with
the largest change being observed in the eastern Arctic where draft decreased from 3.3 m
(1958 — 1976) to 1.5 m (1999). Changes in circulation patterns and an increase in sea ice
export through Fram Strait has further accelerated the loss of MY, which has largely been
replaced with younger and thinner first year ice (FYI) (Maslanik et al. 2007; Nghiem et al.
2007).

Sea ice melt onset in 2009 was up to two weeks earlier in some regions compared to
the 1979-2000 mean (NSIDC 2009), and September 2007 minimum extent (4.28 x 10° km?)
surpassed the previous record minimum (September 2005) by 23% and the long-term mean
(1979-2000) by 39% (Maslanik et al. 2007). Observed low sea ice coverage has been
attributed in part to high temperatures and strong winds (Comiso et al. 2008). Minimum sea
ice extent for 2010 was the third lowest on record (4.60 million km* on September 19,
2010), below that of 2009 (NSIDC Arctic Sea Ice News and Analysis,

http://nsidc.org/arcticseaicenews).

The presence of sea ice provides an important buttressing effect that helps to
stabilize ice shelves and tidewater glaciers (Reeh et al. 2001; Rignot et al. 2004; Scambos et
al. 2004; Williamson et al. 2008). The removal of sea ice exposes ice shelves to increased
dynamic effects of ocean winds, tides and currents (Copland et al. 2007; Jeffries 2002;

Serreze et al. 2007). The dramatic reductions in sea ice extent and volume therefore have
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Figure 1.4: Mean spring ice thickness change for (a) 1982-1987, (b) 1988-1995, (c) 1996-
2000, and (d) 2001-2007. (e) Mean 1982-1987 thickness minus mean 1993-1996 thickness.
(f) Mean 1993-1996 thickness minus mean 2001-2007 thickness. Source: Maslanik et al.
(2007).



potentially important consequences for the future survival of arctic ice shelves (Alt et al.

2006; Maslanik et al. 2007; Vincent et al. 2001).

1.1.4 Arctic ice shelf change

Ice shelves are thick (>20 m) floating masses of ice attached to land (Jeffries 2002).
Large ice shelves are common around Antarctica where they cover approximately 55% of
the coastline (Glasser et al. 2009) and are up to 1000 m thick. Much smaller ice shelves exist
in the Canadian Arctic north of 82°N, along the northwest coast of Ellesmere Island (Jeffries
1992a). These ice shelves are the remnants of a large (~9000 km?) ice shelf fringe that
formed between 3000 and 4500 years ago along northern Ellesmere and Axel Heiberg
Islands (Figure 1.5) (Bradley et al. 1990; England et al. 2008; Evans and England 1992;
Vincent et al. 2001).

Since the late 19" century Canada has lost over 90% of its ice shelf area. Much of
this loss occurred in the early to mid-20"™ century. By the mid-1900s, the once continuous
Ellesmere Ice Shelf had been reduced to several small individual ice shelves (Bradley 1990;
England et al. 2008; Evans and England 1992; Vincent et al. 2001). Significant ice shelf
area was lost in the early to mid-20" century (1920s to 1960s) via large-scale calving events
including the loss of ~600 km® from the Ward Hunt Ice Shelf between 1961 and April 1962
(Hattersley-Smith 1963). The 1980s saw another period of ice shelf loss which included
calving of the ~40 km* Hobson’s Choice Ice Island from the Ward Hunt Ice Shelf sometime
between 1982 and 1983 as well as a 33.3 km” piece of the Milne Ice Shelf between 1959 and
1974 (Jeftries 1986b).

Disintegration of the ice shelves continued throughout the first decade of the 20
century, decreasing the total number of ice shelves from six to four (Table 1.1; Figure 1.6).
Fracturing of the Ward Hunt Ice Shelf (2000 — 2002) was followed by the loss of the entire
Ayles Ice Shelf (87.1 km?) in August 2005 (Copland et al. 2007). In 2008 the remaining ice



Table 1.1: Major Ellesmere Ice Shelf ice calving events over the period 2000-2008.
Adapted from Copland (2009).

Year(s) End of summer ice | Calving event(s) Area lost
shelf area (km®) (km?)

2000- 1043 km” Fracturing of Ward Hunt Ice 6 km”

2002 Shelf

2005 943 km” Entire Ayles Ice Shelf 87 km’
20% of Petersen Ice Shelf 13 km?

2006- 935 km® Part of Petersen Ice Shelf 8 km’

2007

2008 720 km” Part of Ward Hunt Ice Shelf 42 km®
Entire Markham Ice Shelf 50 km?
60% of Serson Ice Shelf 122 km?

10
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shelf area decreased by a further 23% (Mueller 2008). Losses included 60% of the Serson
Ice Shelf (122 km?), the entire Markham Ice Shelf (50 km?), and part of the Ward Hunt Ice
Shelf (42 km?) (Table 1.1). Significant periods of ice shelf disintegration (1930s - 1960s and
2000 — present) appear to coincide with periods of relatively warm air temperatures in the
1930s and 1950s (1.0°C to 1.5°C above 1900-2000 mean) and 1980s to present (2.0°C
above 1900 - 2000 mean), as well as periods of light sea ice (Copland et al. 2007; Mueller
2008; Vincent et al. 2001).

Since the 1950s, Ellesmere Island’s ice shelves have experienced a net mass loss
(Copland et al. 2007; Vincent et al. 2001). Ablation stake measurements for the Ward Hunt
Ice Shelf reveal a recent acceleration in negative surface mass balance, with the 2002-2003
surface mass balance (-0.54 m w.e.) far exceeding the 45 year rate of -0.069 m w.e. yr'
(Braun et al. 2004a; Braun 2011). Ice shelf area decrease and accelerated negative surface
mass balance provide unequivocal evidence that arctic ice shelves have undergone

significant change since the beginning of the 21* century.

1.1.5 Future projections and ice shelf impacts

Ice shelves can break up in response to both short-term (days to years) and long-term
(years to decades) external changes. Studies of ice shelves in the Arctic and Antarctic
(Copland et al. 2007; Glasser et al. 2009; Jeffries 2011; Scambos et al. 2004; Vincent et al.
2001) indicate that short-term forcing can arise from high air temperatures, strong offshore
winds, low sea ice conditions, and an increase in open water. Long-term forcing includes
negative mass balance, increase in crevassing and an increase in surface ponding leading to
a decrease in structural strength and ice thickness (Braun et al. 2004a; Copland et al. 2007).
These long-term forcings, which have been attributed to an increase in mean annual air
temperatures over the last half century, pre-weaken the ice shelf making it more susceptible
to abrupt, short-term changes (Braun et al. 2004a; Scambos et al. 2004). Ice shelves can

therefore serve as important sentinels for climate-related impacts in the Canadian High
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Arctic (Braun et al. 2004b; Copland et al. 2007; Mueller et al. 2003). Arctic ice shelf
disintegration appears to occur as a threshold response related to an augmentation of air and
ocean temperatures (Glasser et al. 2009). For instance, Copland et al. (2007) attributed the
break-up of the Ayles Ice Shelf (August 2005) to a temperature threshold of >200 positive
degree days (PDD) per year.

The break-up of an ice shelf does not have a direct contribution to sea level rise since
the ice is already floating. However, the loss of these features can have other important
consequences. For instance, the breakup of Larsen B Ice Shelf triggered an acceleration of
four surrounding glaciers which can in turn contribute to sea level rise (Scambos et al.
2004). Ice shelves are also ecologically important. In the Canadian Arctic, ice shelf
disintegration frequently triggers the drainage of epishelf lakes and the associated loss of
unique cryo-habitats (Mueller et al. 2003; Mueller et al. 2006; Vincent et al. 2001). These
fresh and brackish water lakes support rare microbial communities that are extremely

sensitive to external change.

The loss of >90% of Canada’s ice shelves over the last century has provided
unequivocal evidence that the arctic is changing. However, limited long-term studies
concerning Ellesmere Island’s Ice Shelves have been carried out. Previous research has been
conducted to determine changes in overall ice shelf extent (e.g., Mueller et al. 2009; Vincent
et al. 2001), but little is known about the impact of warming on changes in ice shelf

thickness. This study addresses this knowledge gap.

1.2 Goals and objectives

The goal of this project is to quantify recent volume and area changes of the Milne
Ice Shelf, Ellesmere Island, Nunavut. Changes in surficial area (1959-2009) and ice
thickness (1981 — 2009) are determined via a combination of fieldwork and analysis of

remotely sensed imagery. This project provides some of the most detailed measurements to
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date of the changes of an ice shelf in the Canadian Arctic over the past 25+ years. As such, it
will provide important insight as to how Nunavut’s coastline is changing. Changes in Arctic
sea ice have been studied extensively in the past, but little work has been carried out to

examine land ice changes related to features such as ice shelves.

1.3 Thesis layout

This thesis follows a traditional format. This introduction is followed by a brief
overview of ice shelf formation, distribution and mass balance, and a comprehensive review
of previous work conducted on northern Ellesmere’s ice shelves with a specific focus on the
Milne Ice Shelf. Chapter 3 presents the methods used to complete this study. Results are
presented in Chapter 4, as is an assessment of error and an evaluation of the methods used.

Chapter 5 provides both a discussion and conclusion.
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Chapter 2: Literature review

2.1 Ice shelf backeround

2.1.1 Ice shelf definition and distribution

An ice shelf is defined as a floating mass of ice attached to land with a minimum
thickness of 20 m and a minimum freeboard of 2 m (Jeffries 2002; Lemmen et al. 1988;
Mueller et al. 2006). These buoyant features are in hydrostatic equilibrium with the ocean,
so only a small fraction (~10%) of their total thickness is typically visible above sea level
(Figure 2.1). Globally, the largest concentration of ice shelves is found in the Antarctic
where ~55% of the coastline is fringed with them (Dowdeswell and Jeffries 2011; Glasser et
al. 2009). Ice shelves are also found in the Eurasian High Arctic, Greenland, and the
Canadian High Arctic (Dowdeswell 2011). Arctic ice shelves are considerably smaller than
Antarctic ice shelves (by up to 3 orders of magnitude), and are largely confined to fiords. In
contrast, Antarctic ice shelves are generally unconfined, extending outward in large
embayments (Dowdeswell and Jeffries 2011). Further, unlike their Antarctic counterparts,
which are largely glacially fed, arctic ice shelf growth typically relies on surface
accumulation and basal freeze-on (Dowdeswell and Jeffries 2011; Jeffries 2002; Jeffries
2011; Mueller et al. 2006; Vaughan 1998; Vincent 2001). The largest concentration of
Arctic Ice Shelves is found along the northeastern coast of Ellesmere Island. The remaining
sections of this chapter are concerned primarily with northern Ellesmere’s ice shelves, with

specific emphasis on the Milne Ice Shelf.

2.1.2 Ice shelf mass balance

Glacier and ice shelf mass balance is defined as the sum of all accumulation (mass
gains) and ablation (mass losses) over a specified period of time (Anonymous 1969). When
mass gains equal mass losses the ice shelf’s (or glacier) mass balance is said to be zero. A
positive mass balance is associated with ice shelf mass gain whereas a negative mass

balance indicates mass loss. Ice shelf accumulation occurs via glacier inflow, surface
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Figure 2.1: Schematic diagram of a typical floating ice shelf.
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snowfall, and basal freeze-on of sea water. Ablation occurs via surface and basal melt, and
iceberg calving (Jeffries 2011; Figure 2.2). Glacial input is currently of limited importance
for most ice arctic ice shelves except for parts of the Milne (Jeffries 1986a; Jeffries 1986b;
Jeffries 2011). However, as evidenced by many remnant glacier tongues present on former
ice islands, glaciers were previously important in the formation of the Ayles, Serson,
Petersen, and Milne Ice Shelves (Copland et al. 2007; Jeffries 1986a; Jeffries 1986b; Jeffries
1992a; Jeffries 2002; Mueller 2003). Calving, resulting in the production of large ice islands
has been the most visible sign of mass loss and change in areal extent for arctic ice shelves.
Surface and basal melt may also contribute to ice shelf thinning; however, no quantitative

studies regarding ice shelf thinning have been carried out on Ellesmere Island.

For a typical Antarctic ice shelf, the accumulation zone is located towards the rear of
the ice shelf where land-based glaciers flow out onto the floating ice shelf. The ablation
zone, dominated by iceberg calving, is located at the ice shelf front (Benn and Evans 2010).
This contrasts with observations of northern Ellesmere’s ice shelves where mass gains are
greatest at the front of the ice shelf and ablation dominates with distance from the coast.
This pattern, termed a ‘reversed’ mass balance gradient, is evidenced by the development of
many large epishelf lakes at the rear of the Ward Hunt, Ayles, Milne, and Peterson Ice
Shelves.

2.1.3 Ellesmere Island ice shelf types

Globally, ice shelves are classified according to processes of formation and ice type
(Vaughan 1998). The three principal ice shelf types on northern Ellesmere Island are: sea-
ice ice shelves composed primarily of marine ice (e.g. Ward Hunt Ice Shelf), glacier ice
shelves made up primarily of meteoric ice (e.g. Milne Ice Shelf), and composite ice shelves
made up of a mixture of both meteoric and marine ice (e.g. Serson Ice shelf) (Jeffries 2002;
Mueller et al. 2003; Mueller et al. 2006; Jeffries 2011) (Figure 1.6). Marine ice (also
referred to as basement ice by Marshall 1960 and Lyons et al. 1971) originates from the
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Figure 2.2: Dominant sources of accumulation (mass gains) and ablation (mass losses) for
arctic ice shelves. Image courtesy of D. Mueller.
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freezing of sea water and brackish water. It has a higher salinity content and a lower
compressive strength than meteoric ice (Jeffries 2002; Mueller et al. 2006; Vincent et al.
2001). Meteoric ice includes iced-firn, superimposed ice, surface precipitation, and lake ice
(both young ponded ice found in troughs and older lake ice found in epishelf lakes). It is
formed on land or in situ, and in some cases via basal accretion (Jeffries 2002; Jeffries 2011;
Mueller et al. 2006; Vincent et al. 2001). Meteoric ice also includes inputs from glaciers.
Iced-firn is formed by the meltwater percolation and refreezing of snow and ice and is an

important component of Ellesmere Island’s composite and meteoric ice shelves.

2.1.4 Ellesmere Island ice shelf surface topography

The surface topography of Ellesmere’s ice shelves is characterized by a series of
distinctive rolls and troughs which parallel the coast and prevailing wind direction (Figure
2.3) (Hattersley-Smith 1957; Jeffries 1986b). Hattersley-Smith (1957), who provided the
first comprehensive study of these features, proposed that they were produced by wind
action. He argued for a process similar to that observed on sand dunes, where offshore winds
create the initial rolls and troughs which are then perpetuated by meltwater ponds. This
theory was used to explain the larger rolls and troughs observed in older ice shelf ice

compared to younger multiyear landfast sea ice (MLSI).

Conversely, Crary (1960) suggested that wind action serves to align the randomly
distributed rolls and troughs which are produced by surface melt. Rolls are then elongated
via a combination of solar heating and convective currents. Holdsworth (1987) later
hypothesized that the rolls originated from pack ice pressure where the undulations develop
as a result of buckling in the ice and were maintained by the secondary processes related to
surface meltwater ponds. Finally, Jeffries (1992a) suggests that the undulating topography is
likely due to a series of processes including wind action, solar radiation, convective
circulation and gravity flow of meltwater in the summer. In conclusion, although the
undulating topography has been debated for decades, its origin and subsequent development

remains inconclusive (Crary 1958; Crary 1960; Hattersley-Smith 1957; Holdsworth 1987,
20



Figure 2.3: Roll and trough topography as seen by air (A) and on the ground (B). Photos:
(A) Luke Copland 16 May 2009, (B) Colleen Mortimer 23 May 2009.
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Jeffries 1986b; Jeffries 2011). Further, the relationship between surface wavelength (L) and
ice thickness (H) has also been investigated (see: Hattersley-Smith 1957; Holdsworth 1987;
Jeffries 1992a; Jeffries 2002 and Jeffries 2011), although few consistent patterns have been

found.

The annual snowpack on the ice shelves of northern Ellesmere Island is
characterized by considerable stratification, including a large depth hoar layer that forms in
the winter/spring. An intermediate snow layer, consisting mainly of loose granular snow
overlain with fine grained snow, lies beneath a hard wind-slab surface layer with sastrugi
(Jeffries 1985; Jeffries and Krouse 1987). The mean annual snow density collected in the
region of the ice shelves between Clements Markham Inlet and Nansen Sound from 1982 to

1985 ranged from 0.3 to 0.4 kg m” (Jeffries and Krouse 1987).

2.2 Ellesmere Island ice shelf formation

The long-term history of Ellesmere Island’s sea ice and ice shelves has previously
been reconstructed via a combination of proxy methods including investigations of organic
material, geomorphological evidence and ice cores (Dyke et al. 1997; Bradley 1990;
Lemmen and England 1992; England et al. 2008; England et al. 2011). England et al. (2008)
used radiocarbon dating of 69 driftwood samples collected inland of the Ward Hunt Ice
Shelf to determine that it began to form ~5500 yrs. B.P., but that permanent ice cover wasn’t
established in Markham Inlet until ~3500 yrs. B.P. Driftwood, which has been found on
raised beaches on land behind the ice shelves, is believed to have been transported in sea ice
to northern Ellesmere from continental Russia by the Transpolar Drift (Bradley 1990; Dyke
et al. 1997; Lemmen and England 1992). Ice shelves and MLSI fill fiords and embayments
blocking the land from driftwood deposition. The presence and absence of driftwood
therefore serves as a proxy for the presence of ice shelves along the coast of Ellesmere
Island. Crary (1960) also estimated a mid-Holocene formation of the Northern Ellesmere Ice

Shelf (~4400 yrs. B.P.), inferred from the location of tidal cracks as well as the location and
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age of a sediment layer on ice island T3 (Bradley 1990; Crary 1960). Milne Fiord was
likely covered by landfast sea ice ~4200 — 4100 B.P. which was later replaced by glacier
tongues (Jeffries 1986b). These estimates for ice shelf formation are supported by ice core
analysis from the Meighen Ice cap where regrowth began ~3000-4500 yrs. B.P. (Koerner
and Patterson 1974).

2.2.1 Ice shelf-sea ice interactions

The presence and absence of sea ice was an important factor in the formation and
continued growth and thickening of northern Ellesmere’s ice shelves. The continued
existence of these ice shelves is contingent on the presence of a thick, stable sea ice pack
and the development of old multiyear landfast sea ice (MLSI). When sea ice is pushed up
against the MLSI fringe, it physically holds the ice shelves in place and acts as a barrier to
protect them from oceanic influences and prevents direct collisions with the mobile pack ice
(Alt et al. 2006; Copland et al. 2007; Kwok and Cunningham 2010). The removal of old
MLSI has been observed during periods of low sea ice conditions, warmer air and ocean
temperature and high offshore winds (Alt et al. 2006; Jeffries 2002; Pope et al. 2011). In
turn, the removal of the MLSI has been associated with ice shelf break-up (Reeh et al.
2001). For example, removal of MLSI from the front of the Ayles Ice Shelf in August 2005
exposed the ice shelf to unusually high winds which lead to the 13 August 2005 breakup
event (Copland et al. 2007).

2.3 Historical research conducted on northern Ellesmere Island ice shelves

2.3.1 Early expeditions: late 1800s to early 1900s

The 1875 — 1876 British Arctic Expedition led by Lt. Pelham Aldrich (Royal Navy)
was the first to identify the existence of an ice fringe along the coast of northern Ellesmere

Island (Hattersley-Smith 1969; Koenig et al. 1952; Jeffries 1986; Jeffries 1992). Reports
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from sledging parties led by explorers such as Robert Peary (1906, US Navy) and Aldrich
identified a continuous 400 - 500 km long ice fringe stretching from Point Moss to Nansen
Sound (Jeffries 1987; Jeffries 2002; Vincent et al. 2001). This 8,900 km? — 10,000 km? ice
fringe was later renamed the Ellesmere Island Ice Shelf (Figure 1.5) (Crary 1958; England et
al. 2008; Jeffries 1992a; Vincent 2001). Ocean depth soundings taken at the edge of the ice
shelf by Ross Marvin during Peary’s 1906 expedition have aided in reconstructing the 1906
ice shelf extent between Cape Discovery and Cape Nares (Bushnell 1956; Vincent et al.
2001) (Figures 2.4 and 2.5). Naval reports from Robert S. James, Second Officer on the
voyage of the D.G.S. Arctic confirmed Aldrich and Peary’s land observations of the
existence of an Ellesmere Island Ice Shelf fringe (Jeffries 1987). It should be noted that
these expeditions coincided with the end of the Little Ice Age (LIA), which may also
coincide with the maximum recent extent of the Ellesmere Ice Shelf (England et al. 2008;

England 2011).

2.3.2 Ice islands and ice shelves: 1930s - 1960s

2.3.2.1 Ice Islands

By the mid-1900s, the continuous Ellesmere Ice Shelf had been reduced to six small
individual ice shelves (Bradley 1990; Copland et al. 2007; Copland 2009; England et al.
2008; Evans and England 1992; Vincent et al. 2001). Much of what is currently known
regarding changes to the Ellesmere Island Ice Shelf comes from sightings of ice islands, the
first of which were reported by the Russian military in the 1930s. These large tabular
icebergs which calve from ice shelves are distinguishable from sea ice floes by their ridged
surface, large size and large freeboard above the surrounding ocean (Jeffries 1992a; Koenig
et al. 1952). The American military first reported sightings of ice islands in the Beaufort Sea
sector of the Arctic Ocean between 1946 and 1950 which included T1 in 1946, and T2 and
T3 in 1950 (Cary 1958; Cary 1960; Jeffries 1987; Jeffries 1992a; Jeffries 1992b; Koenig et
al. 1952). These findings were made public in November 1950 at the First Alaskan Science
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Figure 2.5: A) Ellesmere Island Ice Shelf extent in 1906 reconstructed by Vincent et al.
(2001). B-F) Changes in the sector surveyed my Marvin (Figure 2.4) in 1906. Stipple
indicates thick, landfast sea ice. Estimates were made using a combination of maps, air
photos, and other images. The 1998/99 extent was estimated from RADARSAT-1 imagery
Vincent et al. (2001).
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Table 2.1: List of all major ice islands previously tracked in the Canadian High Arctic
Source: VanWychen and Copland (2011).

Name Origin Year of | Year of Location of Tracking Duration Size Refs
calving | breakup breakup Method(s) (years)
T-1 Ellesmere 1946" 1971 N coast Ellef | Aerial photos, | Approx.25 | ~27x33 km 1,5
Island Ringnes Island ice atlases
T-2 Ellesmere 1950" 1951 Atlantic Ocean | Aerial photos, Unknown ~31x33km | 1,9, 10
Island ice atlases
T-3 Ellesmere 1935 1984 Southern tip of | Aerial photos, | Approx. 40 ~8x16.5 1,2, 11
/Fletcher Island Greenland research km
’S station, ice
atlases
ARLIS- Serson 1955 1964 Exited into Aerial photos, 9 2.4x5.6 km 2.3
1I (Alfred Greenland Sea research
Ernest) station,
Ice Shelf inferences
from other ice
islands
WH-1 Ward 1961- 1968 NW coast Ice atlases, At least 3 73.5 km® 1,2,5
Hunt Ice 1962 Banks Island aerial
Shelf reconnaissanc
e
WH-2 Ward 1961- 1968* N. Meighen Ice atlases, At least 4 68 km?> 1,2,5
Hunt Ice 1962 Island aerial
Shelf reconnaissanc
e
WH-3 Ward 1961- 1966* W coast Prince Ice atlases, At least 3 8x14 km 1,25
/NP-19 Hunt Ice 1962 Patrick Island aerial
Shelf reconnaissanc
e
WH-4 Ward 1961- 1966* W coast Prince Ice Atlases, At least 3 93 km? 1,2,5
Hunt Ice 1962 Patrick Island aerial
Shelf reconnaissanc
e
WH-5 Ward 1961- 1966 Grand Banks, Aerial Approx. 4 ~20x9 km 1,2,6
Hunt Ice 1962 Newfound-land | reconnaissanc
Shelf e, tracking
buoys, ice
atlases
Hobson’ Ward 1983 1992 Queens Satellite Approx. 9 ~10x5km | 24,10
s Choice Hunt Ice Channel observations,
/Ice Shelf tracking
Island buoys,
3831 research
station
Ayles Ayles Ice | August - - Tracking - ~15x6 km 8
Ice Shelf 2005 buoys, (66.4 km?)
Island satellite
observations,
ice atlases

* Year of first observation, but calving date is unknown

* Year of last observation, but breakup date is unknown

References: 1 = Lindsay (1975, 1977, 1981); Lindsay et al. (1968) 2 = Jeffries (1992a); 3 = Jeftries (1992b); 4 = Jeffries
and Shaw (1993); 5 = Crary (1958); 6 = Nutt (1966); 7 = Hattersley-Smith (1963); 8 = Copland et al. (2007); 9 = Koenig et

al. (1952); 10 = Yan (1986); 11= Wadhams (2000)
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Conference, spawning extensive research programs over the next 35 years from both the

Canadian and American military (Table 2.1) (Jeffries 1992a; Koenig et al. 1952).

Ice islands were of military and scientific importance due to their ability to be used
as semi-permanent floating bases (Jeffries and Sackinger 1990; Sackinger et al. 1991).
Researchers such as Koenig et al. (1952) used aerial reconnaissance missions to link the
rolling topography of the ice islands to their source — the ice shelves of northern Ellesmere
Island (Jeffries 1992a). Early investigations incorporated low-level flying, landings, and
ground measurements (Crary 1958; Crary 1960; Hattersley-Smith et al. 1969; Jeffries
1992a). The first reported landing on T3 (Figure 2.6), which would serve as a research base
for the U.S.A.F. from 1952 — 1970, occurred in March 1952 as part of the U.S.A.F.’s Project
ICICLE (Cary 1958; Hattersley-Smith et al. 1955; Vincent et al. 2001). The first Canadian
expedition to T3 was led by Hattersley-Smith in 1953 (Hattersley-Smith et al. 1955).
Analysis of trimetregon air photographs taken in 1949 and 1950 combined with observations
from icebreakers identified several more ice islands during the 1950s (Crary 1958; Crary
1960; Hattersley-Smith et al. 1969; Jeffries 1992a). Jeffries (1992b) used surface geology,
ridging, and air photographs to trace the origins of ice island ARLIS-II to the Serson Ice
Shelf (1955 calving of 2.4 x 5.6 km). Although the majority of ice shelf area loss occurred
during the first half of the 20™ century, ice shelf disintegration continued throughout the
1960s including the calving of ~600 km® from the Ward Hunt Ice Shelf between 1961 and
1962. This constituted the largest known collection of ice islands (WH1 — WHS5) in recent
history (Jeffries 1992a). Developments in satellite technology aided in the identification of
ice islands during the 1980s, including Hobson’s Choice (~40 km”) which calved from the
Ward Hunt Ice Shelf sometime between 1982 and 1983 (Figure 2.6) (Jeffries 1992a).
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Figure 2.6: Ice islands from air photo imagery. A) T-3 Ice Island (1952) air photo mosaic
created by the U.S. Air Force, adapted from Crary (1958). B) Aerial oblique photograph of
Hobson’s Choice Ice Island off the north coast of Ellesmere Island in April 1985, ~9 km
long and 6 km wide (Jeffries and Sackinger, 1990). Source: Jeffries (1992a).
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2.3.2.2 Ice shelves

The early research conducted on arctic ice islands paved the way for scientific
expeditions to Ellesmere’s ice shelves, the first of which was conducted by Hattersley-Smith
on the Ward Hunt in 1954 (Crary 1958; Hattersley-Smith et al. 1955; Jeffries 1992a).
Research was mainly descriptive in nature, outlining the physical characteristics and
morphology of the ice shelves. Investigations also included shallow cores, deep drilling,
analysis of internal and shallow ice temperatures and tidal levels (Cary 1958; Hattersley-
Smith et al. 1955). In addition to land-based measurements, the first airborne radio-echo
sounding (RES) surveys to determine the thickness of Ellesmere Island’s ice caps, glaciers,
and ice shelves were conducted in April 1966 by the U.K. Scott Polar Research Institute
(Evans and Robin 1966; Hattersley-Smith 1969; Hattersley-Smith et al. 1969). Efforts to
develop topographic maps of Canada resulted in complete air photo coverage of the ice
shelves for 1959. Together, these early scientific expeditions laid the foundations for future
research projects on Ellesmere’s ice shelves, the majority of which were conducted on the
Ward Hunt Ice Shelf (see: Koenig et al. 1952; Hattersley-Smith et al. 1955; Hattersley-
Smith and Serson 1970; Serson 1979; Jeffries et al. 1986b). Research on the Ward Hunt Ice
Shelf included investigations and modeling of the importance of ice rises for ice shelf
stability (Sanderson 1979), significant mass balance programs and the aforementioned ice

thickness measurements (Braun 2011; Jeffries 1986b; Serson 1979).

Increased oil exploration and development in the Beaufort Sea and off the North
Slope of Alaska during the 1970s and 1980s renewed interest in the northern Ellesmere ice
shelves. Ice islands pose a particular threat to offshore oil structures and development
because of the greater thickness and high material strength of land ice compared to that of
sea ice (Jeffries 1986a; Jeffries 1986b; Jeffries 1992a; Prager 1983; VanWychen and
Copland 2011). Joint funding from the Defense Research Establishment, the Arctic Institute
of North America (AINA), and various oil companies including Shell and Petro Canada led
to the establishment of concerted field research programs during the 1980s on the Ellesmere

Island ice shelves. The aim of these projects was to better understand and map ice island
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drift patterns, and to assess the current state (size, stability, dynamics) of the remaining ice
shelves. In addition to ice shelf and ice island stability and dynamics, research also included
the first isotopic data analysis for the northern coast of Ellesmere Island (1982 -1985;
Jeffries and Krouse 1987). This important data set supplements that of Koerner (1979), who
analyzed stable isotopes and mass balance for the high arctic (Jeffries and Krouse 1987).
The 1980s also saw the first large-scale scientific programs directed at the Milne Ice Shelf,

as outlined in the next section.

2.4 Historical research on the Milne Ice Shelf

Compared to other Ellesmere Island ice shelves such as the Ward Hunt Ice Shelf,
limited work on the Milne Ice Shelf has been carried out (Narod et al. 1988). Airborne
radio-echo sounding profiles were conducted in 1966, but ground observations did not begin
until 1982 (Evans and Robin 1966; Hattersley-Smith 1969; Hattersley-Smith et al. 1969;
Jeffries 1987; Narod et al. 1988). The limited research conducted on the Milne Ice Shelf,

beginning with the 1966 radio-echo sounding surveys, is described below.

2.4.1 Radio-echo sounding: 1966

Radio-echo sounding (RES) surveys of Ellesmere Island were conducted between
April 13 and 20, 1966 (Evans and Robin 1966; Hattersley-Smith 1969; Hattersley-Smith et
al. 1969). The 35 MHz RES system was custom fitted by H. Serson to a Single Otter aircraft
and flown at an altitude of ~300 m above the ice surface (Hattersley-Smith 1969) (Figures
2.7 and 2.8). Navigation was limited to line of sight with the aid of 1959 air photo mosaics
(Evans and Robin 1966; Hattersley-Smith 1969), and new airborne reconnaissance photos
were taken to aid in interpreting the RES returns. Data was interpreted for ice thickness, bed

conditions, and ice temperature distribution (Evans and Robin 1966).
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Figure 2.7: A) Radio Echo Sounding system set-up used by Evans and Robin (1966). B)
Four-wire 35 MHz RES system custom fitted to a Single Otter aircraft. C) Schematic
illustration of nadir and off-nadir sounding used to correct for ice thickness. Source:
Hattersley-Smith et al. (1969).
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Figure 2.8: A) Map of Northern Ellesmere Island showing location of April 1966 flight
lines conducted by Evans and Robin. Red box highlights flight over the Milne Glacier and
Milne Ice Shelf shown in part B. B) Milne Glacier flight line map, April 19, 1966. Numbers
indicate distance in kilometers, referred to in Figure 2.9. Adapted from Hattersley-Smith et
al. (1969).
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Radio-echo sounding flights over the Milne Glacier and Milne Ice Shelf were
undertaken on April 19" 1966 (Figure 2.8) (Hattersley-Smith et al. 1969). Technical
difficulties over the Milne Ice Shelf (camera was not working) resulted in RES returns only
being collected over the Milne Glacier. Hattersley-Smith and others (1969) analyzed the
RES with the aid of reconnaissance air photos to produce the first depth profile of the Milne
Glacier (Figure 2.9). Their results showed a very rough ice surface over the last 3 km of the
flight line (where the glacier terminus meets the ice shelf), which they attributed to pressure
from the glacier. It was also determined that the Milne Glacier which originates from the
Oxford Ice Cap was comprised of three ice streams (southwest, central, northeast). The
southeast and northwest ice streams joined the larger central ice stream 10 km and 19 km
upglacier from the glacier terminus (Figure 2.10). Ice thickness in the terminus region
ranged from ~60 m (Southwest tributary) to ~13 m (Main tributary) (Evans and Robin 1966;
Hattersley-Smith 1969 et al.; Hattersley-Smith 1969). Further upglacier, ice thickness
increased from ~280 m at a distance of 15 km from the terminus to ~740 m at the grounding
line located ~45 km from the terminus (Figures 2.8, 2.9 and 2.10). The glacier is believed to
be grounded below sea level and the ELA was estimated at ~1000 m a.s.l. (Hattersley-Smith
et al. 1969). Comparisons between 1950/1959 air photographs and reconnaissance photos
taken during the 1966 flights showed little change in the glacier terminus position

(Hattersley-Smith 1969; Hattersley-Smith et al. 1969; Jeffries 1984; Jeffries 1987).

Differences in bottom echo strength determined from the RES data were used to
identify areas of grounded (weak, scattered reflection) and floating ice (smooth, strong
reflection) (Evans and Robin 1966; Hattersley-Smith 1969) (Figure 2.11). A significant
change in bottom echo strength was observed ~11.5 km upglacier from the terminus (Figure
2.9), corresponding to a change from a floating glacier tongue to grounded glacier ice
(Evans and Robin 1966; Hattersley-Smith et al. 1969). Sharp changes in reflection in
combination with ice thickness were used to identify marginal lakes between the
northeastern tongue and Milne Fiord, as well as an ice-dammed lake (ice thickness ~20 m)
between the southwestern and central ice streams (Figure 2.10) (Hattersley-Smith et al.

1969).
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Figure 2.10: 1959 air photo mosaic of confluence of Milne Glacier’s tributaries. Solid white

curved lines indicate approximate location of the grounding line (adapted from Hattersley-
Smith et al. 1969).
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2.4.2 Radio-echo sounding: 1981

A second RES survey was conducted in June 1981 by Narod, Clarke, and Prager of
the University of British Columbia (Narod and Clarke 1983; Narod et al., 1988; Prager,
1983). This study, whose principal objective was to obtain detailed surveys of both the Ward
Hunt and the Milne Ice Shelves, provided valuable information concerning the physical
characteristics (particularly ice thickness), of the Milne Ice Shelf. When combined with
ground-based observations from Jeffries (1982 — 1985; section 2.4.3), these studies provide

a comprehensive overview of state of the Milne Ice Shelf in the early to mid-1980s.

In an attempt to characterize the Milne Fiord ice system, which consists of the Milne
Glacier and Milne Ice Shelf, a 100 km long flight was undertaken from the Milne Glaciers’
accumulation zone (Oxford Ice Cap) to the ice shelf-sea ice boundary in June 1981 (Figures
2.11,2.12 and 2.13). Maximum thickness for the Milne Glacier was ~750 m and ~100 m for
the Milne Ice Shelf, which is in agreement with ice thicknesses obtained by Evans and
Robin (1966) (Narod et al. 1988; Prager 1983) (section 2.4.1). The authors also investigated
the characteristic roll and trough topography but found little to no signs of bottom
expression in the RES returns (Narod et al. 1988; Prager 1983).

For RES data, the returned power of a signal at the receiver is equal to the
transmitted power minus all losses (Prager 1983). As the signal passes through a material the
radar wave loses power (Bingham and Siegert 2009; Copland and Sharp 2001; Prager 1983;
Woodward and Burke 2007). The ratio of the returned (reflected) power to the incident
power (in dB) is referred to as the power reflection coefficient (PRC). For glacier ice,
dielectric attenuation and scattering by ice inclusions and roughness are the principle
sources of power loss; these variations in PRC can provide insight into changes in ice type
for a given region (Bingham and Siegert 2009; Narod and Clarke 1983; Narod et al. 1988;
Prager 1983; Woodward and Burke 2007). Narod et al. (1988) used changes in PRC to
characterize ice type and to distinguish between areas of floating and grounded ice (Prager

1983), with differences in basal PRC (BPRC) between ice shelves (~0 dB), floating glaciers
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Figure 2.11: Location map showing northern Ellesmere Island and 1981 flight lines
covering Mt. Oxford Ice Cap, Disraeli Glacier and Milne Glacier. Numeric annotations on
the flight lines indicate travel distances in kilometers. Source: Narod et al. (1988).
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(-5 dB to -15 dB), and grounded ice (-30 dB) (Narod et al. 1988; Prager 1983). A sharp
increase in BPRC from -30dB to -5 dB at the 68 km mark of the flight line (Figures 2.12 and
2.13) suggests that the tongue of the Milne Glacier is floating, corroborating the findings of
Evans and Robin (1966). In addition to the 100 km reconnaissance flight along the Milne
Glacier, detailed flights were conducted over the Milne Ice Shelf in June 1981 (section
3.3.3.4). This survey was the most comprehensive study of the thickness of the Milne Ice

Shelf to date and provides an important data source for this study.

2.4.3 Ground observations: Jeffries, 1982 — 1985

In addition to RES surveys, ground observations (1982-1985) and a reconnaissance
flight (1984) were undertaken by M.O. Jeffries in the early 1980s. Fieldwork included ice
coring, snow sampling, observations of coastal ice conditions, rock sampling, and water
profiles of lakes (Jeffries 1986b). The first ice cores (1.00 m — 2.05 m depth) were taken
from the Milne Ice Shelf between 23 April and 5 June 1983, with the aim of sampling as
many different ice types as possible (Jeffries 1985) (Figure 2.14a). Additional cores were
taken in 1984 and 1985; snow pits were dug each summer between 1982 and 1985 (Figure
2.14) and analyzed for salinity and §'®0 to determine variations precipitation, temperature,

and salinity.

Although no continuous mass balance studies have been conducted on the Milne Ice
Shelf, Jeffries (1986b) used the height of moraines and conical mounds above the ice surface
to estimate ablation and make inferences regarding mass balance. Differential ablation
means that moraines protect the underlying ice, retarding ablation, while the surrounding ice
melts more quickly. Jeffries (1986b) inferred a mean annual surface lowering of 10 cm yr™
over a 100 year period from the height of conical mounds in the Central Unit where the
maximum height of a conical debris mound (~10 m) corresponds to 10 m surface lowering.

The presence of lichens and other vegetation on the moraines is given as further evidence
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that the rocks have been exposed at the surface for a considerable period of time (England et

al. 2008; Jeffries 1986b). More importantly, Jeffries (1986b) states that:

“Although there has been a considerable net loss of ice at the ice shelf surface, it
cannot be assumed that there has been an actual reduction in ice thickness; bottom-
freezing could compensate for the surface loss, as at the Ward Hunt Ice Shelf

(Serson, 1979).”

This statement provides motivation for this research project which aims to determine if any

change in thickness has occurred since 1981.

2.5 Milne Ice Shelf Units

Differences in surface topography (rolls and troughs), ice thickness, and ice type
have been used to previously classify the Milne Ice Shelf into distinct units. Jeffries (1986b)
used changes in surface roll and trough wavelength and orientation to divide the ~290 km®
ice shelf (as measured by Jeffries in 1986 from 1959 aerial photographs) into Outer (175
km?), Central (75 km?), and Inner (60 km” in 1959; 40km” in 1984) Units (Figure 2.15).
Narod et al. (1988) characterized the ice shelf according to ice thickness and basal PRC
(Figure 2.16), noting conformity with Jeffries’ morphological units. More recently, Mueller
et al. (2006) classified the Milne Ice Shelf according to ice type inferred from backscatter in
RADARSAT-1 imagery, reconnaissance flights (spring/summer 2001), and near-surface ice
samples (spring/summer 2001). They found that 76.7 km? consists of glacier ice, 129.2 km?
iced-firn, >100 km*> MLSI (Figure 2.17).

This ice type classification system corresponds reasonably well with divisions based
on morphology, ice thickness, and bPRC suggesting a relationship between bulk ice
properties and ice type (Mueller et al. 2004; Narod et al. 1988). The three morphological
units identified by Jeffries (1986b) have since been adopted by several researchers studying
the Milne Ice Shelf (Mueller et al. 2006; Narod et al. 1988; Veillette et al. 2008) and are
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Figure 2.14: (A) Location map of ice cores and snow pits collected from the Petersen and
Milne Ice Shelves, northern Ellesmere Island between 1982 and 1984 (Part B, red box).
Adapted from Jeffries (1985). (B) Map of north coast of Ellesmere Island showing location
of snow pits, ice cores, and mass balance networks between 1982 and 1985. Insert map
shows the location of the study area in relation to the Queen Elizabeth Islands. Adapted

from Jeffries (1985) and Jeffries and Krouse (1987).
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used in this study (Figure 2.18). Because of the wide use of this nomenclature in the

literature, each unit is described below.

2.5.1 Outer Unit and Milne Re-entrant area

The Outer Unit extends outward from its border with the Central Unit near Glaciers
1 and 6 where the Milne Fiord starts to widen (Figures 2.15 and 2.18). The front of the
outer unit forms the boundary with the Arctic Ocean where a small amount of MLSI is
attached to the ice shelf (Figure 2.19). Surface topography is characterized by regularly
aligned SW-NE rolls and troughs with steep north-facing slopes that parallel the coast and
prevailing wind direction. Mean wavelength is ~350 m and the maximum height difference
(amplitude) between rolls and troughs is ~7.5 m (Jeffries 1986b; Jeffries 2002; Jeffries
2011). Meltwater ponds, which appear dark blue in summer ASTER scenes (Figure 2.18),
fill the troughs. Analysis of a 1.00 m long ice core (WH/13, Figure 2.14), collected in spring
1983 from a trough in the outer unit, indicated that the meltwater forms during the ablation
season and re-freezes in the winter (Jeffries 1985). The snow surface is relatively hard due
to strong winds, compaction and weathering and very little debris is found on the surface of
this unit (Jeffries 1986b; Jeffries 2002). The near-surface is mostly comprised of iced-firn,
particularly near Cape Egerton where the basal PRC determined from 1981 RES sounding
(section 2.4.2) is extremely high (> -10 dB) (Mueller et al. 2004; Narod et al. 1988; Prager
1983). The middle section of the Outer Unit has low basal reflectivity (< - 30 dB) which
could be the result of brackish, basement ice freezing to the bottom of the ice shelf (Mueller

et al. 2004; Narod et al. 1988; Prager 1983).

Important features of the Outer Unit include a re-healed fracture and a re-captured
ice island or glacier tongue. Two large re-healed fractures, visible in remotely sensed
imagery and RES surveys (Figure 2.18), could be important in the future stability of the ice
shelf as indicated by the calving of 33 km? of ice in the 1960s where two additional

fractures, seen in 1959 air photos, likely acted as lines of weakness. The second feature of
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Figure 2.15: Map of the surface features and units of Milne Ice Shelf derived from July

1959 air photos (adapted from Jeffries 1986b). Numbers 1 to 4 and 6 are glaciers marked on
Figure 2.18.



aa.oo‘ ao.oo'
82°50 , 82°50"

A

Milne Ice Shelf

0 2 4 8

1959 ice fromt - -~ -~

e

Ice thickness (m)

‘| no bottom echo

82.30' "oy -] 82,30'
83°00’ 80°00°
33.»00' a .
82%50¢ . 2 0e200"
B o : .
Jv.r..

Milne Ice Shelf

=10 to =20

=20 to =30

= =30
82030 62030

83°00' 80°00"

Figure 2.16: (A) Ice shelf ice thickness contour map derived by Prager (1983) from RES
survey data from April 1981. (B) Basal PRC interpretation for Milne Ice Shelf derived by
Prager (1983) from 1981 radio-echo sounding survey. Brackish ice may be present in
regions where basal PRC is less than -30 dB. Source: Prager et al. (1983).
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Figure 2.17: Milne Fiord Ice types identified by Mueller et al. (2006). Stipple indicates ice
rises and glaciers, a simple hatch indicates exposed basement ice, solid grey indicates iced
firn and cross hatch indicates floating glacier portions of ice shelves. Multiyear landfast sea
ice (MLSI) is outlined to the seaward side of several ice shelves. Bold, straight lines are the
over-flight transects. Sample sites on the ice are denoted by open circles. Adapted from
Mueller et al. (2006).
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Figure 2.18: Milne Ice Shelf index map used in this study, naming conventions adapted
from Jeffries (1986b). Yellow star indicates location of debris field depicted in Figure 2.21.
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Figure 2.19: Outer edge of Milne Ice Shelf (May 30, 2009). Smooth Ice shelf ice (right hand
side is comprised of both land ice and some MLSI. Rough sea ice is pushed up against the
ice shelf. Height of freeboard was estimated to be at least 3 m. Photo: Colleen Mortimer.
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note is an area of high reflectivity ice (> -10 dB) surrounded by low reflectivity ice in the
central-western section of the Outer Unit (Figure 2.16b). Narod et al. (1988) suggest that this
could be a re-captured ice island; however, Jeffries (1986b) suggests that it could be a
former ice tongue which previously flowed from Cape Evans (Jeffries 1986b). This feature

could provide important insight into the Milne Ice Shelf’s history and formation.

The Milne Re-entrant area is located in the northwestern section of the Outer Unit
near Cape Evans, and consists of old sea ice which fills an area following a calving event.
The ice there is brackish and the small surface rolls and troughs (amplitude ~1 m) have a
short wavelength (60-100 m). Annual snow depth obtained via snow pit analysis was 0.90 m
in 1983 (pit 83-7), 0.50 m in 1984 (pit 84-7), and 0.48 m in 1985 (pit 85-5) (Figure 2.14). In
the case of the Milne, MLSI filled the Re-entrant area following the calving of 33 km? of ice
sometime between 1959 and 1974 (Figure 2.20). Jeffries and Krouse (1987) used the MLSI
formation following this event to study the growth and formation of multiyear sea ice.
MLSI ice thickness and stable isotope analysis from two ice cores collected in 1985 (9.80 m
for a ridge and 7.24 m for a trough) indicated that the Re-entrant ice was ~20 years old,
suggesting that ice shelf calving event occurred around 1965 (Jeffries 1986b; Jeffries 1992a;
Jeffries and Krouse 1987). Analysis of crystal structure and stable isotopes provided insight
regarding the formation of sea-ice ice shelves (section 2.2) from a basement of thick sea ice.
Annual layering was observed in both the salinity and 8'®0 profiles of ice cores taken from
the Milne Re-entrant. Jeffries (1988) attributes the presence of annual layering in the salinity
profile to a lack of homogenization caused by rapid brine movement, which could be a result
of low temperatures or specific structural properties. The observed linear correla