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Abstract

This study aims to quantify ground ice content and describe the cryostructures and sediment in
15 ice-bearing permafrost cores collected from nine sand-wedge polygons in University Valley.
The objectives were reached through laboratory measurements and computed tomodensitometric
(CT) scanned image analysis of the permafrost cores. The soils in the valley were predominantly
medium-sand. Four types of cryostructures were present in the cores: structureless, suspended,
crustal and porphyritic. Excess ice content ranged from 0 to 93%, gravimetric water content
ranged from 13 to 1881% and volumetric ice content varied from 28 to 93%. Median excess ice,
volumetric ice and gravimetric water contents significantly increased in the top 20 cm of the
cores taken from the polygon shoulders with increasing distance from University Glacier.
Ground ice was preferentially stored in the centre of the investigated polygons where the ground
surface remains cryotic throughout the year. Conversely, higher ground ice contents were
measured in the shoulders of the investigated polygon where the ground surface is seasonally
non-cryotic. CT-scanned images were shown to reasonably assess the distribution and presence
of excess ice in permafrost cores taken from a cold and hyper-arid environment. The results of

this thesis provide the first cryostratigraphic study in the McMurdo Dry Valleys of Antarctica.
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1. Introduction

Ground ice is one of the most important and dynamic geologic components of permafrost.
Unlike other minerals in frozen soils, ground ice can rapidly adjust to changing environmental
conditions, and as such, measurements of the amount, distribution and the shape of ground ice in
frozen soils can provide insight into the thermal history of permafrost (French, 1998; French and
Shur, 2010). According to Pollard and French (1980) and Mackay and Dallimore (1992) who
investigated ground ice content in the uppermost 10 m of permafrost in the western Canadian
Arctic, higher ground ice contents tend to be found in the uppermost 2 m of permafrost. Similar
ground ice distribution was observed in Alaska (e.g. Kanevskiy et al., 2013; 2014) and Siberia
(e.g. Iwahana et al., 2014). Based on observations and measurements from Arctic permafrost,
Mackay (1972) proposed a classification of ground ice based on the source of the water
immediately prior to its freezing (i.e. water vapour, surface water or groundwater) and the
principal transfer processes responsible for moving the water to the freezing plane (i.e. vapour
diffusion, gravity migration, pressure potential and in situ freezing). The classification includes
10 types of ground ice: open-cavity ice, vein ice, ice wedge, tension-crack ice, closed-cavity ice,
epigenetic ice, aggradational ice, sill ice, pingo ice and pore ice. The freezing of liquid water is
responsible for the formation of eight of these ice types, whereas vapour diffusion is responsible
for the remaining two types of ice (open and closed cavity ice).

There are numerous studies on ground ice content and distribution in Arctic permafrost, but
few examine these components in Antarctic permafrost. To date, most studies from the
McMurdo Dry Valleys (MDV) of Antarctica have focused on soil properties and salt
concentrations in the dry soil layer (e.g. Campbell and Claridge, 1969; 1975; 1978; 1981;
Bockheim, 1997; 2002; Bockheim and McLeod, 2015), active layer depths (e.g. Bockheim and
Hall, 2002; Campbell and Claridge, 2006; Adlam et al., 2010) and on the stability of the ice
table, the boundary surface between the dry and ice-bearing permafrost (e.g. Hindmarsch et al.,
1998; McKay et al., 1998; Ng et al., 2005; Kowalewski et al., 2006; 2012; Hagedorn et al.,
2007; McKay, 2009; Lacelle et al., 2011; Mellon et al., 2014; Liu et al., 2015; Fisher et al., in
review). Investigations of ground ice abundance in MDV permafrost have only been addressed in
a limited number of studies (e.g. Marchant et al., 2002; Dickinson and Rosen, 2003; Bockheim et
al., 2007; Levy et al., 2008; Hagedorn et al., 2010; Pollard et al., 2012; Lacelle et al., 2013),



mostly at very coarse resolutions and none have described cryostructures in the permafrost. The
permafrost classification map of the McMurdo Dry Valleys of Antarctica depicts ground ice in
permafrost as occurring in: i) dry permafrost, characterized by low ice contents, usually < 3%wt;
i1) ice-cemented or ice-bonded permafrost, where ice occupies the pore space of sediments; and
i11) ground ice, in the form of ice wedges or buried ice (Bockheim et al., 2007). This broad
classification mixes the abundance (i.e. dry or ice-cemented) and origin (i.e. buried ice, ice
wedges or ground ice) of ground ice, highlighting a lack of understanding of its distribution,
quantity and origin in MDV permafrost. The presence of ice-cemented permafrost in the cold
and hyper-arid environments of the MDYV, where liquid water is rare, seemingly defies the
conventional understanding of ground ice forming processes (e.g. Mackay, 1972). As such, the
amount, distribution and origin of ground ice in MDV permafrost remains poorly understood, yet
these are essential components of the dynamic relations between the climate and landscape
evolution in this region.

Cryostratigraphy emphasizes the description of cryostructures (distribution and shape of
ground ice), the quantification of ground ice content and associated cryofacies, and the
identification of discontinuities in permafrost revealed by a change in cryostructure and/or
cryofacies. As a result, cryostratigraphy is used to reconstruct the history of permafrost and the
origin of ground ice (e.g. French, 1998; French and Shur, 2010). This thesis investigates the
cryostratigraphy of near-surface permafrost in University Valley, a small hanging glacial valley
in the Quartermain Mountains of the MDV of Antarctica. Overall, the results presented in this
study contribute towards our understanding of the processes and environmental factors that form

the ice-cemented permafrost in the Quartermain Range.

1.1. Objective of thesis

This thesis is the first cryostratigraphic study in the MDV. The objectives of this study are to
describe the cryostructures and quantify the ground ice content in shallow permafrost cores from
University Valley by combining laboratory measurements with computed tomodensitometric
(CT) scans that produce high-resolution images (sub-mm scale). Relations between sediment
properties, cryostructures and ice content are explored. These objectives are accomplished using
the following methods: 1) field sampling of 15 shallow permafrost cores taken from nine sand-

wedge polygons (< 1.5 m deep at varying ice table depths); ii) CT scanning of select permafrost



cores with the resulting images analyzed for ice distribution, shape and content; iii) quantifying
the ground ice content of the cores and characterizing the associated cryofacies; and iv)
determining the particle size distribution and dry colour of the mineral soils. The spatial
sampling method employed for the collection of the permafrost cores, taken across the valley and
within individual polygons, allows for a preliminary assessment of the spatial (horizontal and
vertical) variation of ground ice content within the valley.

This study is of importance due to the limited understanding of the impact of climate change
on Antarctic permafrost. Paleoclimatic studies on the effects of historical climate change in
Antarctica have largely focused on the response of ice-sheets and sea-ice to insolation-driven
changes in temperatures (e.g. Jouzel et al., 2007; Kawamura et al., 2007) and the response of
permafrost to past and future climate change remains largely unexplored (e.g. Fountain et al.,
2014). Investigating changes in ground ice content and cryostructures in MDV permafrost may
have important paleoclimatic implications. For example, previous permafrost studies (i.e. French
and Shur, 2010 and references therein) have shown that former surface conditions (e.g.
temperature and humidity) can be recorded through the analysis of ice content, cryostructures
and/or geochemical discontinuities. This contribution helps further our current understanding of
ground ice conditions in cold and hyper-arid environments and evaluates the applicability of

Arctic-centric cryostratigraphic classification schemes to permafrost found in University Valley.



2. Study area
2.1. McMurdo Dry Valleys of Antarctica

The McMurdo Dry Valleys in southern Victoria Land form the largest ice-free area in
Antarctica where only 0.35% of the Antarctic continent is considered to be ice-free (Bockheim et
al., 2008; Levy, 2013). Situated between 76°-79°S and 158°-170°E, the MDYV are located within
the Trans-Antarctic Mountains, constrained between the East Antarctic Ice Sheet and the western
coast of the seasonally open water of the Ross Sea (Denton et al., 1993) (Figure 1). The Trans-
Antarctic Mountains act as a barrier to the ice flow of the East Antarctic Ice Sheet into the MDV;
however, Taylor and Ferrar glaciers override the mountains to occupy the MDV (Fountain et al.,
2009). The total area of the MDV is 22,700 km?, while the ice-free areas comprise 4500 km?.
The central MDV have a total area of 12,200 km? with the ice-free areas occupying 3000 km®.
However, recent inter-comparisons of mapping thresholds suggest that the actual ice-free areas
of the MDYV could be within ca. 10% of the previously reported values (Levy, 2013). Elevations
in the MDYV range from sea level at the Ross Sea to 2000 m above sea level (a.s.l.) near the Polar
Plateau. The landscape of the valleys includes perennial ice-covered lakes, ephemeral streams
fed by snow and glacier meltwater, arid-rocky and ice-cemented soils and the surrounding
glaciers (Doran et al., 2002). The soil texture in the region is characterized as rocky-sandy
(Fountain et al., 2009) and the soil surface is characterized by desert pavement (Bockheim,
2015) and a lack of vascular vegetation (Fountain et al., 2009; Bockheim, 2015). The region
experiences continuous daylight in the midsummer and constant darkness in the midwinter
(Fountain et al., 2009).

The climate in the MDYV is classified as cold and dry, with mean annual air temperatures in
the range of ca. -14 to -30°C and mean annual water-equivalent precipitation of ca. <100 mm
(Doran et al., 2002; Fountain et al., 2009). However, a steep gradient in summer air temperature
and relative humidity (RH) exists between the coastal lowlands of the Ross Island area and the
high elevation valleys, with summer air temperatures largely set by the dry adiabatic lapse rate
(Doran et al., 2002; McKay, 2015). The extremely arid conditions lead to the region
experiencing low precipitation relative to potential evaporation, low surface albedo and katabatic
winds descending from the Polar Plateau and removing available moisture from the air (Doran ef

al., 2002).
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Figure 1: (A) Landsat image showing the location of the McMurdo Dry Valleys relative to
Antarctica. (B) Map showing the location of the Upper McMurdo Dry Valleys. (C) Map of
University Valley; the hillshade image was derived from a light detection and ranging (LiDAR)
digital elevation model (http://usarc.usgs.gov/lida_dload.shtml) embedded into a 15 m Advanced
Spaceborne Thermal Emission and Reflection Radiometer (ASTER) digital elevation model of the
upper McMurdo Dry Valley’s region (http://asterweb.jpl.nasa.gov/data/asp).



Katabatic winds are one of the main influences on local climate in the MDV (Clow et al.,
1998; Doran et al., 2002; Nylen et al., 2004). A katabatic force is described as the wind pattern
of a surface which is steered by the long-wave radiative cooling of the continental snow surface.
This process cools the atmospheric surface layer that overlies the snow surface; if a slope is
present, this prompts a downslope pressure-gradient force (i.e. wind is katabatic if the flow is
caused by a downslope buoyancy forcing) (Renfrew and Anderson, 2002). Katabatic winds in
the MDV flow off the East Antarctic Ice Sheet at speeds typically reaching 20 m s™ (Nylen et al.,
2004) and occur more frequently in the summer than the winter (Doran et al., 2002; Nylen et al.,
2004). The winds are considered an important factor in explaining the variation in mean annual
air temperature between valleys. These inter-valley temperature differences are related, in part,
to temperature contrasts during the winter months and the slowing and/or forcing of the winds
from the ground by phenomenon similar to hydraulic jumps (Doran et al., 2002). Inter-valley
variability in the frequency of katabatic winds is attributed to the location of the valley relative to
the East Antarctic Ice Sheet and the persistency and force of temperature inversions throughout
the non-summer months. Katabatic vs. non katabatic conditions can result in monthly average
temperature and RH differences of 10 to 30°C and 20 to 30%, respectively (Nylen et al., 2004).
For example, a local air temperature increase of up to 30°C can be felt within a few hours of a
katabatic wind event as a result of the wind’s adiabatic warming (Fountain et al., 2009).

Annual snowfall values in the region range from 3 to less than 100 mm water equivalent
where the highest snowfall values occur in coastal areas and decrease further inland. Snowtall
patterns can influence the spatial distribution of ground ice conditions (Hagedorn et al., 2007;
McKay, 2009) in addition to the stability of subsurface ice deposits (McKay, 2009; Liu ef al.,
2015) and the maintenance of glaciers (Fountain et al., 2006). Snow can also influence the
hydrological system of the MDV; for example, glacial melt can cease as a result of as little as a
few centimeters of snow accumulation, which will lead to a lower amount of glacier runoff
(Fountain et al., 2009). Summer snowfall also produces an increased albedo of the snow-covered
surface. As a result, the energy balance changes and less energy is available to allocate toward
melting and thawing (Fountain ef al., 1999). Snowfall may not occur during katabatic wind
events as they are typically triggered by conditions that do not favour precipitation. However,
half of the accumulated snow in the MDV can be attributed to wind dispersion. For example,

local snow from valley walls can be transported through katabatic winds to the surrounding



valley floors (Fountain et al., 2009). Additionally, the winds are able to transport snow from the
large interior Polar Plateau resulting in the deposition of snow on the leeside of topography
within the MDV (Marchant and Head, 2007).

Solar radiation is a driving factor in the hydrological and biological systems in the valleys as
it warms the air and the soil surface, impacts the sublimation process and glacier melt and gives
energy for photosynthesis by microbial communities within soils, streams and perennially ice-
covered lakes. Inter-valley variations in solar radiation are related to the mountainous
topography and the resulting steep-sided valleys in the region and differing cloud covers (Dana

et al.,2002).

2.1.1. Climate zones in the McMurdo Dry Valleys of Antarctica

Marchant and Head (2007), following the work of Marchant and Denton (1996),
distinguished three climatic zones in the MDYV that incorporate summer air temperatures and
RH: 1) the coastal thaw zone (CTZ), 2) the inland mixed zone (IMZ), and 3) the stable upland
zone (SUZ). The low elevation valleys (< 400 m) are situated in the CTZ where the summer air
temperature and RH average -5°C and 64%, respectively. The sum of thawing degree-days
ranges between 20 and 100 yr' (Doran ef al., 2002) and snow accumulation, as snow water
equivalent (SWE) ranges between 25 to 100 mm yr' (Fountain ef al., 2009). The high elevation
valleys (> 1000 m) are located in the SUZ where the summer air temperature and RH values are
lower than the CTZ averaging -10°C and 41%, respectively. The sum of thawing degree-days is
<5 yr'1 and snow accumulation is rare (SWE < 10 mm yr'l) (Doran et al., 2002, Fountain et al.,
2009). The spatial pattern of summer climate conditions in the climatic zones of the MDV
appears to be related to distinct periglacial processes (Bockheim et al., 2007, Marchant and
Head, 2007; Adlam et al., 2010; Levy et al., 2011; Fountain et al., 2014). For example, the CTZ
is characterized by a thick and moist active layer (< 60 cm and > 30%wt) and geomorphic
features such as intermittent meltwater streams, ice wedge polygons, thermokarst and gullies.
Comparatively, the SUZ is distinguished by a shallow and dry active layer (< 15 cm and
< 3%wt) with sand wedge and sublimation-type polygons.

Figure 2 depicts temperature-related indices for multiple long-term ecological research
(LTER) meteorological stations within the MDV: Lake Bonney (LB), Lake Hoare (LH), Ferrar
Glacier (FR), Explorer’s Cove (EC), Lake Vanda (LV), Beacon Valley (BV), University Valley



(UV) and Lake Brownworth (BW). University Valley had the lowest temperatures of the
recorded stations with a mean annual air temperature (MAAT) of ca. -24°C (Figure 2A), a mean
annual ground surface temperature (MAGST) of ca. -25.5 °C (Figure 2B); zero days where air
and soil surface temperature were above freezing (Figure 2C and 2D, respectively); and zero

thawing degree-days measured from the air (Figure 2E) and soil surface (Figure 2F).
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Figure 2: Graphs illustrating: A) mean annual air temperature (MAAT), B) mean annual ground surface
temperature (MAGST), C) the number of days where air temperature was above 0°C, D) the number of
days where soil surface temperature was above 0°C, E) the number of thawing degree days (TDD)
calculated from air temperatures and F) the number of thawing degree days (TDD) calculated from soil
surface temperatures for stations in the McMurdo Dry Valleys. Stations are located at Lake Bonney
(LB), Lake Hoare (LH), Ferrar Glacier (FR), Explorer’s Cove (EC), Lake Vanda (LV), Beacon Valley
(BV), University Valley (UV) and Lake Brownworth (BW). Data taken from LTER database
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2.1.2. Permafrost and active layer thickness across the McMurdo Dry Valleys of
Antarctica

The cold climate conditions in the MDV cause permafrost to be continuous throughout the
region (Bockheim and Hall, 2002). The permafrost classification map of the MDV depicts the
Quartermain Mountains to contain an estimated 59% of dry permafrost, 37% of ice-cemented
permafrost and the remaining 4% of permafrost contains ground ice (Figure 3). The type of
permafrost present has been suggested to relate to the age of the surface. For example, ground ice
is present in Holocene age surfaces while ice-cemented permafrost occurs on late Quaternary
surfaces. However, distribution patterns of ice-cemented permafrost and ground ice can also be
influenced by local environmental factors. The development of dry permafrost is suggested to
occur on surfaces > 115 ka as a result of sublimation (Bockheim et al., 2007).

Active layer thicknesses in the MDV vary with respect to the three climatic zones and
decrease with elevation (r* = 0.67, p-value = < 0.05; Figure 4). In the CTZ, an active layer forms
over permafrost containing variable amounts of ground ice ranging from ice-bonded permafrost
to massive ground ice (buried ice). Here, the active layers are thickest, ranging from 30 to 70 cm,
and decrease in thickness to < 40 cm within the IMZ (Bockheim and Hall, 2002; Campbell and
Claridge, 2006; Bockheim et al., 2007). Portions of the low elevation valleys occupied by the
Ross Sea Drift and glacio-lacustrine sediments have salty and moist permafrost. In the IMZ and
SUZ, the extreme cold and aridity ensure that a dry cryotic soil layer is found between the active
layer and underlying ice-bearing permafrost (e.g. Marchant and Head, 2007) (Figure 5). The
boundary between the bottom of the dry cryotic soils and the top of the ice-bearing permafrost is
referred to as the ice table (Figure 6). Active layers are thinner within the SUZ and the plateau
fringe varying between 0 to 25 cm and 15 to 20 cm, respectively (Bockheim and Hall, 2002).
Lastly, active layer depths are < 2 cm along the Polar Plateau (Bockheim et al., 2007). Overall,
the variability in the thickness of the active layer in the MDYV is influenced by the proximity to
the coast (Bockheim and Hall, 2002; Campbell and Claridge, 2006; Adlam et al., 2010),
elevation (Bockheim and Hall, 2002), mean summer air temperature, wind speed, and mean
winter air temperatures (Adlam et al., 2010). The trend also correlates well with the dry adiabatic

lapse rate (Campbell and Claridge, 2006).
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Figure 3: Distribution of permafrost, by form, in the McMurdo Dry Valleys of Antarctica. The
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Figure 4: Active layer thicknesses (cm) across the McMurdo Dry Valleys compared with associated
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Bockheim et al. (2007).
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2.2.  University Valley, McMurdo Dry Valleys of Antarctica

University Valley (77°52°S; 163°45°E; 1600-1800 m a.s.l.) is located in the Quartermain
Mountains of the MDV (Figure 7). The valley is a 1.5 km long and 500 m wide northwest facing
upper hanging glacial valley situated ca. 450 m above the floor of the adjacent Beacon Valley
(Figure 1B, p.5). A small glacier, informally named University Glacier, is located at the head of
the valley and has a maximum thickness of ca. 150 m. Permanent snow patches are found in
depressions scattered along the western portion of the valley floor.

The local geology for the region consists of sills of Ferrar Dolerite (Jurassic age intrusives)
and sedimentary rock of the Beacon Supergroup (Devonian to Triassic age sandstones and
conglomerates) (Barrett, 1981; Marchant et al., 1993; Cox et al., 2012). Surficial sediments are
fairly heterogeneous throughout the valley including areas comprised of large rocks and boulders
and others composed of sand-sized particles. The surface sediments consist of colluvium and
talus cones at the base of the valley walls and undifferentiated till and alpine drift on the valley

floor (Figure 7). The alpine drifts are found only in the central and upper areas of the valley in
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addition to dispersed outcrops of sandstone bedrock (Cox et al., 2012). Sand wedge polygonal
terrain developed on the valley floor and on some of the talus cones.

University Valley is located within the SUZ of the MDV, which is characterized by summer
air temperatures < 0°C and RH values < 50%; the latter can be attributed, in part, to the dry
katabatic winds that pass through the region (Marchant and Head, 2007). Climate data collected
over a three year period (2010-12) from a weather station in University Valley (77°51.729°S;
160°42.606’E; elevation = 1677 m; ice table depth = 42 cm) by Lacelle et al. (2015) reported a
MAAT of -23.4 + 0.8°C and a mean annual relative humidity of 45.5 £ 14%. Mean summer air
temperature was -13.9 + 0.4°C and air temperatures were always < 0°C. The maximum
individual daily and hourly air temperature values were -5.7 and -2.8°C, respectively.

These cold and hyper-arid climate conditions lead to ice-bearing permafrost in the valley
overlain by dry permafrost of varying thicknesses (McKay, 2009; Lacelle et al., 2011; 2013;
Marinova et al., 2013). The depth to ground ice increases as a function of distance from
University Glacier, from less than 1 cm in proximity to the glacier, to more than 70 cm at the
mouth of the valley (McKay, 2009; Marinova et al., 2013). McKay (2009) suggested that
differences in ice table depths could be controlled by snow recurrence with a more continued
snow cover near the head of the valley. Fisher ef al. (in review) suggested that the ice table depth
is set by ground surface temperature, humidity and advective air flow in the dry soil layer
responding to changing surface conditions occurring over decades to centuries. Mellon et al.
(2014) investigated the morphological characteristics and size of the polygonal ground in the
valley with respect to the depth to ice table and found a positive correlation between ice table
depth and polygon size. As a result, it was suggested that the ice table has been at its present-day

position for longer than 10,000 years, the time-scale for polygon development.
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Figure 7: Top left) Nextview Imagery of University Valley (Source: DigitalGlobe, Inc.). Top right) Hillshade
image of University Valley showing the location of the polygon cores generated from a LiDAR digital
elevation model and a 15 m resolution ASTER digital elevation model (http://asterweb.jpl.nasa.gov/data.asp).
Bottom left) Map delineating three distinct ground surface temperature zones within University valley derived
from ground surface temperatures and potential incoming solar radiation (Lacelle et al., 2015). Bottom right)
Image delineating four surficial sediment covers that characterize University Valley (Cox et al., 2012).
Contour lines on the maps are given at 100 m intervals and delineated by white lines. The polygon core
locations are marked on all four images.
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2.2.1. Micro-climates in University Valley

Ground surface and air temperatures (2010-12 with some missing values) and incoming
short-wave radiation data in University Valley were obtained by Lacelle er al. (2015). Mean

monthly and maximum daily air temperatures in University Valley are summarized in Table 1.

Table 1: Mean monthly and maximum daily air temperature (°C) in University Valley, McMurdo
Dry Valleys of Antarctica.

Mean monthly Max daily

Month 2010 2011 2012 2010 2011 2012
-12.1 -126 -126 -80 -81 -64
-181 -174 -17.0 -129 -13.1 -6.3
-23.0 -246 -23.7 -132 -182 -155
-27.0 -26.7 -287 -18.1 -15.0 -21.6
-299 285 -26.1 -18.8 -19.0 -14.7
-314 -278 -304 -205 -199 -203
-33.9 -26.8 -32.1 -25.6 -18.8 -254
-314 -26.7 -30.0 -233 -184 -22.1
-303  -26.7 -29.1 -23.8 -193 -21.7
-240 -242 246 -197 -174 -19.7
-182 -152 -17.3 87 -11.5 -11.7
-11.0 -12.0 -109 -63 -68 -57
MAAT -242 -22.5 -23.5

P00V AW —

Temperatures at the soil surface and the top of the ice table were measured at increasing
distances from University Glacier at varying ice table depths (250, 550, 750 and 950 m distance
from University Glacier with corresponding ice table depths of 8, 22, 42 and 36 cm, respectively)
(Figure 8). Results show mean summer ground surface temperatures (MSGST) near -26°C along
the valley but the summer ground surface temperatures exhibit a warming trend from the upper
to lower areas of the valley. Mean daily ground surface temperatures were always < 0°C.
However, hourly ground surface temperatures rose above 0°C in some locations along the valley
floor. For example, ground surface temperatures were above 0°C for one hour near the head of
the valley (thaw degree-hours = 0.3) and 110 hours at 950 m down valley (thaw degree hours =
442). The findings for the mean monthly soil temperatures and maximum daily soil temperatures
(surface and ice table) for the shallowest (8 cm depth; 250 m from glacier) and deepest (36 cm
depth; 950 m from glacier) ice table sites are summarized in Tables 2 and 3, respectively.

Maximum daily soil surface temperatures are ca. 1°C warmer at the deepest ice table depth site
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(42 cm depth; -2.7°C; 2010) than at the shallowest ice table depth site (8 cm depth; -3.8°C; 2010-
2011). In contrast, maximum daily ice table temperatures were ca. 2°C warmer at the shallowest
ice table site (-7.7°C; 2010-2011) than at the deepest ice table depth site (-9.6°C) (Lacelle ef al.,
2015).
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Figure 8: (A) Ice table depth in University Valley measured with distance from University Glacier
(data from Marinova et al. (2013)). (B—G) Ground surface temperatures and humidity as a function of
distance from University Glacier. Data were collected in 2010 at four different sites.

17



Table 2: Mean monthly soil temperatures (°C) (surface and ice table) at 42 cm ice table depth
(750 m from glacier) and 8 cm ice table depth (250 m distance from glacier) in University
Valley, McMurdo Dry Valleys of Antarctica.

2010 2011 2012
Month  Soil surface Ice table Soil surface Ice table Soil surface Ice table
42cm ice table depth
1 -8.3 -12.5 -11.1 -10.8
2 -15.6 -15.2 -14.9 -13.0 -14.7
3 -23.3 -20.2 214 -21.4
4 -30.7 -26.2 -26.8 -30.7 -27.0
5 -34.5 -29.9 -28.9 -29.4 -27.0
6 -36.7 -32.3 -28.8 -35.3 -30.8
7 -38.8 -34.0 -30.4 -36.9 -32.8
8 -36.0 -34.1 -29.8 -33.8 -32.2
9 -34.6 -33.0 -28.8 -33.5 -31.2
10 -25.1 -27.8 -26.6 -24.8 -27.6
11 -14.3 -20.5 -19.1 -13.8 -20.4
12 -9.9 -13.6 -2.6 -13.2 -5.6 -13.2
MAGT -25.7 -25.0 -23.4 -27.9 -24.1
8 cm ice table depth
1 -10.8 -11.5 -10.9 -11.6 -8.9 9.9
2 -16.9 -16.8 -16.7 -16.6 -15.7 -15.6
3 -23.4 -22.9 -25.3 -24.7 -24.9 -23.3
4 -28.5 -28.0 -29.2 -28.8
5 -32.1 -31.5 -30.6 -30.2
6 -33.7 -33.3 -30.2 -29.9
7 -36.0 -354 -30.2 -30.2
8 -34.7 -34.6 -29.8 -29.7
9 -33.8 -33.7 -29.6 -29.2
10 -28.0 -28.4 -26.2 -26.4
11 -20.5 -21.2 -14.9 -16.2
12 -9.8 -12.6 9.3 -11.3
MAGT -25.7 -25.9 -23.6 -23.8
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Table 3: Maximum daily soil temperatures (°C) (surface and ice table) at 42 cm and 8 cm ice
table depths in University Valley, McMurdo Dry Valleys of Antarctica.

2010 2011 2012
Month Soil surface Ice table Soil surface Ice table Soil surface Ice table
42 cm ice table depth

1 -3.0 -11.1 -9.9 -9.6
2 -10.1 -12.6 -12.5 -9.0 -13.1
3 -15.2 -17.4 -16.6 -17.9
4 -23.9 -24.5 -23.9 -24.4 -22.4
5 -24.6 -25.9 -25.7 -20.1 -24.4
6 -25.3 -29.7 -25.6 -23.9 -28.1
7 -28.5 -31.2 -27.0 -28.9 -30.8
8 -26.9 -31.8 -26.6 -26.3 -29.9
9 -26.4 -30.9 -26.6 -25.6 -29.5
10 -20.1 -24.8 -24.4 -19.5 -24.7
11 -7.9 -17.7 -15.7 7.6 -16.8
12 -2.7 -9.9 -2.6 -10.0 -0.1 -10.0
8 cm ice table depth
1 -1.4 -8.9 -6.2 -8.7 -33 -6.3
2 -11.8 -13.7 -13.1 -13.5 -11.1 -12.6
3 -18.6 -18.8 -20.1 -19.7 -22.7 -21.3
4 -24.9 -25.3 -21.6 -22.5
5 -26.1 -26.3 -24.3 -25.1
6 -27.9 -29.3 -24.8 -25.2
7 -30.1 -30.6 -24.3 -25.2
8 -29.4 -30.6 -23.3 -24.7
9 -28.8 -30.1 -24.3 -25.0
10 -25.1 -25.8 21.1 -22.4
11 -17.1 -18.1 -9.7 -12.8
12 -3.8 -8.3 -4.7 -7.7

Short wave incoming radiation (SWIr) was measured for University Valley for the summer
of 2010 by Lacelle et al. (2015) collected from an automated Campbell Scientific CR1000
weather station located near the centre of the valley (77°51.729°S; 160°42.606’E; elevation =
1677 m; 42 cm ice table depth). The reported values for mean daily SWIr for the summer season
ranged from 61 to 347 W m™ with an average of 208 + 7 W m™ (226 + 12 W m™ on clear days
only). The results of a correlation analysis by Lacelle et al. (2015) between mean daily and
monthly SWIr and measured ground surface temperature show a significant positive relation
suggesting that solar heating influences summer ground temperatures in the valley. Based on this
correlation, potential incoming solar radiation (PISR) was modeled for the summer of 2010 in
University Valley. The results indicated that the southeast portion of University Valley received

the lowest average summer PISR (values = < 225 W m™) as most of the valley was shaded
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throughout the day. PISR increased with distance from the glacier to values reaching 300 W m™
where the mouth of the valley meets Beacon Valley. Based on the PISR map and the ground
surface temperature measurements, Lacelle et al. (2015) differentiated two zones in University
Valley with distinct ground surface temperatures and one transition zone (Figure 7, p.15): 1) the
perennially cryotic ground zone (PCZ); ii) the seasonally non-cryotic ground zone (NCZ); and
ii1) the transition zone. The PCZ is distinguished by hourly ground surface temperatures that
remain below 0°C throughout the year; in contrast, the NCZ is characterized by ground surface
temperatures that rise above 0°C for a minimum of a few hours on clear summer days. The
transition area between the two aforementioned zones can include ground surface temperatures

characteristic of either zone.
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3. Methodologies

3.1. Field sampling

In January 2013, 15 shallow ice-bearing permafrost cores were collected from sand-wedge
polygons in University Valley (Figure 9). The cores were collected from nine different polygons
along the valley floor at different locations inside each polygon (centres and shoulders; Table 4).
Previous studies (e.g. Pollard ef al., 2012; Lacelle ef al., 2013; 2014) observed high variability in
ground ice content within distances as a little as 5 m. As such, the spatial sampling method used
was intended to explore potentially changing ground ice conditions within a single polygon and
throughout the valley floor. Polygons 5, 7 and 8 are mainly situated in the perennially cryotic
zone, whereas polygons 1, 2, 3, 4, 9 and 10 are located in the seasonally non-cryotic zone and
Polygon 6 is located in the transition zone between the two categories (Figure 7, p.15). All but
two of the polygons are in the undifferentiated drift. Polygons 7 and 8 are in the colluvium
derived from a rock fall.

The permafrost cores were collected using an 11.5 cm diameter Cold Regions Research and
Engineering Laboratory (CRREL) core barrel equipped with a gas powerhead. Prior to coring,
the dry soil layer above the ice-bearing permafrost was removed to prevent the surrounding dry
loose mineral soil from infilling the borehole. Each core was retrieved in 10 to 50 cm long
segments, wrapped in plastic core sleeves and shipped frozen in thermally insulated boxes to the

CryoLab for Arctic, Antarctic and Planetary Studies at the University of Ottawa.
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Figure 9: Photo illustrating field sampling of permafrost cores using the CRREL drill in University
Valley, McMurdo Dry Valleys of Antarctica (Photo Source: Dr. Denis Lacelle).

Table 4: Details of the permafrost cores collected in University Valley.

Site Latitude Longitude Core ID Length of Ice table Distance from Position in
(South) (East) core (cm) depth (cm) glacier (m) polygon
13-P8-C3 68 2 304 Centre
Polygon 8 (P8) 77.86563 160.72627 13-P8-C5 73 2 304 Right shoulder
13-P8-C6 39 2 304 Left shoulder
Polygon 7 (P7) 77.86422 160.72297 13-P7-Cl 27 22 466 Centre
Polygon 6 (P6)  77.86341  160.72222 g;g_gg 17000 gg gjg Le ﬂcfﬁlgfl deor
13-P1-C1 107 30 860 Centre
Polygon 1 (P1) 77.86508 160.70158 13-P1-C2 102 19 860 Right shoulder
13-P1-C3 60 28 860 Left shoulder
Polygon 5 (P5) 77.86091 160.71527 13-P5-C1 23 19 866 Centre
Polygon 4 (P4) 77.86233 160.70402 13-P4-Cl 15 2 943 Centre
Polygon 2 (P2) 77.8595 160.70936 13-P2-C2 22 20 1076 Deflation surface
oo 29 Trssws oo ECL X0 en R
Polygon 10 (P10)  77.85383 160.69633 13-P10-C1 167 16 1771 Right shoulder
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3.2. Ground ice content measurements

Ice content in the 15 cores was determined in the Physical Geography Laboratory at the
University of Ottawa following CT scanning. The frozen permafrost cores were cut into ca. 2 cm
thick slices using a RIGID circular saw with a 0.8 mm thick diamond blade and allowed to thaw
in sealed plastic bags. Once thawed, the cores were transferred into graduated 50 ml
polypropylene tubes where the sediments settled. The volume of supernatant water (if present)
and sediments were then recorded and the polypropylene tubes were weighed. The supernatant
water was extracted and filtered (0.45 pum pore diameter filter) into 20 ml vials for geochemical
and isotopic analysis (not included in this thesis). The 50 ml tubes with the remaining sediment
were placed into an oven at 105°C for 24 hours to dry and the weight of the dried sediment was
subsequently recorded.

Excess ice (defined as the volume of ice in the ground exceeding the total pore volume that
the ground would have under natural unfrozen conditions; van Everdingen, 1988) was calculated

using eq. [1] from Kokelj and Burn (2003):

) volume supernatant water x 1.09
[1] Excess ice (%) = - x 100
volume supernatant water x 1.09 + volume sediments

The number 1.09 is employed to convert the measured volume of supernatant water to the
equivalent volume of ice (9% volumetric expansion of water to ice). The measurements are
within 1 ml precision, which results in + 1% error in the reported values.

The gravimetric water content was subsequently determined from the weight of the wet and

dry sample using eq. [2] from van Everdingen (1988):

weight water

[2] Gravimetric water content (%) = 100

weight dry sample x

Additional material properties, such as porosity and volumetric ice content, were calculated
based on eq. [1] and [2]. The porosity (0) for the sediments was calculated from the measured

mass of water and divided by the volume of sediments.
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The total volume of water was subsequently estimated using the calculated sediment porosity for

each sample and eq. [3]

[3] Volume water (ml) = volume supernatant water + volume of sediment x porosity
The volumetric ice content in the sample was determined by modifying the equation for

volumetric water content from Pollard and French (1980) to incorporate the 9% volumetric

expansion of water to ice using eq. [4]:

(volume water) x 1.09

[4] Volumetric ice content (%) = 100

k
volume of sediments + (volume water x 1.09)

Based on the calculated volumetric ice content, five cryofacies were described following the
classification of Murton and French (1994) (Table 5). The mean porosity of 0.42, typical of
sediment in University Valley (e.g. Lacelle et al, 2013), may result in high volumetric ice

contents (> 25%) without the presence of excess ice in the sample.

Table 5: Cryofacies identified from fieldwork in the Tuktoyaktuk coastlands (NWT). Source:
Murton and French (1994).

Cryofacies type Volumetric ice content (%) Cryofacies Code
Pure ice 100 Pure ice I
Sediment-poor ice >175 Sand-poor ice SPI
Aggregate-poor ice  API
Sediment-rich ice > 50 to <75 Sand-rich ice SRI
Aggregate-richice ~ ARI
Ice-rich sediment > 25 to <50 Ice-rich sand IRS
Ice-rich mud IRM
Ice-rich diamicton IRD
Ice-poor sediment <25 Ice-poor mud IPM
Ice-poor sand IPS
Ice-poor gravel IPG
Ice-poor diamicton  IPD
Ice-poor peat IPP
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3.3. Cryostructures and ground ice content using computed tomodensitometric
(CT) scanning

CT scanning was performed on select ice-bearing permafrost cores (P1-C1, P2-C2, P6-CS5,
P7-C1, P8-C3 and P8-C6) to investigate cryostructures and derive their respective volumetric ice
content (CTVIC). CT scanning is a non-destructive method that has been employed in Arctic
permafrost studies over the past decade (e.g. Calmels and Allard, 2004; 2008; Calmels et al.,
2008). The principles of CT scanning draw similarities to those of radiography as the two
produce 3D images of density contrasts for a given sample. However, the density contrast in CT
scanned images is greatly superior to that of X-Ray radiography. Additionally, the sedimentary
structures of the core can be visualized in 3D from each spatial direction instead of using
predefined visualization plans (Calmels and Allard, 2004). The non-destructive technique is
particularly useful for the analysis of permafrost cores as the samples can subsequently be used
for further sedimentological, geotechnical and geochemical analyses (Calmels ef al., 2010). The
density measurements for CT scanning are made relative to water and expressed in Hounsfield
Units (HU): water thus has a value of 0 HU. Density threshold values for ice, air and sediment
can be estimated through the analysis of the histograms associated with CT scanned image
stacks. For example, ice has values between ca. -250 and 750 HU, air has values near -1000 HU
and sediments have values > 750 HU (e.g. Calmels ef al., 2010). The large difference in densities
between ice, sediments and gases allows the identification of the distribution and shape of these
components, and thus, the classification of cryostructures. Further processing of the CT scans
using image analysis software (e.g. Osirix, ImageJ and Fiji) permits the estimation of volumetric
ice content (e.g. Calmels et al., 2010).

The CT scanning for the full P2-C2, P6-C5, P7-C1 and P8-C6 cores and sections of the P1-
C1 and P8-C3 cores was performed using a medical scanner (Siemens Somaton Volume Access)
at the Institut National de la Recherche Scientifique (Québec, Canada). The permafrost cores
were placed on a bench in the centre of a ring containing the X-Ray source. The X-Ray source
rotated around the core as the core moved down the ring resulting in an image produced through
a helical movement. Once completed, the core was rotated 90° and the process was repeated.
When combined, the images represented a two-section view with a 3D perception (e.g. Calmels
and Allard, 2004; 2008) of the cores. The scanned image stacks, with a pixel resolution of 0.4

mm, were saved in DICOM format and analyzed using Fiji image analysis software
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(http://fiji.sc/Fiji). The resulting greyscale images used darker tones to indicate lower density
materials (i.e. gas and ice) and lighter tones to indicate higher density material. The image stacks
were subsequently processed to classify the ice component in the cores following the instructions
of the GeoCryolab at the Universit¢é de Montréal. Image processing and analyses aimed at
determining the ice shape and estimating its content are dependent on the threshold used to
define ice in an image stack. Consequently, four ice thresholds were tested after analyzing the
peaks in the image stacks’ histograms: -200 to 700 HU, - 200 to 750 HU, -250 to 700 HU
and -250 to 750 HU. The four tested thresholds yielded similar ice content results with ca. 4%
difference for various parameters (Table 6). Therefore, the threshold that produced the highest
ice content and closest values to the measured volumetric ice content (-250 to 750 HU) was used
to convert the CT-scanned greyscale image stack into binary images representative of only the
ice content (black represents ice while white represents all other components). CTVIC was
derived from each slice (0.4 mm) of the stack of binary images using the Z-axis Plot function.
The full description of the image analysis in Fiji is provided in Appendix 1.

The orthogonal views of the processed binary images were subsequently used to describe the
cryostructures in the permafrost cores applying the classification of Murton and French (1994):
structureless, suspended, layered, lenticular, crustal and reticulate (Figure 10). Cryostructures
have previously been described at the centimeter scale (e.g. Shur et al., 2004; Cold Regions
Research and Engineering Laboratory, 2012) and at the meter scale (e.g. Murton and French,
1994). Structureless cryostructures form from pore water freezing in situ around mineral grains
and thus are not visible to the naked eye and lack a structure. Lenticular cryostructures are lens-
shaped bodies with horizontal or vertical inclinations (Murton and French, 1994). The orientation
of lenticular cryostructures is a reflection of the direction of the freezing fronts and/or the
sediment’s mechanical properties and soil density (Smith and Williams, 1990). Layered
cryostructures are continuous parallel bands of sediment and/or ice (Kudriavtsec, 1978; Popov et
al., 1985). The vertical or sub-vertical layering is formed by the infilling of thermal contraction
and dilation cracks with either ice, clastic sediment, and/or organic material (Mackay, 1985);
comparatively, horizontal or gently dipping layers are formed through segregated and intrusive
ice, as well as buried glacier ice bodies (Murton and French, 1994). A reticulate cryostructure
has a three-dimensional, net-like structure of ice veins that surround fine-grained sediment

blocks (Mackay, 1974) and is divided into a regular or irregular type. Mackay (1974)
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hypothesized that reticulate structures (regular or irregular) form in a semi-closed freezing
system through cracks in-filling with water or ice from surrounding muddy blocks. Reticulate
cryostructures may represent the shrinkage and loss of water within sediment as moisture
migrates to the advancing freezing front. A rim of ice surrounding a rock clast, or an ice crust, is
termed a crustal cryostructure and is commonly found immediately below the permafrost table
(Murton and French, 1994). Its formation is likely due to localized ice segregation surrounding
clasts that are frost-susceptible in nature (Mackay, 1984). Aggregates, rock clasts and grains of
variable size suspended in ice are termed a suspended cryostructure and are typical of massive
ice bodies and commonly seen immediately below the permafrost table (Mackay, 1972; Cheng,
1983).

Many other cryostructural classifications existed, primarily from Russian literature, prior to
the development of Murton and French’s (1994) classification (e.g. Pihlainen and Johnston,
1963; Linell and Kaplar, 1966; Katasonov, 1969; Kudriavtsev, 1978; Popov et al., 1985).
Previous classifications were considered unsatisfactory, as some were complex and unwieldy.
Moreover, classifications were applied to permafrost generally containing little excess ice,
resulting in a description of ice distribution within sediment and neglecting to classify sediment
within ice. Murton and French’s (1994) classification, however, incorporates all ranges of ice

contents within permafrost, ensuring a simple application.
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Table 6: Descriptive statistics for volumetric ice content (CTVIC) in six permafrost cores
derived from CT-scanned images and Fiji image analysis software.

Threshold Mean Median Range Min Max
P1-C1

-200 to 700 9.36 11.27 21.82 0.16 21.97
-200 to 750 11.16 14.03 25.26 0.00 25.26
-250 to 700 9.33 11.29 21.81 0.00 21.82
-250 to 750 11.58 14.04 25.22 0.27 25.49
pP2-C2

-200 to 700 0.85 0.63 3.84 0.05 3.89
-200 to 750 1.16 0.75 5.49 0.06 5.55
-250 to 700 0.72 0.37 4.06 0.06 411
-250 to 750 1.04 0.56 5.18 0.04 5.22
P6-C5

-200 to 700 24.77 25.11 51.35 0.77 52.12
-200 to 750 27.02 27.58 54.46 0.80 55.26
-250 to 700 24.89 25.20 51.84 0.77 52.62
-250 to 750 27.35 27.85 55.13 0.99 56.13
P7-C1

-200 to 700 2.98 2.66 4.74 1.02 5.76
-200 to 750 3.54 3.48 4.50 1.93 6.43
-250 to 700 2.88 2.75 3.87 1.56 5.43
-250 to 750 3.58 3.51 4.51 1.95 6.46
P8-C3

-200 to 700 27.72 20.49 68.82 3.16 71.97
-200 to 750 29.94 23.96 67.71 441 72.12
-250 to 700 28.85 21.26 69.06 2.85 71.91
-250 to 750 30.42 23.92 68.99 4.24 73.23
P8-C6

-200 to 700 1.69 1.06 5.92 0.29 6.21
-200 to 750 2.14 1.44 6.53 0.65 7.18
-250 to 700 1.65 1.06 5.86 0.41 6.27
-250 to 750 2.09 1.27 6.85 0.49 7.34
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Figure 10: Murton and French’s (1994) cryostructural classification where ice is represented in white and
sediment in grey or black.

3.4. Grain size analysis

Soils have been used to increase the understanding of both the paleoclimate and glacial
history in the MDYV, specifically through the identification of the spatial extent of drift sheets
(Bockheim and McLeod, 2006). Soil forming processes occurring in the soils of the
Transantarctic Mountains include: 1) rubification (the slow reddening of soil as a result of
hematite formation); ii) salinization (the accumulation of soluble salts in the soil column); iii) the
development of desert pavement (Bockheim, 1990); and iv) the sublimation of interstitial ice
resulting in the conversion of ice-cemented permafrost into dry permafrost and rubification
(Bockheim, 2015). Rubification is observed in cold desert soils through the increase in depth of
profile staining and the colour development of the horizon underlying the desert pavement over
time. Salinization is an indicator of soil age as the depth to which salts are found increases with
time; additionally, salt form is altered as soil age increases. Desert pavement is more defined on

older landscapes (Bockheim, 1982; Bockheim, 1990) as seen through more rounded clasts and
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larger quantities of desert varnish and ventifacts on older surfaces. The proportion of silt may
also increase with depth with increasing soil age due to weathering (Bockheim, 1990).

Soils found in the MDYV are largely in the Gelisol order (Bockheim, 2002; Bockheim and
McLeod, 2006). Soils containing ice-cemented permafrost within the uppermost 70 cm of the
surface are typically cryoturbated and classified in the Turbel suborder. While, soils in dry
permafrost and with little cryoturbation are classified as Orthels. Anhydrous soil conditions
typically receive < 30 mm year' water equivalent precipitation and are associated with dry
permafrost (Bockheim and McLeod, 2015).

Soil texture partly influences the hydraulic conductivity of frozen soils through the
dependence of unfrozen water content on particle size, pore size distribution, void ratio and
surface area (Burt and Williams, 1976). Many studies have documented a positive association
between near-surface ground ice content and silt content (e.g. Kokelj and Burn, 2005; Morse et
al., 2009; O’Neil and Burn, 2012). This relation is due to the higher hydraulic conductivity
below 0°C and frost-susceptibility of silts compared to that of clays and sands (O’Neil and Burn,
2012). Consequently, potential relations between ground ice conditions, soil colour and particle
size distribution of the sediments in the University Valley cores were investigated at ca. 10 cm
depth intervals. The dry colour of the samples was determined using a Munsell chart and the
grain size distribution of the sediments was determined using the stacked sieve method. The
stacked sieve method was employed instead of laser particle size analysis because the sampled
sediments are predominantly sand-sized. For each analysis, ca. 15 g to 250 g of sediment was
passed through seven stainless steel stacked sieves (2 mm, 1 mm, 0.5 mm, 0.25 mm, 0.125 mm,
0.0625 mm and < 0.0625 mm). The dominant grain size class was determined using the
Wentworth grain size classification where silt is < 0.0625 mm, very find sand is > 0.0625 mm
and < 0.125 mm, fine sand is > 0.125 mm and < 0.25 mm, medium sand is > 0.25 mm and < 0.5
mm, coarse sand is > 0.5 mm and < 1 mm, very coarse sand is > 1 mm and < 2 mm and gravel is
> 2 mm. Grain size distribution graphs were made by classifying the sediments into three soil
sizes: gravel (> 2 mm), sand (< 2 mm to > 0.0625 mm) and fine sediments (< 0.0625 mm).
Errors in the calculation of the grain size distribution for the samples arose through the
occasional retention of a small amount of the sample in the sieve mesh and through scale
measurements errors. Overall, the error in the reported values for the total particle size

distribution for a few samples is estimated to be + 4%.
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3.5. Statistical analysis

The Shapiro-Wilk test for normality was performed on the ground ice content data
(gravimetric water and excess ice content) for all the cores. The test statistic ' was calculated in

R statistical analysis software (https://www.r-project.org/) using eq. [5] (e.g. Acevedo, 2013):

Ciey aixp)?

?zl(xi_ f)z

[5]W =

where x; is the ith ordered statistic. The constants are a;, calculated from variances, means and
covariances of the ith order statistics.

The Spatial Autocorrelation (Global Moran’s ) tool was used from the Spatial Statistics
Tools in ArcGIS10 to determine if the mean VIC, GWC and excess ice content from the
different cores were spatially autocorrelated or independent. The complete results for this test are

provided in Appendix 2. Moran’s / is calculated using eq. [6] (e.g. O’Sullivan and Unwin, 2003):

n Z?=1Z?=1Wij(3’i_3_’)(37i_37)
I yi—¥)? Yin, Xy wij

[6]1 =

where the subscripts i and j are different zones or areal units in the study and y is the data value
in each; y is the overall mean, w;; is an element from a weights matrix . For example, w;= 1 if
the zone i and j are adjacent and will otherwise equal 0. The core locations and mean VIC,
excess ice content and GWC values were the input parameters used simultaneously to measure
spatial autocorrelation. The inverse distance method was used to conceptualize the spatial
relationships and the Euclidean distance method was used to calculate the distance from each
feature to its neighbouring features as per the default for the tool.

The results of the Shapiro-Wilk test for normality on the mean excess ice content and GWC
of the top 20 cm, 50 cm and 1 m of ice bearing permafrost indicated that 26 of 48 of the samples
were normally distributed (Appendix 3A; 3B). Consequently, the Mann-Whitney U test was
performed on the median ice content between the core samples (e.g. Kokelj et al., 2013). If the
result of the test was significant, it was concluded that there was a high likelihood that the
samples were representative of populations taken from different median values. The assumption
of homogeneity of variance between the populations of the underlying samples is commonly

unacknowledged for this test. Further, it has been stated that the test is justified in place of the #-
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test for two independent variables when the assumption of homogeneity of variance is violated in
the data as the test may not be as affected by the lack of homogeneity of variance as the #-test
(Sheskin, 2011). The test was computed using RStudio (v. 0.98.1103; https://www.r-
project.org/) statistical analysis software. The complete results of the Mann-Whitney U test are
provided in Appendix 4. The function ranked the subjects of both samples and the sums of the
ranks for each of the groups (2R1 , 2Ry were computed employing equations [7A] and [7B]
(e.g. Sheskin, 2011):

[7TA]U; = nyn, +@_ZR1

[7B] U, = nyn, +%_ZR2

The Kolomogrov-Smirnov (K-S) test for two independent samples was also performed on the
permafrost core samples. The K-S test is a non-parametric alternative to the t-test involving the
comparison of two cumulative frequency distributions. The K-S test is commonly employed
when there is a lack of normality within the data, hence violating one of the assumptions of the t-
test (Sheskin, 2011). The equation of the statistic for the K-S test was employed using eq. [8]
(e.g. Acevedo, 2013):

[8]T :m;XIFl(x)— Fp ()]

where F, (x) is the empirical cumulative distribution function (ecdf) of sample 1, F, (x) is the
ecdf of sample 2, the bars represent absolute value and max is the maximum. The resulting test
statistic is the largest departure between the two ecdf for the two samples. The complete results
of the K-S test are provided in Appendix 5.

An analysis of variance was then performed on the GWC and excess ice content values for
each core and their respective depths to assess the signal-to-noise ratio of the trends with depth.
The results of the analysis of variance provide an estimated signal-to-noise variance ratio F' by

using eq. [9] (e.g. Reeh and Fisher, 1983; Fisher ef al., 1985):

O1F = =2

(1-Txy)
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where 14y 1s the correlation coefficient between the GWC or excess ice content values and the
depth values. The term noise is employed to the remaining uncorrelated parts between the ice

content values and depth (i.e. Fisher et al., 1985; Lacelle et al., 2014).
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4. Results
4.1. Description of polygons in University Valley

4.1.1. Polygon morphology and age

Sand wedge polygonal terrain is pervasive along the floor of University Valley and occupies
some of the talus cones. Observation of the Nextview satellite Imagery of University Valley
(source: DigitalGlobe, Inc.) supported the previous findings of Mellon et al. (2014) and found
that polygon size is variable in University Valley with the largest polygons located near the
mouth of the valley and the smallest found in closer proximity to University Glacier (Table 7;
Figure 11A, C and E). Although size variations exist among the polygons, their morphology is
fairly homogenous with flat centres, raised shoulders and shallow troughs (on the order of 5 — 10
cm deep and 20 — 40 cm wide) (Figure 11B, D, F). The trough intersections are mainly triple
junctions with a strong unimodal preference for equiangular junctions (Mellon et al., 2014).

The results of 14 optically stimulated luminescence ages for the sediments taken from two
polygons discussed in this thesis (P1 and P8; Trinh-Le, unpublished data) and an additional
polygon in University Valley (P12; Lacelle ef al., 2013) indicated deposition ages between 79.5
and 192.4 ka years for the sediments between 20 and 95 cm depth. The results for the sediments
in the top 20 cm provided younger ages of < 102.2 ka years.
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Table 7: Size of investigated polygons and the down-valley distance of the polygon from
University Glacier. Distance is calculated from the “Glacier Core” point on University Glacier
indicated in Figure 7.

Polygon ID Core ID Distance from glacier (m) Polygon size (m)

13-P8-C3 304 13x8
Polygon 8 13-P8-C5 304 13x8
13-P8-C6 304 13x8
Polygon 7 13-P7-C1 466 18x 17
Polygon 6 13-P6-C3 545 11 x 21
13-P6-C5 545 11x21
13-P1-Cl1 860 9x20
Polygon 1 13-P1-C2 860 9x20
13-P1-C3 860 9x 20
Polygon 5 13-P5-C1 866 23x 20
Polygon 4 13-P4-Cl1 943 14x 15
Polygon 2 13-P2-C2 1076 18 x 27
Polygon 9 13-P9-C1 1692 28 x 17
13-P9-C2 1692 28 x 17
Polygon 10  13-P10-ClI 1771 48 x 21
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Figure 11: Polygon size in A) lower, C) middle and E) upper University Valley. Morphology of polygons
located B) down valley, D) mid-valley and F) up-valley.
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4.1.2. Soil texture and colour

The dry sediments in upper and middle University Valley were mainly pale to light brown
(10YR 6/3, 7.5YR 6/4, 10YR 7/3); whereas, pale to light yellowish-brown sediments (2.5Y 7/3
and 2.5Y 6/4) were observed in lower University Valley. Table 8 includes the full description of
the dry sediment colour of the analyzed cores organized in order of increasing distance from

University Glacier.

Table 8: The dry colour of sediments in the cores taken from University Valley.

Munsell hue, value and

Core ID Depth in core (cm) Colour
chroma
P8-C3 Full core Pale brown 10YR 6/3
P8-C5 Full core Pale brown 10YR 6/3
P8-C6 Full core Pale brown 10YR 6/3
P7-C1 Full core Pale brown 10YR 6/3
P6-C3 Full core Pale brown 10YR 6/3
P6-C5 Full core Light reddish brown S5YR 6/3
P1-Cl Full core Pale brown 10YR 6/3
P1-C2 Full core Pale brown 10YR 6/4
P1-C3 Full core Pale brown 10YR 6/5
P5-Cl1 Full core Pale brown 10YR 6/3
P4-C] 0 - 7 cm depth Pale brown 10YR 6/2
7 - 15 cm depth Very pale brown 10YR 7/3
P2-C2 Full core Light brown 7.5YR 6/4
P9-Cl1 Full core Light yellowish brown 2.5Y 6/4
P9-C2 Full core Light yellowish brown 2.5Y 6/4
P10-Cl 70 — 140 cm depth Pale yellow 2.5Y 7/3
140 — 180 cm depth ~ Light yellowish brown 2.5Y 6/4

Soil texture analysis results from the different polygons are presented using the Wentworth
grain size classification where: silt is < 0.0625 mm, very find sand is > 0.0625 mm and < 0.125
mm, fine sand is > 0.125 mm and < 0.25 mm, medium sand is > 0.25 mm and < 0.5 mm, coarse
sand is > 0.5 mm and < 1 mm, very coarse sand is > 1 mm and <2 mm and gravel is > 2 mm.

The soil texture class of the up-valley polygons (Polygon 7 (P7) and Polygon 8 (P8))
consisted of medium-sand. However, gravel-sized particles dominated the lower section (ca. 67

cm depth) of the left shoulder (P8-C6) of P8. In P8, sand-sized particle distribution ranged
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between 47 and 92% in the centre (P8-C3), between 91 and 96% in the right shoulder (P8-C5),
and between 67 and 97% in the left shoulder (P8-C6). Gravel-sized particles ranged between 4
and 52%, between 0.5 and 5% and between 1 and 20% in the centre, right shoulder and left
shoulder of P8, respectively. Fine-grained particles occupied < 4.5% of the three cores taken
from P8 (Figures 12A, B and C). The sand-sized particles in the centre of P7 (P7-C1) ranged
between 76 and 87% throughout the core while gravel-sized particles ranged between 10 and
21%. Fine-grained particles occupied < 2.6% of P7-C1 (Figure 12D).

The grain size class in two of the mid-valley polygons (Polygon 6 (P6) and Polygon 1 (P1))
consisted of medium sand. Although medium sand was mainly found throughout both cores in
P6, coarse sand was the dominant grain size class at ca. 86 to 89 cm depth in the left shoulder
(P6-C5). Sand-sized particle distribution was higher in the centre (P6-C3) than in the left
shoulder of the polygon, ranging between 93 and 97% and between 74 and 94%, respectively.
The left shoulder of the P6 contained more gravel-sized particles (ranging between 3 and 24%)
than the centre (ranging between 0.75 to 5%). Fine-grained particles occupied < 4% of P6’s
cores (Figures 12E and F). The fraction of sand-sized particles ranged between 77 and 97% in
the centre (P1-C1), between 81 and 92% in right shoulder (P1-C2) and between 86 and 99% in
the left shoulder (P1-C3) of P1. Gravel-sized particles ranged between 0.3 and 19% in P1-Cl1, 1
and 6% in P1-C2 and 1.5 and 9% in P1-C3. Fine-grained sized particles occupied < 8%, < 3%
and < 2.5% in cores P1-C1, P1-C2 and P1-C3, respectively (Figures 12G, H and I).

The dominant grain size class of the sediments in the remaining two mid-valley polygons
(Polygon 5 (P5) and Polygon 4 (P4)) varied with depth. The dominant grain size class in the
centre of P5 (P5-C1) varied from medium sand at ca. 19 to 27 cm depth to gravel from ca. 30 to
41 cm depth. As such, soil textures > 2 mm were the predominant grain size for the core. Sand-
sized particles ranged between 16 to 95% and gravel-sized particles ranged between 1 and 82%.
Fine-grained particles occupied < 4% of P5-C1 (Figure 12J). In the core taken from the centre of
P4 (P4-Cl), the gravel-sized grain class occupied the uppermost 7 cm of the core and
transitioned to the very fine sand grain size class in the lower section (ca. 7 to 15 cm depth).
Although the predominant grain size class varied with depth, the distribution of all sand-sized
soil textures combined (ranging between 71 to 85% throughout the core) was much greater than
the distribution of gravel-sized particles (ranging between 13 and 26%). Fine grained particles

occupied < 2.5% of P4-C1 (Figure 12K).

38



The sediments in one of the down-valley polygons (Polygon 2 (P2)) consisted of the medium
sand grain size class. The distribution of sand-sized particle ranged between 82 and 92% and
gravel-sized particles comprised between 6 and 14% of the core taken from a deflation surface
on the polygon (P2-C2). Fine-grained sediments occupied < 5% of the sediments in P2-C2
(Figure 12L).

The soil texture of the remaining two down-valley polygons (Polygon 9 (P9) and Polygon 10
(P10)) was somewhat variable with depth. Gravel was the dominant grain-size in the left
shoulder of P9 (P9-C2). The dominant grain-size class in the right shoulder of P9 (P9-C1) was
medium-sand in the uppermost 30 cm and gravel in the lower sections of the core. Sand-sized
particles ranged between 42 and 76% and between 58 and 67% in P9-Cl1 and P9-C2,
respectively. Gravel-sized particles ranged between 24 and 39% in the right shoulder and
between 29 and 40% in the left shoulder of P9. Fine-grained particles occupied < 4% of both
cores taken from P9 (Figures 12M and N). Grain size analyses for the right shoulder of P10
(P10-C1) were only performed for the core segment between ca. 70 and 178 cm depth as the
uppermost section of the core did not contain enough remaining sediment to undergo analysis
(sediment-rich ice cryofacies). Medium-sand was the dominant grain size class throughout the
majority of P10-C1; however, some variation in the dominant grain-size class was observed at
specific depths. For example, gravel-sized particles were the dominant grain size class between
ca. 70 to 72 cm depth; the soil texture was predominantly of the fine-sand grain size class
between ca. 98 to 100 cm and ca. 168 and 171 cm depth; and, the coarse-sand grain size class
had the highest percent distribution between ca. 178 and 180 cm depth. Sand-sized particle
distribution ranged between 68 and 113% while gravel-sized particles ranged between 3 and
28% throughout the right shoulder of P10. Fine-grained particles occupied < 7.5% of P10-Cl1
(Figure 120).
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Figure 12: Particle size distribution (%) of the fine (< 0.0625 mm), sand (> 0.0625 mm to < 2 mm)
and gravel (= 2 mm ) sized particles in the cores taken from University Valley. Figures are arranged
at increasing distance from University Glacier.
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4.1.3. Summary

The mineral soils in in University Valley are classified predominantly as medium sand. In
each polygon, little changes in grain size distribution were observed with depth. However, the
gravel-size content increased down-valley for both the centres and shoulders of polygons (Figure

13). The increase in gravel content was significant for the shoulders of the polygons only (Table
9).

Distance from University Glacier (m)
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Figure 13: Average distribution of soil texture (%) for the 15 permafrost cores analyzed in
University Valley arranged at increasing distance from University Glacier. Distances from
University Glacier are calculated from the “Glacier core” point indicated on Figure 7.
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Table 9: Regression coefficients between the down-valley distance from University Glacier and
mean gravel content, sand content and fine content for all cores, the shoulders and centres of
polygons in University Valley. Values significant at a 95 per cent level are bolded.

All

Slope Intercept r p-value
Gravel
content 0.0118 5.4529 0.1973 0.1114
Sand content -0.0121 90.6455 0.2080 0.1011
Fine content 0.0008 1.9701 0.1725 0.1396
Shoulders

Slope Intercept r p-value
Gravel
content 0.0141 0.0215 0.4977 0.0505
Sand content -0.0136 94.3944 0.4289 0.0779
Fine content 0.0009 1.8188 0.2938 0.1651
Centres

Slope Intercept r p-value
Gravel
content 0.0186 5.1673 0.0879 0.5682
Sand content -0.0190 92.1103 0.0953 0.5515
Fine content 0.0001 2.4298 0.0023 0.9274

4.2. Ground ice content and cryofacies in University Valley

The results for ground ice content and cryofacies for the investigated polygons in University
Valley are presented at increasing distance from University Glacier. The distance from
University Glacier was calculated from the “Glacier core” point indicated in Figure 7. The
descriptive statistics for these results are representative of the full sampled permafrost core

unless otherwise stated.

4.2.1. Polygon 8

Polygon 8 is situated in the PCZ at 304 m from University Glacier within the colluvial rock
fall deposit. In the left shoulder of P8 (core P8-C6; 39 cm core length), average excess ice
content was 0.5 = 1% and was only present below 30 cm depth where it ranged between 1 and
3%. Both the gravimetric water content (GWC) and the volumetric ice content (VIC) did not
follow the same concentration pattern as excess ice until ca. 34 cm depth. The average GWC was
20 £ 4% resulting in a lower average than that of VIC (34 = 3%). GWC ranged between 13 and
25% while VIC ranged from 28 to 38% (Figure 14A).
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The average GWC (82 £ 52%) was much higher in the centre of P8 (P8-C3; 68 cm core
length) than in the right and left shoulders ranging between 18% at 3 cm depth and 193% at 57
cm depth. Two distinct peaks in GWC were apparent with depth: the first was narrow and
present in the upper part of the core (between 5 and 10 cm depth) with the maximum value of
57% observed at 5 cm depth; the second peak was broader and present between ca. 40 and 60 cm
depth with the highest values > 65% and reaching a maximum of 193%. Average excess ice
content was 36 + 21%, ranging between 3 and 66% and followed a similar concentration pattern
to that of GWC, albeit with lower values. The variations in VIC were similar to excess ice;
however, values were higher and ranged from 35% to 69% with an average of 53 = 11%. The
VIC and excess ice content values at 57 cm depth are missing as a result of an error in volume
calculation during laboratory analysis (Figure 14B).

The average GWC in the right shoulder of P8 (P8-C5; 73 cm core length) was 34 = 10%
ranging between 17% at ca. 4 cm depth and 53% at ca. 45 cm depth. GWC increased from ca. 17
to 32% in the upper section of the core between ca. 16 and 31 cm depth. A broad increase in
GWC was observed between 31 and 49 cm depth with a maximum value of 53%. The
distribution of excess ice within P8-C5 closely followed that of GWC; however, average excess
ice content was 13 + 6% resulting in lower excess ice content values than GWC throughout the
core. VIC showed similar variations with depth to both GWC and excess ice content; however,
the average VIC (42 + 4% ranging between 34 and 48%) for the core was higher than both GWC

and excess ice content (Figure 14C).
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Figure 14: Excess ice and volumetric ice content (VIC) (%) (left) and gravimetric water content (%)

(right) for the A) left shoulder (P8-C6), B) centre (P8-C3), and C) right shoulder (P8-C5) of P8. The
ice table was at 2 cm depth for P8-C6, P8-C3 and P8-C5.

44



4.2.2. Polygon 7

Polygon 7 is predominantly situated in the PCZ at 466 m from University Glacier within the
colluvial rock fall deposit. The average excess ice content in the centre of P7 (P7-C1; 27 cm core
length) was 4 £+ 1.7%, ranging from 2% at 22 cm depth to 7% at 44 cm depth. Excess ice content
illustrated marked variations with depth although the largest peak was apparent between 38 and
49 cm depth with a maximum value of 7%. GWC followed a similar distribution pattern to that
of excess ice; however, GWC values were greater than excess ice content with an average of 17
+ 3%. The minimum and maximum values for GWC were 13% and 22%, respectively, and were
observed at the same depths as the minimum and maximum values of excess ice (22 and 43.6
cm, respectively). The average VIC in P7-C1 was 35 + 1% and ranged between 34% and 37% at
30 and 46 cm depth, respectively. Two small peaks in VIC were apparent within the core. The
first peak was the most pronounced and was observed between ca. 33 and 38 cm depth and
reached a maximum of 37%. The second peak, observed between ca. 44 and 49 cm depth, was

less pronounced and reached 37% (Figure 15).
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Figure 15: Excess ice and volumetric ice content (VIC) (%) (left) and gravimetric water content
(%) (right) for the centre of P7 (P7-C1). The ice table for P7-C1 was at 22 cm depth.
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4.2.3. Polygon 6

Polygon 6 is mainly situated in the PCZ at 545 m from University Glacier within a colluvium
deposit linked to rock fall. The average GWC, VIC and excess ice contents were lower in the left
shoulder (P6-C5; 70 cm core length) than in the centre (P6-C3; 100 cm core length) of P6. The
average GWC in the left shoulder of the polygon was 37 + 14%, ranging between 16% at 37 cm
depth and 64% at 61 cm depth. Mean excess ice content was 14 = 9% and ranged between 0 and
39% at ca. 20 and 78 cm depth, respectively. Three peaks were evident in the distribution of
excess ice throughout the core. The first peak was observed between 20 and 37 cm depth with a
maximum value of 11%. The second peak had higher excess ice contents than the first and was
observed between ca. 15 and 70 cm depth with minimum and maximum values of 13 and 31%,
respectively. The last peak was observed between ca. 75 and 83 cm depth with a maximum value
of 39%. GWC and excess ice contents illustrated similar variations throughout the core;
however, GWC values were always higher than those of excess ice. The average VIC in P6-C5
was 44 + 8%, ranging between 33% and 64% at 20 and 78 cm depth, respectively. Five peaks in
VIC were evident with depth; however, the three at the lower depths were more pronounced than
the two in the upper sections of the core. The first peak was observed between ca. 20 and 37 cm
depth, with the maximum value reaching 40%. The second peak, identified between ca. 59 cm
and 67 cm depth, had higher values with a maximum VIC of 51%. The following three peaks
were less broad and were observed between ca. 70 and 72 cm, 75 and 83 cm and between 83 and
89 cm depth with maximum VIC values of 60, 63 and 63%, respectively (Figure 16A).

The average GWC (150 £ 45%) in the centre of P6 (P6-C3) ranged between 75 and 303% at
25 and 81 cm depth, respectively. Three peaks in GWC were observed in P6-C3: the first peak
was noted at ca. 50 cm depth and reached a maximum 205%, the second peak was observed
between ca. 79 and 84 cm depth with the maximum value reaching 303%, the last peak was
identified between ca. 90 and 97 cm depth with a maximum value of 286%. Average excess ice
content in P6-C3 was 27 £ 11%, ranging between 3 and 44% at ca. 27 cm and 48 cm depth,
respectively. GWC and excess ice followed similar concentration patterns until 79 cm depth,
although GWC values were higher. Mean VIC in P6-C3 was 74 + 4% ranging between 63 and
80% at ca. 25 and 50 cm, respectively. The distribution of VIC in the centre of the polygon
illustrated more similarities to that of excess ice content than GWC; albeit, VIC was greater than

excess ice content throughout the core (Figure 16B).
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Figure 16: Excess ice and volumetric ice content (VIC) (%) (left) and gravimetric water content (%)
(right) for the A) left shoulder (P6-C5) and B) centre (P6-C3) of P6. The ice table was at 25 cm depth for

P6-C3 and at 20 cm depth for P6-CS5.
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4.2.4. Polygon 1

Polygon 1 is situated in the NCZ at 860 m from University Glacier within the
undifferentiated drift deposit. The average GWC, VIC and excess ice content in the centre of P1
(P1-C1; 107 cm core length) were lower than both the right shoulder (P1-C2; 102 cm core
length) and left shoulder (P1-C3; 60 cm core length) of the polygon. The average GWC in the
left shoulder of P1 (128.5 + 54%) was the highest of the three cores taken from this polygon.
GWC values ranged between 24 and 272% at 42 and 82 cm depth, respectively. Although values
decreased between 54 and 62 cm depth, GWC generally increased with depth. One distinct peak
in GWC was evident between 76 and 84 cm depth with the maximum value reaching 272%. The
mean excess ice content in P1-C3 was 48 + 15% and values ranged between 7 and 66% at 42 and
82 cm depth, respectively. The concentration pattern in excess ice content with depth followed
that of GWC. The average VIC in P1-C3 was 62 + 9%, ranging from 38 to 71% at 42 and 82 cm
depth, respectively. The distribution of VIC followed that of excess ice content throughout the
core, although values for VIC were consistently higher at comparable depths (Figure 17A).

The average GWC in the core taken from the centre of the polygon was 42 + 19%, ranging
from 14.5% at 30 cm depth to 118% at 120 cm depth. The GWC gradually increased from 15%
in the upper section of the core to 59% at 97.5 cm depth before beginning to fluctuate in values
until 117.5 cm depth. One distinct narrow peak in GWC was present in the lower section of the
core at ca. 120 cm depth with a maximum value of 118%. The mean excess ice content in P1-C1
was 19 + 9%, ranging from 1.5% at 30 cm depth to 45% at 120 cm depth. Variations in excess
ice content in the core followed those of GWC. The average VIC in P1-C1 was 44 + 6%, ranging
from 32% at 100 cm depth to 61% at 50 cm. VIC followed a similar pattern to that of excess ice,
although the VIC values were always higher (Figure 17B).

The average GWC in the right shoulder of P1 was 73 + 42%, ranging between 28% at ca. 89
cm depth and 152% at 42 cm depth. A broad increase in GWC was observed between ca. 42 and
57 cm depth reaching a maximum value of 152%. Values generally decreased with depth
(between ca. 60 and 118 cm depth) to values ranging between 28 and 51%, following a similar
pattern to that of excess ice. Mean excess ice content in P1-C2 was 20 + 6%, ranging between 6
and 35% at 28 and 19 cm depth, respectively. Excess ice content variations with depth followed
those of GWC. Mean VIC in P1-C2 was 55 + 13%, ranging from 38% to 75% at ca. 89 and 42

cm depth, respectively. VIC values were greatest between ca. 19 and 57 cm depth ranging from
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66 to 75%. A decrease in VIC occurred between ca. 57 and 61 cm depth. After this depth, VIC
and excess ice content followed similar vertical variations; however, VIC values were always

higher (Figure 17C).
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Figure 17: Excess ice and volumetric ice content (VIC) (%) (left) and gravimetric water content (%)
(right) for the A) left shoulder (P1-C3), B) centre (P1-C1) and C) right shoulder (P1-C2) of P1. The
ice table depth was at 28 cm for P1-C3, 30 cm for P1-C1 and at 19 cm for P1-C2.
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4.2.5. Polygon 5

Polygon 5 is situated in the PCZ at 866 m from University Glacier within the undifferentiated
till deposit. The average GWC in the centre of P5 (P5-C1; 23 cm core length) was 64 + 47%,
ranging from 14% at 19 cm depth to 132% at 38 cm depth. GWC increased with depth as was
evident through a broad peak observed between ca. 27 and 41 cm depth, with the maximum
value reaching 132%. Excess ice was not present between ca. 19 and 22 cm depth. Below 22 cm
depth, the distribution of excess ice within the core closely followed that of GWC. However,
values for excess ice were lower than GWC with an average of 35 + 34% ranging between 0 and
71%. The average VIC for the core was 55 + 21% and followed a similar pattern to that of excess

ice, although values were always higher ranging between 34 and 76% (Figure 18).
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Figure 18: Excess ice and volumetric ice content (VIC) (%) (left) and gravimetric water content (%)
(right) for the centre of P5 (P5-C1). The ice table was at 19 cm depth for P5-CI1.
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4.2.6. Polygon 4

Polygon 4 is situated in the NCZ at 943 m from University Glacier within the
undifferentiated till deposit. The average GWC in the centre of P4 (P4-C1; 15 cm core length)
was 47 £ 43%, ranging from 13 to 139% at 9.5 cm and 14.5 cm depth, respectively. GWC
decreased in the top section of the core (from 2 to 4.5 cm depth). A large peak in GWC was
observed between 12 and 17 cm depth, with the highest value reaching 129%. Mean excess ice
content in P4-C1 was 14.5 + 19%. Excess ice was not present at 2 and 4.5 cm depth, although it
reached a maximum of 52% at ca. 15 cm depth. Excess ice content generally followed that of
GWC, but the depths corresponding to the lowest excess ice contents (2 to 4.5 cm depth) were
shallower than the depths with the lowest GWC (9.5 cm and 13%, respectively). The average
VIC was 43 + 10% and reached greater values than both GWC and excess ice between 4.5 and
12 cm depth. VIC showed less pronounced variations than excess ice and GWC with depth,
although VIC also illustrated an observable increase at the same depths (12 to 17 cm) as both
excess ice and GWC with a maximum value of 63%. The lowest VIC value was found at the

same depth as GWC (9.5 cm) with a value of 33.5% (Figure 19).
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Figure 19: Excess ice and volumetric ice content (VIC) (%) (left) and gravimetric water content (%)
(right) for the centre of P4 (P4-C1). The ice table for P4-C1 was at 2 cm depth.
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4.2.7. Polygon 2

Polygon 2 is situated in the NCZ at 1076 m from University Glacier within the
undifferentiated till deposit. The average GWC in P2-C2 (a deflation surface on P2 located near
the shoulder of the polygon; 22 cm core length) was 22 + 9% and ranged from 12% at 20 cm
depth to 44% at 29 cm depth. GWC decreased sharply in the uppermost section of the core (from
ca. 44 to 16% between 20 and 23 cm depth, respectively). After the initial decrease in GWC,
values illustrated marked variations until 35 cm depth. GWC values gradually increased from
15% at 35 cm depth to 20% at the bottom of the core. Average excess ice content in core P2-C2
was ca. 0.2 £ 0.5% as excess ice was only present at 50 cm depth with a value of ca. 1.7%.
Values for VIC were higher than both GWC and excess ice. Mean VIC in P2-C2 was 35 + 4%
and ranged between 29 and 46% at 20 and 29 cm depth, respectively (Figure 20).
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Figure 20: Excess ice and volumetric ice content (VIC) (%) (left) and gravimetric water content (%)
(right) for a deflation surface on P2 (P2-C2). The ice table was at 20 cm depth for P2-C2.
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4.2.8. Polygon 9

Polygon 9 is situated in the NCZ at 1692 m from University Glacier within an
undifferentiated till deposit. The average GWC (333 = 170%) was higher than both the average
excess ice content and VIC within the left shoulder of P9 (P9-C2; 10 cm core length). GWC
decreased with depth from the maximum value of 487% at 33 cm depth to the minimum value of
119% at 39 cm. The average excess ice content in the left shoulder was higher than the right
shoulder at 75 = 17% ranging between 51 and 88%. Excess ice content, GWC and VIC followed
similar concentration patterns with depth; albeit, the average VIC (79 + 13% ranging between 61
and 89%) was slightly higher than excess ice content (Figure 21A).

The average GWC in the right shoulder of P9 (P9-C1; 20 cm core length) was the highest of
all the analyzed cores at 525 + 690% ranging between 55% at 48 cm depth to 1881% at 30 cm
depth. However, the GWC value at 39 cm depth is missing as a result of an error during
laboratory analysis. The patterns of GWC and excess ice content were similar in the lower
portion of the core (between ca. 41 and 50 cm depth); however, GWC values were higher than
those of excess ice particularly at 30 cm (1881%) and 37 cm depth (1538%). The average excess
ice content in the core was 64 + 25% ranging between 28% at 48 cm depth and 93% at 30 cm
depth. VIC and excess ice followed comparable concentration patterns throughout the core.
However, the average VIC (73 £ 17%) and the minimum value for VIC (50%) were higher than

excess ice, although the maximum value for VIC and excess ice were both 93% (Figure 21B).
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Figure 21: Excess ice and volumetric ice content (VIC) (%) (left) and gravimetric water content (%)
(right) for the A) left shoulder (P9-C2) and B) right shoulder (P9-C1) of P9. The ice table was at 25 cm
depth for P9-C2 and at 20 cm depth for P9-C1.
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4.2.9. Polygon 10

Polygon 10 is situated in the NCZ at 1771 m from University Glacier within an
undifferentiated till deposit. The average GWC for the right shoulder of P10 (P10-C1; 167 cm
core length) was 207 + 241% and ranged between 22% at 138 cm depth and 1174% at ca. 28 cm
depth. The top of the core, between 16 and 86 cm depth, showed more pronounced peaks in
GWC than both excess ice and VIC for the same core section. GWC decreased in the upper
section of the core, from 1013% at 16 cm depth to 454% at ca. 21 cm depth. The first peak was
observed between ca. 25 and 30 cm depth reaching a maximum GWC value of 1174%. The
second peak was observed between 63 and 70 cm depth with GWC values > 327% and a
maximum value of 726%. The concentration pattern for GWC at the bottom of the core, between
ca. 86 and 182 cm depth, was similar to both excess ice content and VIC for the same depths;
albeit, GWC values were higher than those of excess ice and slightly lower than those of VIC.
The average excess ice content for the core was 47 + 29% ranging between 9% at 138 cm depth
and 90% at 16 cm depth. The concentration pattern for VIC with depth was very similar to that
of excess ice, although values were higher as the average VIC was 61 £ 19 % ranging between
38 and 91%. Excess ice and VIC values are missing between ca. 25 and 28 cm depth due to an

error in volume calculation during laboratory analysis (Figure 22).
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Figure 22: Excess ice and volumetric ice content (VIC) (%) (left) and gravimetric water content (%)
(right) for the right shoulder of P10 (P10-C1). The ice table for P10-C1 was at 16 cm depth.
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4.2.10. Cryofacies in University Valley

Based on the VIC throughout the cores taken from University Valley, the ice-rich sediment
(> 25% to < 50% VIC), sediment-rich ice (> 50% to < 75% VIC) and sediment-poor ice (> 75%
to > 100%) cryofacies were present throughout the investigated polygons.

The cryofacies present in the up-valley polygons were ice-rich sediment (> 25 to < 50% VIC)
in P8 and P7 and sediment-rich ice (> 50 to < 75% VIC) in P8 (Figures 23A, B, C and D). In the
mid-valley polygons, the ice-rich sediment (> 25% to < 50% VIC) and sediment-rich ice (> 50%
to < 75% VIC) cryofacies were present in P6, P1, P5 and P4. The sediment-poor ice (> 75% to >
100%) cryofacies was present in P5 (Figures 23E, F, G, H, 1, J and K). The ice-rich sediment (>
25 to < 50% VIC) cryofacies was present in all three of the down-valley polygons (P2, P9 and
P10). P9 and P10 also included the sediment-rich ice (> 50 to < 75% VIC) and sediment-poor ice
(> 75% to < 100%) cryofacies (Figures 23L, M, N and O).
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Figure 23: Cryofacies present in the 15 cores taken from University Valley. Figures are arranged at
increasing distance from University Glacier.

58



4.2.11. Summary and statistical analyses

Ground ice content was measured in nine polygons along the floor of University Valley
allowing the assessment of ice content variations. The ice content in individual polygons was
highly variable, at increasing distances from University Glacier and with depth. In the 15 cores,
excess ice content ranged from 0 to 93%, GWC ranged from 13 to 1881% and VIC varied from
28 to 93%. Summary statistics for excess ice content, GWC and VIC in the top 20 cm, 50 cm and
I m of ice bearing permafrost cores taken from University Valley are presented in Tables 10, 11
and 12, respectively.

The Shapiro-Wilk test indicated that 26 out of the 48 groups of samples were normally
distributed; the others showed a non-normal distribution (Appendix 3). As such, the Mann-
Whitney U test was used to assess the significance of the differences between the medians (e.g.
Kokelj et al., 2013) (Appendix 4). The Kolmogorov-Smirnov (K-S) test was also performed and
yielded similar results to the Mann-Whitney U test; however, less significant results were
returned in the K-S test due to its lower sensitivity to that of the Mann-Whitney U test. The K-S

test results are shown in Appendix 5.
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Table 10: Summary statistics of excess ice content (%) in the top 20 cm, 50 cm and 1 m of ice bearing permafrost for 15 cores taken
from University Valley. N/A values delineate core lengths that did not reach the specified depths.

Top 20 cm Top 50 cm Top 1 m

Polygon  Core ID Location Mean  Median ~ Max  Min SD Mean Median Max  Min SD Mean Median Max  Min SD

P1-C1 Centre 7.2 7.1 17.7 1.5 4.8 13.1 13.8 443 14.5 6.5 18.5 18.4 44.5 1.5 9

1 P1-C2 Right shoulder 16.5 13.7 349 5.7 8.8 21.1 22.6 34.9 5.7 7.6 20.1 20.8 349 5.8 6.1
P1-C3 Right shoulder 30 30.6 522 6.8 244 45.8 48.9 64.4 6.8 15.4 N/A N/A N/A  NA NA
2 P2-C2 Ds‘l’l??;é‘;“ 0 0.0 0 0 0 NA NA NA NA NA NA NA NA NA NA
4 P4-C1 Centre N/A N/A N/A N/A NA N/A N/A N/A N/A NA N/A N/A N/A  NA NA
5 P5-C1 Centre 36.1 37.2 71.3 0 36 N/A N/A N/A N/A NA N/A N/A N/A  NA NA
6 P6-C3 Centre 8 4.6 193 2.9 6 22.1 27.7 44.4 2.9 13.8 26.9 30.6 44.4 29 11.4
P6-C5 Left shoulder 4.4 3.6 10.9 0 4.1 11.8 11.4 30.9 0 8.7 N/A N/A N/A  NA NA
7 P7-C1 Centre 4 34 7.4 1.9 1.6 N/A N/A N/A  N/A NA N/A N/A N/A N/A  N/A
P8-C3 Centre 22.8 20.4 57.3 33 18.6 329 34.0 62.3 33 21.9 N/A N/A N/A  NA NA
8 P8-C5 Right shoulder 7.2 7.8 10.4 3.1 2.5 12.3 9.8 26.3 3.1 7.1 N/A N/A N/A N/A  N/A
P8-Co6 Left shoulder 0 0.0 0 0 0 N/A N/A N/A N/A NA N/A N/A N/A  NA NA
9 P9-C1 Right shoulder 64.2 65.7 92.6 28.3 24.5 N/A N/A N/A  N/A NA N/A N/A N/A N/A  N/A
P9-C2 Left shoulder N/A N/A N/A N/A NA N/A N/A N/A N/A NA N/A N/A N/A  NA NA
10 P10-C1 Right shoulder 85.5 85.1 90.2 84 1.8 83.1 84.4 90.2  71.5 4.5 63.5 75.5 90.2 129  25.8

Table 11: Summary statistics of gravimetric water content (%) in the top 20 cm, 50 cm and 1 m of ice bearing permafrost for 15 cores
taken from University Valley. N/A values delineate core lengths that did not reach the specified depths.

Top 20 cm Top 50 cm Top 1 m

Polygon  Core ID Location Mean Median Max Min SD Mean  Median Max Min SD Mean  Median Max Min SD
P1-C1 Centre 20.8 22.6 26.9 14.5 42 30.6 30.5 443 14.5 9.7 40.1 39.2 117.6 14.5 18.1

1 P1-C2 Right shoulder 107.2 99.6 144 89.9 18.1 104.3 109.4 152.1 43.1 37.2 72.8 45.0 152.1 28 42
P1-C3 Right shoulder 66.9 61.2 121.4 23.9 48.2 115.4 119.4 175.5 23.9 43 N/A N/A N/A N/A  N/A

2 P2-C2 Dsi?fa;:;“ 23.4 173 444 154 106 N/A N/A NA NA NA NA NA NA NA NA
4 P4-C1 Centre N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
5 P5-Cl Centre 64.9 60.7 132.1 14.2 50.6 N/A N/A N/A N/A N/A N/A N/A N/A N/A  N/A
6 P6-C3 Centre 92.5 84.2 123.8 74.9 16.2 132.4 145.7 205.4 74.9 40.4 149.7 152.6 302.7 749 4438
P6-C5 Left shoulder 20.5 18.3 30.4 16.2 4.9 345 35.2 63.7 16.2 14.9 N/A N/A N/A N/A  N/A

7 P7-Cl Centre 16.6 15.7 223 12.6 2.7 N/A N/A N/A N/A N/A N/A N/A N/A N/A  N/A
P8-C3 Centre 49.5 40.1 127.3 18.3 36.2 76.9 65.2 161.1 18.3 52.5 N/A N/A N/A N/A  N/A

8 P8-C5 Right shoulder 23.8 22.6 30.7 16.7 5.4 33.2 30.7 52.9 16.7 11.2 N/A N/A N/A N/A  N/A
P8-C6 Left shoulder 20.8 22.0 25 12.8 42 N/A N/A N/A N/A N/A N/A N/A N/A N/A  N/A

9 P9-C1 Right shoulder 524.9 215.7 18814 553  689.6 N/A N/A N/A N/A N/A N/A N/A N/A N/A  N/A
P9-C2 Left shoulder N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A  N/A
10 P10-C1 Right shoulder 615.8 494.6 1173.8 421 258.4 4998 471.1 1173.8  238.1 2229 314.1 317.8 1173.8 289 256.5
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Table 12: Summary statistics of volumetric ice content (%) in the top 20 cm, 50 cm and 1 m of ice bearing permafrost for 15 cores
taken from University Valley. N/A values delineate core lengths that did not reach the specified depths.

Top 20 cm Top 50 cm Top 1 m
Polygon  Core ID Location Mean Median Max  Min SD Mean  Median ~Max  Min SD Mean  Median ~ Max  Min SD
P1-Cl Centre 38.9 37.4 60.6 33 8.4 41.4 422 60.6 33 5.9 439 44.2 60.6  32.1 6.1
1 P1-C2 Right shoulder 69.4 68.6 74 662 25 65.5 70.0 746 455 108 55 46.1 746 379 133
P1-C3 Right shoulder 50.5 50.0 63.5 384 126  60.7 61.6 709 384 8.6 N/A N/A N/A  NA NA
2 P2-C2 Efg“:‘;“ 353 34.5 456 294 5 NA NA NA NA NA NA NA  NA NA NA
4 P4-Cl1 Centre N/A N/A NA NA NA NA N/A NA NA NA NA N/A N/A  NA NA
5 P5-C1 Centre 54.8 54.3 75.5 33.8  20.7 N/A N/A N/A  NA NA N/A N/A N/A  NA NA
6 P6-C3 Centre 67.8 67.0 72.1 628 2.6 723 74.4 79.6 628 4.6 73.6 74.6 796 628 3.7
P6-C5 Left shoulder 36.5 359 403 325 26 42.3 41.8 59.5 325 6.8 N/A N/A N/A  NA NA
7 P7-Cl Centre 34.8 345 365 338 08 N/A N/A N/A NA NA NA N/A N/A  NA NA
P8-C3 Centre 45.8 43.7 654 352 103 51.9 51.6 69.2 352 125 N/A N/A N/A  NA NA
8 P8-C5 Right shoulder 37.8 37.2 42.1 34 3 41.6 41.2 48.1 34 4.5 N/A N/A N/A NA NA
P8-C6 Left shoulder 33.1 32.7 363 282 29 N/A N/A N/A NA NA NA N/A N/A  NA NA
9 P9-C1 Right shoulder 72.5 70.6 93.2 49.8 17.5 N/A N/A N/A N/A  N/A N/A N/A N/A N/A  N/A
P9-C2 Left shoulder N/A N/A N/A NA NA NA N/A N/A NA NA NA N/A N/A NA NA
10 P10-Cl Right shoulder 86.1 87.0 90.5 784 34 84.7 86.1 90.5 76.6 3.7 72 78.4 90.5 41.1 164
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4.2.11.1. Intra-polygon ice content variations

Ice-bearing permafrost cores were collected from both the centre and shoulders of three
polygons: P8 (304 m distance from glacier), P6 (545 m distance from glacier) and P1 (860 m

distance from glacier), which allowed an assessment of the minimum degree of ice content

variations within a single polygon (Figure 24).

Figure 24: Intra-polygon comparison of the A) excess ice content (%), B) gravimetric water content (%)
and C) volumetric ice content (%) in the entire cores taken from the centres and shoulders of Polygons 8§,

304 m from glacier

545 m from glacier

6 and 1 at increasing distances from University Glacier.
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In P8, the median excess ice content in the top 20 cm of ice bearing permafrost was
significantly higher in the centre (20.4 %) than in the right and left shoulders (7.8% and 0%,
respectively). However, no significant difference was found between the median GWC of the
centre (40.1 %) and right and left shoulders (22.6% and 22%, respectively) for the same depth
interval. In the uppermost 50 cm of ice-bearing permafrost, the median excess ice content and
GWC were significantly higher in the centre (34% and 65%, respectively) than in the right
shoulder (9.8% and 30%, respectively) of the polygon (Tables 13 and 14).

In P6, the median excess ice content in the top 20 cm of ice-bearing permafrost was
statistically similar between the centre (4.6%) and left shoulder (3.6%); however the GWC was
significantly higher in the centre (92.5%) than in the shoulder (20.5%). A similar observation
was made in the uppermost 50 cm, where the median excess ice content was not statistically
different between the centre (27.7%) and shoulder (11.4%), whereas the GWC was significantly
higher in the centre (145.7%) compared to the shoulder (35.2%) (Tables 13 and 14).

In P1, the median excess ice content in the top 20 cm was significantly lower in the centre
(7.1%) compared to the right shoulder (30.6%); no statistical difference was found between the
left shoulder (13.7%) and the centre. Conversely, the median GWC was significantly lower in
the centre (20.8%) compared to the right and left shoulders (61.2% and 99.6%, respectively). In
the uppermost 50 cm, the median excess ice content was significantly lower in the centre
(13.8%) compared to the right and left shoulders (48.9% and 22.6%, respectively). The same
observation is made for the median GWC, where the median GWC in the centre was 30.5% and
119.4% and 109.4% in the right and left shoulders, respectively. The Mann-Whitney U test
between median ice contents in the uppermost 1 m of ice-bearing permafrost could only be
performed on P1 as the P6 and P8 cores did not reach the specified depth. The difference in
median excess ice content between the centre (18.4%, P1-C1) and shoulder (20.8%, P1-C2) was
not significant over this depth; however, a significant difference was shown between both
median GWC (Tables 13, 14 and 15).

Overall, the median ice content was higher in the centre than in the shoulders in Polygons 6
and 8. The results for P1, however, show that median ice content was higher in the shoulders of
the polygon than in the centre. When the ground ice content data for the three polygons are
averaged together, the median excess ice content, GWC and VIC are significantly higher in the

centres relative to the shoulders of the polygons (Figures 25A, B and C; Appendix 4G).
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Table 13: Mann-Whitney U test comparison of the median excess ice content and gravimetric
water content in the top 20 cm of ice bearing permafrost in 13 cores taken from University
Valley. Only results indicative of a statistically significant (p-value = < 0.05) W statistic value
are presented. A statistically significant result allows the rejection of the null hypothesis that the
medians of variable x and variable y are equal. Cores P4-C1 and P9-C2 were not included as
they measured less than 20 cm in length.

Excess ice content

P1-C1 PI-C2  P1-C3 P2-C2  P5-Cl P6-C3 P6-C5 P7-Cl1  P8-C3 P8-C5 P8-C6 P9-C1 PI10-Cl

PI-Cl - 11 - 72 - - - - - - 81 0 0
P1-C2 11 - - 80 - 78 76 89 - 92 90 2 0
P1-C3 - - - 32 - - 29 35 - - 36 0
P2-C2 7 80 32 - 4 0 4 0 0 0 N/A 0 0
P5-Cl - - - 4 - - - - - 68 0
P6-C3 - 78 - 0 - - - - 20 - 90 90 0
P6-C5 - 76 29 4 - - - - 10 - 68 0 0
P7-Cl - 89 35 0 - - - - 7 14 81 0 0
P8-C3 - - - 0 - 20 10 7 - - 81 9 0
P8-C5 - 92 - 0 - - - 14 - 90 0 0
P8-C6 81 90 36 N/A 68 90 68 81 81 920 - 0 0
P9-Cl 0 2 - 0 - 90 0 0 9 0 0 -
P10-C1 0 0 0 0 0 0 0 0 0 0 0

Gravimetric water content
P1-C1 PI-C2 PI1-C3 P2-C2 P5-Cl P6-C3 P6-C5 P7-Cl P8C3 P8-C5 P8C6 P9-Cl P10-Cl

P1-C1 - 0 2 - 0 - 65.5 - - - 0 0
P1-C2 0 -- -- 80 -- 71 80 90 82 100 90 0
P1-C3 2 - - - - - 29 36 - - 35 - 0
P2-C2 -- 80 -- -- -- 0 -- -- 13 -- -- 0 0
P5-C1 -- -- -- -- -- -- -- 60 -- -- -- 13 0
P6-C3 0 71 -- 0 -- -- 80 90 79 100 90 0
P6-C5 - 80 29 - - 80 - 13 115 - - 0 0
P7-Cl1 65.5 90 36 -- 60 90 13 -- 3.5 8.5 -- 0 0
P8-C3 - 82 - 13 - 79 115 3.5 - - - 8 0
P8-C5 -- 100 -- -- -- 100 -- 8.5 -- -- -- 0 0
P8-C6 - 90 35 - - 920 - - - - - 0 0
P9-C1 0 -- - 0 13 - 0 0 8 0 0 20
P10-C1 0 0 0 0 0 0 0 0 0 0 0 20
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Table 14: Mann-Whitney U test comparison of the median excess ice content and gravimetric
water content in the top 50 cm of ice bearing permafrost in eight cores taken from University
Valley. Only results indicative of a statistically significant (p-value = < 0.05) W statistic value
are presented. A statistically significant result allows the rejection of the null hypothesis that the
medians of variable x and variable y are equal. A N/A value appears where cores were less than

50 cm in length.

Excess ice content

P1-Cl P1-C2 P1-C3 P2-C2 P5-Cl P6-C3 P6-C5 P7-Cl P8-C3 P8-C5 P8-C6 P9-C1 P10-Cl
P1-Cl1 - 100 30 N/A N/A 150 - N/A 112 -- N/A N/A (1}
P1-C2 100 - 43 N/A N/A - 347 N/A - 426 N/A N/A 0
P1-C3 30 43 -- N/A N/A 394 337 N/A -- 363 N/A N/A (1}
P2-C2 N/A N/A N/A -- N/A N/A N/A N/A N/A N/A N/A N/A N/A
P5-C1 N/A N/A N/A N/A -- N/A N/A N/A N/A N/A N/A N/A N/A
P6-C3 150 - 394 N/A N/A - 3125 N/A - 363 N/A N/A 0
P6-C5 - 347 337 N/A N/A 312.5 -- N/A 91.5 - N/A N/A 0
P7-Cl1 N/A N/A N/A N/A N/A N/A N/A -- N/A N/A N/A N/A N/A
P8-C3 112 - -- N/A N/A -- 91.5 N/A -- 368.5 N/A N/A 0
P8-C5 - 426 363 N/A N/A 363 -- N/A 368.5 - N/A N/A (1}
P8-C6 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A - N/A N/A
P9-C1 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A - N/A
P10-C1 0 0 0 N/A N/A 0 0 N/A 0 0 N/A N/A -
Gravimetric water content
P1-Cl P1-C2 P1-C3 P2-C2 P5-Cl P6-C3 P6-C5 P7-Cl P8-C3 P8-C5 P8-C6 P9-C1 P10-Cl
P1-C1 - 3 26 N/A N/A 0 -- N/A 114.5 -- N/A N/A (1}
P1-C2 3 - -- N/A N/A 0 414 N/A - 507 N/A N/A 0
P1-C3 26 - -- N/A N/A -- 336 N/A 281 403 N/A N/A (1}
P2-C2 N/A N/A N/A -- N/A N/A N/A N/A N/A N/A N/A N/A N/A
P5-Cl1 N/A N/A N/A N/A -- N/A N/A N/A N/A N/A N/A N/A N/A
P6-C3 0 0 -- N/A N/A -- 437 N/A 389 529 N/A N/A 0
P6-C5 - 414 336 N/A N/A 437 -- N/A 295.5 -- N/A N/A (1}
P7-Cl N/A N/A N/A N/A N/A N/A N/A -- N/A N/A N/A N/A N/A
P8-C3 114.5 - 281 N/A N/A 389 295.5 N/A -- 347.5 N/A N/A (1}
P8-C5 - 507 403 N/A N/A 529 -- N/A 347.5 - N/A N/A 0
P8-C6 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A - N/A N/A
P9-C1 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A - N/A
P10-Cl 0 0 0 N/A N/A 0 0 N/A 0 0 N/A N/A -
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Table 15: Mann-Whitney U test comparison of median excess ice content and gravimetric water
content in the top 1 m of ice bearing permafrost in four cores taken from University Valley. Only
results indicative of a statistically significant (p-value = < 0.05) W statistic value are presented. A
statistically significant result allows the rejection of the null hypothesis that the medians of
variable x and variable y are equal. A N/A value appears where cores were less than 1 m in
length.

Excess ice content
PI-Cl1 PI-C2 PI-C3 P2-C2 P5-Cl P6-C3 P6-C5 P7-Cl P8-C3 P8-C5 P8-C6 P9-Cl1 P10-Cl

P1-Cl - -- N/A N/A N/A 437 N/A N/A N/A N/A N/A N/A 153
P1-C2 - -- N/A N/A N/A 500 N/A N/A N/A N/A N/A N/A 191
P1-C3 N/A N/A -- N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
P2-C2 N/A N/A N/A - N/A N/A N/A N/A N/A N/A N/A N/A N/A
P5-Cl N/A N/A N/A N/A - N/A N/A N/A N/A N/A N/A N/A N/A
P6-C3 437 500 N/A N/A N/A -- N/A N/A N/A N/A N/A N/A 331
P6-C5 N/A N/A N/A N/A N/A N/A -- N/A N/A N/A N/A N/A N/A
P7-Cl N/A N/A N/A N/A N/A N/A N/A - N/A N/A N/A N/A N/A
P8-C3 N/A N/A N/A N/A N/A N/A N/A N/A -- N/A N/A N/A N/A
P8-C5 N/A N/A N/A N/A N/A N/A N/A N/A N/A -- N/A N/A N/A
P8-C6 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A - N/A N/A
P9-C1 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A -- N/A
P10-C1 153 191 N/A N/A N/A 331 N/A N/A N/A N/A N/A N/A --

Gravimetric water content

P1-C1 PI1-C2 PI1-C3 P2-C2 P5-Cl1 P6-C3 P6-C5 P7-Cl1 P8-C3 P8-C5 P8-C6 P9-ClI P10-Cl

P1-C1 - 527 N/A N/A N/A 9 N/A N/A N/A N/A N/A N/A 173.5
P1-C2 527 - N/A N/A N/A 173.5 N/A N/A N/A N/A N/A N/A 365
P1-C3 N/A N/A - N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A

P2-C2 N/A N/A N/A -- N/A N/A N/A N/A N/A N/A N/A N/A N/A
P5-C1 N/A N/A N/A N/A -- N/A N/A N/A N/A N/A N/A N/A N/A
P6-C3 9 191 N/A N/A - N/A N/A N/A N/A N/A 664
P6-C5 N/A N/A N/A N/A N/A N/A -- N/A N/A N/A N/A N/A N/A
P7-Cl N/A N/A N/A N/A N/A N/A N/A -- N/A N/A N/A N/A N/A
P8-C3 N/A N/A N/A N/A N/A N/A N/A N/A - N/A N/A N/A N/A
P8-C5 N/A N/A N/A N/A N/A N/A N/A N/A N/A -- N/A N/A N/A
P8-C6 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A -- N/A N/A
P9-C1 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A -- N/A

P10-C1 173.5 365 N/A N/A N/A 664 N/A N/A N/A N/A N/A N/A --
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Figure 25: Boxplots illustrating the difference in median A) excess ice content (%), B) gravimetric
water content (%) and C) volumetric ice content in the entire cores taken from the centres and
shoulders of Polygons 1, 6 and 8.

4.2.11.2. Ground ice content variation in University Valley

The 15 cores obtained from University Valley allow the assessment of ice content at
increasing distances from University Glacier. In upper University Valley, the centre of P8
showed a near-surface ice-rich layer at ca. 5 to 10 cm depth (excess ice and GWC reaching 50
and 100%, respectively); however, this ice-rich layer was not observed in the shoulders of the
same polygons. Below 20 cm depth, excess ice and GWC in the centre and shoulders of the
upper University Valley polygon predominantly increased with depth, reaching a plateau in ice
content below ca. 70 cm. In central University Valley, a near-surface ice-rich layer was not
observed in the centre of polygons (P1 and P6). However, as with the polygons in upper
University Valley, the ground ice content in the centre and shoulders of the polygons mainly
increased with depth (e.g. Tables 16 and 17) to reach a plateau below ca. 70 cm depth. The
polygons in lower University Valley, which were sampled only on their shoulders as the ice table
was too deep in their centres, had the highest ground ice contents. An ice-rich zone was apparent
in the uppermost ca. 40 to 80 cm of the lower valley cores (excess ice and GWC reaching values
> 85 and 725%, respectively) that was not observed in the polygons in upper and central

University Valley. Below this ice-rich zone, ground ice content significantly decreased with
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depth (e.g. Tables 16 and 17) to reach values observed in the polygons from the upper and
central portions of the valley (Figure 26).

Table 16: Results of the signal to noise variance ratio test between depth (cm) and excess ice
content (%) for the 15 individual cores taken from University Valley. Statistically significant
ratios are represented by bolded characters.

Signal to Cross-correlation
Core ID noise ratio Noise coefficent (multiple r) p-value
P1-Cl 1.74 0.36 0.64 0.000
P1-C2 3.94 0.20 -0.80 0.000
P1-C3 2.41 0.29 0.71 0.000
P2-C2 1.14 0.47 -0.53 0.091
P4-C1 0.59 0.63 0.37 0.413
P5-Cl 2.72 0.27 0.73 0.025
P6-C3 0.74 0.57 0.43 0.003
P6-C5 1.80 0.36 0.64 0.000
P7-Cl 1.99 0.33 0.67 0.026
P8-C3 0.89 0.53 0.47 0.013
P8-C5 1.29 0.44 0.56 0.001
P8-C6 0.40 0.71 0.29 0.264
P9-Cl1 2.36 0.30 -0.70 0.035
P9-C2 11.00 0.08 -0.92 0.083
P10-Cl 3.99 0.20 -0.80 0.000

Table 17: Results of the signal to noise variance ratio test between depth (cm) and gravimetric
water content (%) for the 15 individual cores taken from University Valley. Statistically
significant ratios are represented by bolded characters.

Signal to Cross-correlation
Core ID noise ratio Noise coefficient (multiple r) p-value
P1-Cl 2.16 0.32 0.68 0.000
P1-C2 0.17 0.85 -0.15 0.332
P1-C3 1.91 0.34 0.66 0.001
P2-C2 1.00 0.50 0.50 0.117
P4-Cl 221 0.31 0.69 0.087
P5-Cl 2.03 0.33 0.67 0.049
P6-C3 1.20 0.45 0.55 0.000
P6-C5 1.64 0.38 0.62 0.001
P7-Cl 0.88 0.53 0.47 0.146
P8-C3 1.02 0.49 0.51 0.007
P8-C5 091 0.52 0.48 0.004
P8-Co 2.63 0.28 0.72 0.001
P9-C1 25.34 0.04 -0.96 0.000
P9-C2 11.85 0.08 -0.92 0.078
P10-Cl 9.15 0.10 -0.90 0.000
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Figure 26: Distribution of excess ice content (%) (A, B, C, D, E), gravimetric water content (%) (F, G, H,
I, J) and volumetric ice content (%) (K, L, M, N, O) in the shoulders (left) and centres (right) of up, mid
and down-valley polygons in University Valley.
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Figure 27 compares the median ice content for the top 20 cm of ice bearing permafrost in the
centres and shoulders of the investigated polygons arranged at increasing distance from
University Glacier. The median excess ice content and GWC in the top 20 cm of ice bearing
permafrost in the centres of the seven polygons ranged from 3.4 to 37% and 16 and 104%,
respectively. The median excess ice content and GWC in the top 20 cm of ice bearing permafrost
in the shoulders of the eight polygons ranged from 0 to 85% and 22 to 495%, respectively. The
median GWC, VIC and excess ice content in the shoulders of the polygons significantly
increased down valley; but no significant trend was apparent in the centre cores along a down-
valley transect (Table 18).

Figure 28 compares the median ice content in the entire cores taken from the centres and
shoulders of the investigated polygons arranged in increasing distance from University Glacier.
The median excess ice content and GWC in the centres of the eight polygons ranged from 3.4 to
35.1% and from 16.7 to 152.8%, respectively. However, linear regression analysis indicated that
the visible decreasing trend in excess ice content and GWC (Figure 28) in the centres of the
polygons with increasing distance from University Glacier was not statistically significant.
Conversely, the median excess ice content and VIC in the shoulders of the polygons significantly
increased down-valley (Table 19). For example, the median excess ice content in the polygons
situated in lower University Valley was > 60%; whereas, the polygons located in the upper and

central portions of the valley had <40% excess ice.
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Figure 27: Boxplot illustrating the median excess ice content (EI, %) in the A) shoulders and B) centres of
polygons in University Valley; boxplot illustrating median gravimetric water content (GWC, %) in the C)
shoulders and D) centres of polygons in University Valley; boxplot illustrating the median volumetric ice
content (VIC, %) in the E) shoulders and F) centres of polygons in University Valley in the top 20 cm of
the permafrost cores arranged at increasing distance from University Glacier. Distances are measured from
the “Glacier core” point indicated in Figure 7.
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Table 18: Regression coefficients between the down-valley distance from University Glacier and
median excess ice content (EI content), gravimetric water content (GWC) and volumetric ice
content (VIC) in the top 20 cm of ice-bearing permafrost in the centres and shoulders of
polygons in University Valley. Values significant at a 95 per cent level are bolded.

Shoulders

Slope Intercept r p
EI content 17.8516 387.8144 0.9191 0.0006
GWC 3.0693 495.508 0.7688 0.0095
VIC 26.6247 -547.043 0.8453 0.0034
Centres

Slope Intercept r p
EI content 5.327807 530.7498 0.0951 0.6135
GWC 2.1042 496.2804 0.1080 0.5898
VIC 1.3892 542.4315 0.0056 0.9051
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Figure 28: Boxplot illustrating the median excess ice content (EI, %) in the A) shoulders and B) centres of
polygons in University Valley; boxplot illustrating median gravimetric water content (GWC, %) in the C)
shoulders and D) centres of polygons in University Valley; boxplot illustrating median volumetric ice
content (VIC, %) in the E) shoulders and F) centres of polygons in University Valley for the entire
permafrost cores arranged at increasing distance from University Glacier. Distances are measured from
the “Glacier core” point indicated in Figure 7.
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Table 19: Regression coefficients between the down-valley distance from University Glacier and
median excess ice content (EI content), gravimetric water content (GWC) and volumetric ice
content (VIC) in the entire ice-bearing permafrost cores in the centres and shoulders of polygons
in University Valley. Values significant at a 95 per cent level are bolded.

Shoulders

Slope Intercept r P
EI content 0.0355 -1.6217 0.6071 0.0227
GWC 0.1305 -19.3631 0.4646 0.0626
VIC 0.0199 34.0804 0.5664 0.0312
Centres

Slope Intercept r P
EI content -0.0193 32.5533 0.1599 0.4321
GWC -0.0530 95.7349 0.0812 0.5840
VIC -0.0147 58.7443 0.0749 0.5999

4.3. Identification of cryostructures and derived volumetric ice content
(CTVIC) through computed tomodensitometric scanning

4.3.1. Identification of cryostructures

Based on the stack of binary images of the CT-scans (e.g. Figure 29; Figure 30),
structureless, suspended and crustal cryostructures were identified for six cores (P§-C3, P8-C6,
P7-C1, P6-C5, P1-C1 and P2-C2) in University Valley. The cryostructures were predominantly
composite in nature as different types were observed at the same depth. For example, a
structureless cryostructure was often observed alongside suspended and crustal cryostructures. A
structureless cryostructure was observed at all depths for the imaged core sections however,
suspended and crustal cryostructures were not as frequently observed. Reticulate, layered and
lenticular cryostructures were not observed in the cores. A full table of the depths at which each
cryostructure was observed, as per Murton and French (1994), is provided in Appendix 6.

Structureless, crustal and suspended cryostructures were observed within the P8-C3 core
section (44 cm segment; 2 to 47 cm depth) (Figure 31A). A crustal cryostructure was identified
throughout the core except at 28 cm, 34 cm and 43 cm depths. Suspended cryostructures were
more frequently observed in the uppermost section (up to 25 cm depth) of the core, with the
exception of the 3 cm, 22 cm and 25 cm depths. Below 25 cm, a suspended cryostructure was

observed less regularly, and only identified at 28 cm, 29 cm and 38 cm depths. An imaging error
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occurred between 6 cm and 7 cm depth which may have resulted in an error in the identification
of observed cryostructures at these depths.

In contrast to the five other cores, suspended cryostructures were not observed in the P§-C6
core (38 cm segment; 2 to 40 cm depth) (Figure 31B). However, a structureless cryostructure
was present throughout the core. Crustal cryostructures were identified in the uppermost 13 cm
of the core except at 3 cm depth. The abundance of the crustal cryostructure decreased with
depth and was only observed at 16 cm, 23 cm and 35 cm depth.

The P7-C1 core (21 cm segment; 22 to 43 cm depth) contained crustal, suspended and
structureless cryostructures (Figure 31C). The structureless cryostructure present throughout the
core. Compared to P6-C5, P2-C2 and P1-C1, the P7-C1 core had the least number of observed
suspended cryostructures as only one was observed at 34 cm depth. Crustal cryostructures,
however, were observed throughout the core except at 26 cm, 27 cm and 43 cm depths. The ice
rim did not fully surround the pebble/aggregate at all the depths where a crustal cryostructure
was observed.

The P6-C5 core (64 cm segment; 20 to 84 cm depth; e.g. Figure 30) contained suspended,
structureless and crustal cryostructures (Figure 31D). Structureless cryostructures were present
throughout the core. A crustal cryostructure was observed at most depths in the uppermost (21 to
28 cm and 31 to 44 cm depths) and lowermost (65 cm and 70 to 84 cm depths) parts of the core.
The middle sections of the core showed crustal cryostructures at specific depths (47 to 50 cm and
52 cm depths). Suspended cryostructures were observed at all depths with the exception of 29 to
32 cm, where neither crustal nor suspended cryostructures were observed. The distribution of
suspended cryostructures in P6-C5 became denser with depth. Furthermore, the observed
thickness and frequency of ice within the cryostructures appeared greater in P6-C5 than in P1-C1
and P2-C2.

The P1-C1 core segment (62 cm segment; 30 to 92 cm depth) contained structureless,
suspended and crustal cryostructures (Figure 31E). Structureless cryostructures were observed
throughout the core segment. Suspended cryostructures were absent from the near surface (ca. 0
to 20 cm depth) but present at multiple depths in the middle section of the core (ca. 52 to 55 cm,
58 to 64 cm, 67 to 69 cm; 71 cm and 73 cm depths). Suspended cryostructures were observed
throughout the lower section of the core (75 to 92 cm depth) with the thickness of the

cryostructure generally increasing with depth. Crustal cryostructures were observed at two
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depths in the near surface (32 cm and 49 cm); however, the ice rim did not entirely surround the
clast at 32 cm depth. Crustal cryostructures were present in the middle section of the core
segment, although observed less frequently than the suspended cryostructure (ca. 53 cm, 54 cm,
57 cm, 70 cm and 71 cm depths), and absent from the end of the core segment (72 to 92 cm
depth).

The P2-C2 core (28 cm segment; 20 to 48 cm depth) also contained crustal, suspended and
structureless cyrostructures (Figure 31F). Structureless cryostructures were present throughout
the core. A suspended cryostructure was only observed at 31 and 32 cm depth and both were
thinner than those observed in the P1-C1 core. A crustal cryostructure was observed in the upper
sections of the core (ca. 21 cm, 24 cm, 27 cm, 28 cm, 31 cm, 32 cm and 34 cm depths). Although
neither a crustal nor a suspended cryostructure was observed between 15 and 23 cm depth,
crustal cryostructures were observed in the lower sections of the core (44 to 46 cm depth). Many

of the observed ice rims did not fully surround their pebbles/clasts.
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Left core
White to light grey = sediment
Dark grey = ice

Right core (-250 to 750 HU)
Black =ice

Figure 29: Montage of sample binary image slices for cores P1-C1, P6-C5, P8-C3, P§-C6 and P7-
C1 illustrating crustal, suspended and structureless cryostructures.
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Figure 30: Montage of processed CT scan images of the 45 to 70 cm depth section of core P6-C5. A)
3D view projection of core section, B) Orthogonal reconstruction view of core section, C) contrast
enhanced view of slice XZ322 on z axis, D) threshold for ice applied to slice XZ322 on z axis. The
darker tones in each image are representative of ice in the core section.
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4.3.2. Derived volumetric ice contents (CTVIC) results from the binary CT-scan
images

The volumetric ice content values derived from the stack of binary images for each CT
scanned core (CTVIC) were plotted alongside the measured excess ice and volumetric ice
contents for the associated core (Figure 32). Figure 32 illustrates that CTVIC largely
underestimated the measured VIC values and more closely followed the distribution of excess
ice with depth. CTVIC values were removed for depths associated with breaks in the core or
where the core did not properly fit within the region of interest as they resulted in a large under
or over-representation of pixels associated with ice. Core P8-C3 (Figure 32A) illustrates that the
concentration pattern of CTVIC with depth for this core followed closely that of excess ice.
CTVIC values and excess ice content for core P6-C5 (Figure 32D) also followed similar
concentration patterns with depth; however, CTVIC values were slightly higher than those of
excess ice throughout the majority of the core. In both the P8-C6 and P2-C2 cores (Figures 32B
and 32F, respectively), CTVIC values were higher and illustrated more pronounced variations
than excess ice where excess ice content values were 0%. However, the two variables showed
similar distributions with depth as excess ice became present in the core. Cores P7-C1 and P1-C1
(Figures 32C and 32E, respectively) both illustrate similar concentration patterns between
CTVIC and excess ice with depth, albeit CTVIC values both slightly over and underrepresent
excess ice content at specific depths.

Figure 33 illustrates the relation between the CTVIC values averaged over the same depth
interval as the measured volumetric ice and excess ice contents of the samples from the cores.
The CTVIC and volumetric ice and excess ice content values can be fitted to linear regressions

(y=0.4271x + 35.264, = 0.64,n=92; y=0.6777x + 2.6059, = 0.69, n =92, respectively).
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Figure 32: Measured excess ice content (EI; %), measured volumetric ice content (VIC; %) and
volumetric ice contents derived from CT scan image analysis (CTVIC; %) for the A) P8-C3 (centre of
P8), B) P8-C6 (left shoulder of P8), C) P7-C1 (centre of P7), D) P6-C5 (left shoulder of P6), E) P1-C1
(centre of P1) and F) P2-C2 (deflation surface of P2) cores in University Valley.
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Figure 33: Graph illustrating the CTVIC (%) values averaged over the same depth interval as (A)
the measured volumetric ice content (%) and (B) the measured excess ice content (%) for the
polygon centre cores (P1-C1, P7-C1 and P8-C3) and shoulder cores (P6-C5, P§-C6).
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5. Discussion

5.1. Digital processing and analyses of permafrost core CT-scans to derive ice
content and cryostructures

5.1.1. Deriving ice contents from binary CT-scanned images

CT-scanned image analyses of ice-bearing permafrost have previously been used to extract
and quantify VIC (CTVIC) in permafrost in palsas in northern Quebec and the Klondike region
in the Yukon (e.g. Calmels and Allard, 2004; Calmels and Froese, 2009; Calmels et al., 2010). In
the six scanned cores from University Valley, the CTVIC and measured excess ice content
showed a statistically significant positive linear relation (1 = 0.69; p < 0.02) (Figure 33).
Conversely, CTVIC was much lower than the measured VIC (not shown). The detection of
permafrost components (i.e. ground ice, sediments, gas inclusions) in CT-scanned images is
limited to components that are greater than the pixel resolution of the image (0.4 mm) (e.g.
Calmels and Allard, 2004). Since the average porosity of the medium sand in University Valley
is ca. 0.42 £ 0.9 (Lacelle et al., 2013), the pore space of the sediments is similar to the pixel
resolution and the material found within the pore space cannot be spatially resolved by the CT-
scanned image. As such, CTVIC in ice-bearing permafrost provides a valuable high-resolution
approximation of the presence, distribution and abundance of excess ice in the mineral soils in

University Valley, and other regions in the MDV (e.g. Figure 32).

5.1.2. Cryostructures in a cold and hyper-arid environment

Three types of cryostructures were observed in the ice-bearing permafrost in the six polygons
in University Valley as per Murton and French (1994): structureless, suspended and crustal. The
application of Murton and French’s (1994) cryostructural classification scheme was appropriate
in a hyper-arid environment. However, the differentiation between a structureless and suspended
cryostructure was somewhat ambiguous at certain investigated depths. The difficulty of
differentiating between the two cryostructures was a result of the presence of ice in the binary
image larger than the surrounding pore ice (structureless cryostructure) without evidence of
suspended aggregates (e.g. Figure 34). In these circumstances, the lack of suspended aggregates
resulted in the classification of a structureless cryostructure. The inclusion of an additional
cryostructure to address the distinction between the two sizes of pore ice may be of use in future

cryostratigraphic analyses in the MDV. Kanevskiy et al. (2011; 2013; 2014) included the
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porphyritic (porous visible) cryostructure in their cryostratigraphic analyses in an Itkillik River
exposure in northern Alaska and the Beaufort Sea Coast of Alaska. The porphyritic cryostructure
is applied to random inclusions of visible ice that fill large pores, commonly observed in sandy
soils, and sometimes accompanied by a structureless cryostructure. The CT scanned cores
included multiple examples of cryostructures that could be defined as porphyritic (e.g. Figures
29, 30, 34). As such, porphyritic cryostructures should be considered in future studies in the
MDYV representing ice occupying larger pore spaces, visible to the naked eye and lacking
observable suspended aggregates.

Previous Arctic studies by Murton and French (1994) and French and Shur (2010) have
indicated that the crustal, structureless and suspended cryostructures form during the freezing of
liquid water. For example, it has been suggested that structureless cryostructures form from the
freezing of pore water in sands and gravels. The formation of suspended cryostructures remains
elusive as the mechanism(s) by which soil aggregates are suspended during ice segregation or
injection is(are) unclear. However, a suspended cryostructure can also be present in debris-rich
basal glacier ice. The crustal cryostructure is a result of ice segregation around frost-susceptible
clasts and is typically observed just below the permafrost table (French and Shur, 2010).

Polygon 8 is situated in the PCZ characterized by air and ground surface temperatures
always below 0°C. Lapalme ef al. (2015) found that the 8D-8'%0 for P8-C3 was distributed along
a regression slope resembling, but shifted lower than, the local meteoric line as a result of low D-
excess. This distribution has previously been attributed to vapour deposition into the soil (Lacelle
et al., 2013; Fisher and Lacelle, 2014). Consequently, the structureless cryostructure in P8-C3
likely originated from water vapour diffusion and deposition in the pore spaces of the soil.
Additionally, the continual diurnal and annual ground temperature cycles of the cryotic soils may
result in fractures and cracks. These cracks could fill with ice formed from water vapour
deposition, enriching the soil with ice contents above pore-filling capacity. The combination of
vapour diffusion and deposition in the pore space and larger thermal cracks and fractures may
therefore have caused the suspended and crustal cryostructures observed in the cores. The
presence of liquid water is possible in both the transition zone and NCZ (Lacelle ef al., 2015);
therefore cryostructures in these zones could form through the infiltration of liquid water, water
vapour diffusion and deposition or a combination of both processes. Therefore, as the ground ice

in cryostructures in University Valley can form either vapour diffusion or liquid water, care
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should be taken when inferring the process responsible for the formation of cryostructures in a
cold and hyper-arid environment when drawing on studies based in most Arctic regions (e.g.
Murton and French, 1994; French and Shur, 2010).

A crustal cryostructure, the least frequently observed in the Arctic (e.g. French and Shur,
2010), was the 2" most commonly observed cryostructure in the CT scanned cores, being
present in more than 50% of the investigated depths (131/256 investigated centimeters;
Appendix 6). This suggests that at sites composed of coarser grained material, where water
vapour diffusion and deposition can be responsible for the formation of ground ice, crustal
cryostructures may be more commonly encountered. A study from the Beaufort Sea coast of
Alaska (Kanevskiy et al., 2013) observed crustal cryostructures to be commonly associated with
structureless cryostructures in soil textures predominantly of gravelly sand. The presence of
structureless cryostructures in conjunction with crustal cryostructures suggests a transition from
the crustal cryostructure to a suspended cryostructure. This observation is similar to those made
in University Valley as a structureless cryostructure was present at all depths where a crustal

cryostructure was observed.
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Figure 34: Left: Binary image slice (XZ232) of the full P8-C3 core showing composite cryostructures
including porphyritic, crustal, suspended and structureless types. Right: Binary image slice (XZ257) of a

section of the P1-Cl1 core (21-34 cm depth) illustrating composite porphyritic and structureless
cryostructures.
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5.2. Relation between gravimetric water content and soil texture

Regression analysis between GWC and fines, sand and gravel soil fractions yielded low r-
squared values (0.026, 0.029 and 0.032, respectively), none of which were statistically
significant (p-values = > 0.05; Figure 35). These results suggest that soil texture does not greatly
influence the variability in GWC in University Valley. This conclusion contrasts with studies
from western Arctic, Canada, where, for example, Kokelj and Burn (2005) documented an
inverse association of sand content and the ice content of near-surface permafrost. O’Neil and
Burn (2012) recorded a visible, albeit not statistically significant, relationship between soil
texture and ice enrichment as excess ice content in near surface (50 cm) permafrost generally
increased with increasing fine grain content.

In University Valley, a relation between GWC and excess ice content for the sandy soils
was observed (r* = 0.79, p-value = < 0.05). However, further examination of the linear fit
between the two variables suggested that the residuals were not normally distributed. As such,
the significance of this relationship could not be tested despite the low p-value. Comparatively,
Kokelj and Burn (2005) documented a statistically significant relation between excess ice
content and GWC in silty loam sediments in northwestern Arctic Canada. Conversely, Morse et
al. (2009) suggested that the GWC and excess ice are only strongly correlated in soils with
organic matter content < 10%. Figure 36 compares the GWC and excess ice content from
mineral soils in University Valley and the Kokelj and Burn (2005) study. The two datasets plot
along different slopes and y-axis intercept values. The data points for University Valley reach a
plateau near the maximum 100% excess ice threshold with increasing GWC; an observation that
may account for the lower r* value for the University Valley data than for those from Arctic
Canada. The different y-intercept values could suggest that the relation between excess ice
content and GWC may be dependent on sediment type: medium sand for University Valley and

silty loam for the Navy Road region in Arctic Canada.
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Figure 35: Comparison of gravimetric water content (%) with fine grain (left), sand (centre) and gravel
(right) content (%) of permafrost samples taken from University Valley.
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Figure 36: The logarithm of gravimetric water content compared to excess ice content for the
predominantly sandy permafrost soil samples taken from University Valley. The dashed red line
represents the slope of the regression analysis from Kokelj and Burn (2005) where the relation between
log gravimetric water content and excess ice content was described by the equation y = 78.3x — 126.4.
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5.3. Factors influencing ground ice variability in University Valley

Ground ice content diverged within an individual permafrost core, between the centre and
shoulders of P1 (9 x 20 m), P6 (11 x 21 m) and P8 (13 x 8 m) and along University Valley.
These results illustrate that ice content is variable throughout the valley, over a short horizontal
distance, within and individual polygon and with depth. The GWC values of the cores taken
from University Valley were generally greater than the few previously documented by Levy et
al. (2008) for Upper Wright Valley situated in the IMZ and CTZ (2.4 — 4.7%, 8.9%, 10.4% and
13.2%). Further, the abundance of excess ice in the University Valley cores was greater than the
map of permafrost distribution in the MDYV suggests (Bockheim et al., 2007; Figure 3, p.11).

A near-surface ground ice map of VIC was created for the top 20 cm and 50 cm of ice-
bearing permafrost in University Valley using the core results and the Kriging function in Spatial
Analyst in ArcGIS10 (Figure 37). The map shows that the top 20 cm and 50 cm of ice-bearing
permafrost in University Valley contain high amounts of ground ice (ca. 41% to 90%) and
suggests increasing VIC with distance from University Glacier.

The difference in ground ice content between the University Valley cores could be attributed
to the distinct ground surface temperature and RH conditions in the valley. The former is
illustrated in Figure 7 (p.15), where two zones with differing ground surface temperatures are
defined: 1) the perennially cryotic zone and ii) the seasonally non-cryotic zone (Lacelle ef al.,
2015). The latter is illustrated through the down-valley decrease in mean annual ground surface
relative humidity (MAGSRH) in the centre of polygons in University Valley. MAGSRH
decreases from 100%;.. (expressed as saturated vapour pressure over ice) in the upper portion of
the valley, where a thin perennial snow cover is present, to 87%;c. in the central portion of the
valley (Fisher et al., in review). The high ground surface relative humidity (GSRH) values are
notable as previous studies have used much lower RH values (measured above the ground
surface) to model ice growth rates by vapour diffusion (e.g. Hindmarsh et al., 1998, McKay et
al., 1998, Hagedorn et al., 2007; Kowalewski et al., 2011; Lui et al., 2015).
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Figure 37: Volumetric ice content (%) in the top 20 cm (left) and 50 cm (right) of ice bearing
permafrost in University Valley. The base map was generated using a LIDAR digital elevation model
and a 15 m resolution ASTER digital elevation model (http://asterweb.jpl.nasa.gov/data.asp).

5.3.1. Ground ice variability in the seasonally non-cryotic zone (NCZ)

The lower portions of University Valley are mainly located in the NCZ while the areas in the
south-east portion of the valley, in closer proximity to University Glacier, are generally located
in the PCZ (Figure 7, p.15). Although snow overlies the ground surface near University Glacier,
it only occupies the trough of polygons in middle and lower University Valley (e.g. Figure 11,
p.36). Additionally, thaw degree hours increased from 0 in the PCZ to 400 near the mouth of the
valley as a result of the increase in solar radiation received at the ground surface (Lacelle ef al.,
2015; Figure 7, p.15). As a result, the snow present in the troughs of the polygons (e.g. Levy et
al., 2008; Bockheim et al., 2009; Lacelle et al., 2015; Figure 11, p.36) in the NCZ could partially
melt on clear summer days when ground surface temperatures rise above 0°C. In this
hypothesis, the shoulders and other areas surrounding the trough of the polygon would become

saturated with snow melt water and increase the ice content in the underlying dry permafrost. For
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example, excavations of sand wedge polygons in Beacon Valley (a larger valley in the
Quartermain Range located adjacent to University Valley; Figure 1, p.5) found segregated ice
(primarily as ice veins but also including ice lenses) in the sand wedges of polygons. The origin
of ice in the trough was suggested to result from snow melt that had accumulated in polygon
wedges (Bockheim et al, 2009). This interpretation is reasonable since Beacon Valley
experiences ca. 30 days with mean soil surface temperatures > 0°C (TDD ca. 50; Figure 2, p.9)
and is largely situated in the NCZ (Lacelle ef al., 2015). Lacelle et al. (2015) also documented
evidence of liquid water in University Valley in field photographs showing snowmelt water
percolating into the underlying dry permafrost (Figure 38A) and frozen ponds (Figure 38B).

The significant increase in VIC, GWC and excess ice content measured in the top 20 cm of
the permafrost cores taken from the shoulders of polygons, the significant increase in VIC and
excess ice content measured in the full cores taken from the shoulders of the polygons and the
increase in VIC observed down-valley in Figure 37 are likely associated with the change in
ground surface temperature zone from the PCZ in upper University Valley to the NCZ down
valley. The cores taken from the shoulders of polygons extracted the furthest down-valley (P1-
C2, P1-C3, P9-C1, P9-C2 and P10-C1) are located in the NCZ, subjecting them to the possible
presence of liquid water and resulting in faster growth and higher contents of ground ice. As the
remaining core shoulders (P8-C6, P8-C5, P6-C5) are located in or near the PCZ, they are likely
not exposed to snowmelt and subsequently require different processes and greater time periods to

reach ice contents above pore filling capacity (e.g. Lacelle ef al., 2013).
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Figure 38: Field photographs of University Valley showing (A) snowmelt water percolating into the dry
soil layer and (B) a frozen pond at least 30 cm deep and several metres wide. Source: Lacelle et al.
(2015).

5.3.2. Ground ice variability in the perennially cryotic zone (PCZ)

Lacelle et al. (2013) and Fisher and Lacelle (2014) used the REGO model (a vapour-
diffusion and advection model) to predict ice content variation in a 1 m soil column based on soil
properties, ground surface temperature and humidity simulating conditions in the PCZ in
University Valley. The results of a model run with MAGSRH > 90%;.. showed a reasonable fit
between the modeled and measured ground ice content distributions for two cores taken from the
centres of polygons in the PCZ (Core 5 and Core 7; Figure 7, p.15). These results, coupled with
isotopic analyses of Core 5, Core 7 and P8-C3 (Figure 7, p.15), suggested that the near-surface
ground ice in these three cores was of water vapour diffusion and deposition origin (Lacelle et
al., 2013; Lapalme et al., 2015). These interpretations, coupled with the results for the remaining
cores studied in this thesis, may suggest an explanation for the lower ground ice contents
measured in the cores taken from the shoulders of the up valley polygons. The lower ground ice
content in the up valley polygons’ shoulder cores (mainly situated in the PCZ) could be due to
the vapour diffusion origin of ground ice in the PCZ compared to the potential for the ground ice
in the down valley polygons’ shoulder cores to be of liquid water origin.

An example of a ground ice profile from the REGO thermal contraction/expansion
model, using input variables similar to those measured from the PCZ in University Valley, is

shown in Figure 39 (Lacelle ef al., 2013). REGO produced a near surface ice rich layer in the
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upper most 5 — 10 cm of the ground ice depth profile when using a GSRH input fluctuating
between 80 and 95% (similar to the GSRH fluctuations in upper University Valley; Fisher ef al.,
in review). In fact, two cores taken from the centres of polygons in upper University Valley
(Core 5 (Lacelle et al., 2013) and P8-C3) showed a near-surface ice-rich zone in their ground ice
content depth profiles (Figure 39). As GSRH decreases down-valley, this could account for the

lack of a near-surface ice rich zone in the other cores taken from the PCZ (Figure 26, p.69).

(A) (B)
0] 0
10 10 4
20 - 20 4
E
= 304 304
=
o
40 ~
g 40 -
|"" 50 4
50 4 ~
=
60 «E‘ — Core 5 60 1
~ = REGO model
T T L T ?0 1 T Ll 1

40 50 60 70 80 90 100 20 30 40 50 60 70 80
Volumetric water content (%) Volumetric water content (%)

Figure 39: (A) Comparison of measured volumetric water content (%) in Core 5 (centre of polygon)
taken from University Valley to the REGO model using variables and conditions similar to those
from University Valley (source: Lacelle et al. (2013)). (B) Measured volumetric water content (%)
in core P8-C3 (centre of polygon) in University Valley

Lacelle ef al. (2013) estimated that it would require ca. 225 years to fill the pore space of
a dry soil column with ice of water vapour diffusion origin under the annual range of climate
conditions in University Valley. However, excess ice was present in all of the investigated cores
taken from the PCZ in this thesis. The ice enrichment process in University Valley has been
suggested to result from thermal waves travelling downward through the dry permafrost and
causing the thermal contraction and subsequent expansion of the ice-bearing permafrost below.

The resulting cracks would increase the pore-filling capacity of the ice-bearing soil allowing the
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growth of excess ice through vapour migration, albeit, at a slower rate of accumulation (Lacelle
et al., 2013). Evidence of cracking in the McMurdo Dry Valleys has been documented by
Lacelle et al. (2011), Fisher and Lacelle (2014) and through the analysis of the CT scanned
images (Figure 40).

Figure 40: Evidence of cracking in the McMurdo Dry Valleys. (A) Processed CT scanned image
illustrating cracks present in part of the P8-C3 University Valley core (0-46 cm core section); (B) cracks
in the ice of a frozen pond in the Dry Valleys (source: Fisher and Lacelle (2014)); (C) cracks in massive
ice in University Valley exposed under 30 cm of dry soil (source: Lacelle et al. (2011)).
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5.3.3. Intra-polygon ground ice variability

The observed variations in ground ice content between the centres and shoulders of P1, P6
and P8 may be attributed to their respective ground surface temperature zone and the processes
responsible for polygonal development. Levy et al. (2008) previously suggested that the water
found to be preferentially stored in the interior of wet-top polygons in upper Wright Valley in the
MDYV was a result of the higher fine grained fraction in the centre of the polygon. However, this
is likely not applicable for P1, P6 and P8 as the fine grain content in their respective cores was
always < 8% and no relationship was found between GWC and soil texture properties (Figure 35,
p-88).

The higher ground ice content in the cores taken from the centres of P6 and P8, located
predominantly in the PCZ, may be linked to the processes responsible for the development of the
sand-wedge polygons. The cooling of the ground surface and subsurface results in tensile
stresses that can cause cracks and fractures in ice-bearing permafrost if the stresses exceed the
tensile strength of the frozen soil (Lachenbruch, 1962; e.g. Figure 40). The resulting cracks that
open at the surface of the ground are less than a millimeter in width and fine-grained sediments
or sand from the adjacent dry soil layer can fall into the opening (Mellon et al., 2014). The
continued cycle of polygon development could cause an unstable surface near the shoulder of the
polygon, whereas the centre of the polygon would experience less ground disturbance as tensile
stresses are largely relieved near the cracks (e.g. Lachenbruch, 1962). As a result, the sediments
near the shoulder of the polygon shoulder should experience more disturbance than the centre
allowing the centres of the polygons to undergo a continual process of water vapour diffusion
and deposition without ground disturbance. Cosmogenic isotope results (Be-10) from polygons
in the nearby Table Mountains support this concept with much younger Be-10 ages given to the
shoulders of polygons (Dickinson, unpublished data).

Polygon 1, however, contained higher ground ice contents in the cores taken from the
shoulders of the polygon. The contrast between the distribution of ground ice in P1 and the two
polygons located in the PCZ could be that P1 is located in the NCZ where the presence of liquid
water is plausible. The shoulders of the polygons are located adjacent to the commonly snow-
covered troughs (Levy et al., 2008; Bockheim et al., 2009; Lacelle et al., 2015; Figure 11, p.36)
allowing snowmelt water to infiltrate the soils and freeze. Additionally, fractures and cracks in

the ice-bearing permafrost, resulting from the continued diurnal and annual ground temperature
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cycles of the cryotic soils, could fill with the snowmelt water from the overlying dry permafrost.
The centres of polygons located further down-valley are largely snow-free and therefore would

not be subject to the same snowmelt water processes that could increase ground ice content.
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6. Conclusion

This thesis provided the first comprehensive study of ground ice content in the McMurdo

Dry Valleys of Antarctica. The following conclusions were reached based on the results from the

15 permafrost cores taken from University Valley:
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Ground is present throughout University Valley and its conditions are not homogenous:
variable ground ice contents were measured within individual polygons, at increasing
distance from University Glacier and with depth. Additionally, the high excess ice contents
(ranging between 0 to 93%) measured in the permafrost cores suggested much higher ground
ice contents in University Valley than the permafrost classification map for the McMurdo

Dry Valleys (Bockheim ef al., 2007; Figure 3, p.11) suggests.

The median GWC, VIC and excess ice content in the top 20 cm of the permafrost cores taken
from the shoulders of the polygons significantly increased from upper to lower University
Valley. The median GWC and VIC in the shoulders of the polygons for the entire permafrost
cores also significantly increased with distance from University Glacier. The median ice
content was higher in the centre than in the shoulders for both P6 and P8 that are
predominantly located in the PCZ. The median ice content was higher in the shoulders of P1

(located in the NCZ) than in the centre.

The mechanisms responsible for the measured variability in ground ice content in University
Valley are likely related to the polygons’ respective ground surface temperature zone and

differences in GSRH.

Based on the stack of binary images of the CT-scans, structureless, suspended, crustal and
porphyrtic cryostructures were identified in six cores (P8-C3, P8-C6, P7-C1, P6-C5, P1-C1
and P2-C2) taken from University Valley, all of which were composite in nature.
Structureless cryostructures were observed at all investigated depths of the six imaged core

sections. The reticulate, layered and lenticular cryostructures were not observed in the cores.

The application of Murton and French’s (1994) cryostructural classification scheme was

appropriate in a hyper-arid environment as it allowed for the classification of the suspended,



crustal and structureless cryostructures observed in the binary images. However, the
porphyritic cryostrucure (e.g. Kanevskiy et al., 2011; 2013; 2014) should be included in
future cryostratigraphic analyses in the MDV to address the distinction between the two
observed sizes of pore ice in the processed CT scanned images. In addition, as ground ice in
University Valley can be from either liquid water or vapour diffusion origin (e.g. Lacelle et
al., 2013), care should be taken when inferring the process(es) responsible for the formation
of crysotructures in cold and hyper-arid environments, particularly when drawing on studies

from most Arctic regions.

6. CTVIC was useful in assessing the distribution of excess ice in permafrost cores; CTVIC
underestimated the measured VIC in the permafrost cores. CT scan image analysis allowed
for the identification of cryostructures at a sub-mm scale, resulting in a more detailed

description than would be possible when undergoing field-based cryostructural classification.

7. The mineral soils in University Valley were predominantly classified as medium sand. In
each polygon, little changes in grain size distribution were observed with depth. However,
the gravel-size sediment content significantly increased down-valley for the shoulders of the

polygons only.

Future work concentrating on factors influencing ground ice distribution in the McMurdo
Dry Valleys should be undertaken. The ground surface temperature zone map (Lacelle et al.,
2015) should be utilized when planning future ground ice quantification work in the MDV that
may further contribute to results and hypotheses put forth in this thesis. Valleys that include both
the PCZ and NCZ should be investigated (e.g. Turnabout Valley) to determine if similar intra-
polygonal and ground surface temperature zone ground ice trends are present. The new findings,
in addition to the results from this thesis and Bockheim et al. (2007) (Figure 3, p.11), could help
contribute to a full and updated ground ice map for the MDV. The ground ice map for University
Valley created in this thesis (Figure 37, p.90) does not account for differences in GSRH, ground
surface temperature zone and the core location in a polygon. Future mapping should include the
aforementioned variables in order to create a more detailed and accurate ground ice content

picture.
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Salt aggregations within soils may lead to greater water contents than the surrounding soils
subsequently influencing geochemical and thermal states (Campbell and Claridge, 2006). McKay
(2009) also suggested that films of liquid water could transport water through the active layer of
permafrost and possibly through the dry permafrost as a result of the presence of salt. Further,
Dickinson and Rosen (2003) suggested that ground ice could form from the downward migration
and freezing of briny films. Therefore, the salinity of the soil samples from this study and future
studies should be analyzed to determine if a relation between ice content and soil salinity exists.

Isotopic analysis should be run on the remaining supernatant water from the University
Valley cores in order to determine the mechanism responsible for the emplacement of ground ice
in the cores (i.e. vapour diffusion or liquid water). This information could help determine the
origin of the ground ice in the cryostructures observed in all three ground surface zones (PCZ,
NCZ and transition zone). Further, RH measurements should be measured or modeled for
multiple locations in polygons (trough, shoulder and centre), along a down valley transect and in
all three ground temperature zones in order to establish possible micro-variability.

Lastly, cryostructures in cores taken from the shoulders and centres of polygons located in
the PCZ, NCZ and transition zone in the MDYV should be classified to investigate the effects of

liquid water on cryostructural distribution in a cold and dry environment.
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Appendix 1: Step by step image analysis in Fiji

1. Install Fiji (http://fiji.sc/Fiji)
2. Open image

1) Under the File menu, scroll to /mport and then point to Image Sequence.

4 Image) =R X
Edit Image Process Analyze Plugins Window Help

New ralalola] s slale] | =]

Open... CIr+O bt click to switch)

OpenNext  Clri+Shift:O

Open Samples 4

Open Recent 3

Close Ctisw | REW-

Close All =

save Ctres | 1SXtIMage..

N .| TextFie

Revert Cisr | RESUMS--
Table...

Page Sefup... URL...

Famt-- CUtP | stack From List.

Quit TIFF Virtual Stack
AVI...
XY Coordinates...

Kontron IMG
Scanco 1SQ
Stratec pQCT
Animated Gif...
Exif Data.
NIfTI-Analyze

i) In the Open Image Sequence dialogue box, navigate to the folder that contains the
images of the core and click Open.

1i1) Select the first image file within the folder and then click Open.

v) In the Sequence Options dialogue box, ensure Starting image is set to I and the box to
the left of the Sort names numerically option is checked.

V) Press OK.

{4 Sequence Options

MNumber ofimages: |514
Starting image: |1
Increment. |1

Scaleimages: |100 %

File name contains:

1

(enclose regex in parens)

[~ Convertto RGB
v Sort names numerically
[~ Use virtual stack

512x512x514 (514.0MB)

OK Cancel | Help

vi) A window will open with the title of the folder that contains the images. To scroll
through images use the left and right cursors.
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3. Determine the density class for ice
i. Cores must be analyzed one at a time.

ii. To adjust the contrast, navigate to the /mage menu, scroll the cursor down to Adjust and
click Brightness/Contrast. Alternatively, type Ctrl+Shift+C on the keyboard.

Adjust Brightness/Contrast. Ctr-Shift+C

Show Info... Ctri+l Window/Level...

Properties... Ctri+Shift+P | Color Balance...

Color v Threshold... Ctri+Shift+T
Stacks v Color Threshold...

Hyperstacks b Size...

crop Cirisshitex | CANVES SiZS-.

Duplicate - Ctrisshisp | HNe Widih...

Rename. Auto Threshold..

Scale... Ctri+E Auto Local Threshold...

Transform 4
Zoom 4
Overlay +

Lookup Tables

a. Scroll to an image where the core is visible in the image viewer window.
b. Inthe B&C dialogue box, click the Aufo tab and then close the B&C dialogue
box.
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ii1. Classifying the pixels
a. Navigate to the /mage dropdown menu, and scroll down to Adjust and then point
to Threshold. Alternatively, press “Ctrl+Shift+T” on the keyboard.

File Edit [[y=e=8 Process Analyze Plugins Window Help
s|alx]_| |»]

IR

Stk

Brightness/Contrast . Ctri+Shift+C
Show Info_ Ctri+l | Window/Level
Properties Cirl+Shift+P | Color Balance
car T
Stacks » Color Threshold...
Hyperstacks v Size.
crop Cirisgniftex | C2nVas SEe.
Dupiicate._. Cirisshitep | N Width-
Rename... Auto Threshold...
Scale.. Ciri+E | Auto Local Threshoid...
Transform L4
Zoom 3
Overlay v
Lookup Tables

1. Once the Threshold dialogue box appears, click the Set button.
ii. In the Set Threshold Levels dialogue box, set the threshold to that of ice
1. E.g
a. Lower Threshold level = -200
b. Upper Threshold Level = 700

¢ Threshold

4 Set Threshold Levels

l Lower Threshold Level: I—ZUU.UU

| V| e
4] i | z2e OK | Cancell

Upper Threshold Level: |Gl

| Default 7| |Red |

[ Dark background [~ Stack histogram

Ao | Apply | Reset| set|

2. Click OK.
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iii. The red colour in the image viewer window for the core corresponds to the
threshold selection.
iv. A binary image must be created before calculations can be performed. In
order to do this, click Apply in the Threshold dialogue box.
1. When the Convert Stack to Binary dialogue box appears, click OK.

57 P1_C1.0_21 04 V80u S [SI=EIEE] | @ threshold =]

65/514 (2--3-142), 85x85 mm (512x512); 16-bit, 257MB

L[

270 %
“ ] v| 700
|Defautt | |Rea |

[~ Dark background |~ Stack histogram

M Apply | Reset ﬂ]
171 Convert Stack to Binary

Method: |Default M
Background: ILight - "‘

¥ Calculate threshold for each image
[~ Only convert current image

[ Black background (of binary masks)
[™ Listthresholds

Cancel

2. In the resulting set of images, the black corresponds to your
threshold selection (in this example, the black corresponds to ice),
while the white represents everything else. It is important to note
that this method allows the representation of only two density
classes; as a result, only one element (i.e. ice) can be visualized at
a time.
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b. Analyze the data using the histogram
1. Click the Oval tool and draw a circle around the arbitrary region of
interest (ROI) for the core.

4 Image [= = |

File Edit Image Process Analyze Plugins Window Help
OJ8 z|o| < 4]+l [Ala]ofs] |mfsy|s]als] | -]

*Oval*, elliptical or brush selections (right click to switch)

7
4 P1C102104V80u5
3701514 (2-3-447), B5.00x85.00 mm (512x512), 8-bit (Inverting LUT); 129M8

et T
et T
T T

ii. Click the Stk (stack) tool on the toolbar and point to Plot Z-axis Profile.
The resulting plot represents the ROI selection mean gray value on the y
axis, and the slice number on the x axis
(http://rsbweb.nih.gov/ij/docs/guide/146.html).

4 Image) [y

File Edit Image Process Analyze Plugins Window Help ‘
OB || <44 Al o] 2] [onfsuldlalel | s

Add Slice
Delete Slice
Set Slice.

Stacks Menu

4 P1.C10.2104V80u5-70-74

3D Project
Grouped Z Project. .
Z Project...

Orthogonal Views

Plot Z-axis Profile
20

Reslice [/].

10 Images to Stack

Stack to Images

0 Make Montage. ..
100 200 300 400 500
Slice Make Substack -

List | Save Copy. Stack to Hyperstack...

Combine. .

Concatenate...
Flip Z

Label...

Animation Options. .

T1 Head (2.4M, 16-bits)
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iii. From the File menu, click Save as in the Results dialogue box in order to
export the data from the plot into an excel format.

iv. Scroll through your stack of images to identify those which would have
been too small to fit inside the ROI and note the slice number(s).

v. In the excel document saved from the Results dialogue box, multiply the
column “Mean” by the value in the “Max” column (255). Multiply the
result by 100. The result is the percentage of VIC/excess ice in the core.

vi. Remove the slice numbers previously noted that did not fit inside the ROI
as these values will over/underpresent the ice content.

iv. Changing the views of the image stack for cryostructural classification

a. Download the Radial Reslice plugin (http://rsb.info.nih.gov/ij/plugins/radial-
reslice/index.html).
1) Once the file is downloaded drag and drop the file into the grey area in Image J
under the tool bar.

-

L

_{ Image) ||:| T |
FiIe_Edit Image Process Analyze Plugins Window Help
O || 4| w|N Al o] 2] |omfsu] a2 | [»]

1

==[rag and Drop==
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2) From the Toolbar click the line tool and draw a line down the middle of the
core image.

3) From the Plugins dropdown menu choose Radial Reslice.

4) In the Radial Reslice dialogue box check the Rotate around center option and

4 substack_(18-444) =] & ] - =
17457 (was P1_C1_0_21_0.4_Va0u_5 siice 167, 512x512 phels: 6-bit (inverting LUT); 107M5 IR
Angle (degrees). |360
/,.fﬁ"'f—ﬁ'v'L‘\\ Degrees perslice |1
- T
//,a \\ Direction: |Clockwise )
7 ' ' \ v Figtate 2Bqut ceritre!
/ - . h I Suppress reversed duplicates
: - : \ OK | Cancel

vl -




5) The output created is an orthogonal reconstruction of the image stack. It is
created through the rotation of the specified line of ROI around the center of
the image (http://rsb.info.nih.gov/ij/plugins/radial-reslice/index.html).

6) Investigating cryostructures

a. Under the Image tab, choose Stacks, and point to Orthogonal Views.
b. The resulting windows allow the investigation of cryostructures at
different depths, from three different views.

F ‘ s Process ze i Window H . -
N = L

R
Polygon sele .
Adjust v

Show Info.__ Ctrisl

Properties... Ctrl+Shift+P

Color v % i
Bt

TR » Delete Slice
Coop Cesnmex | NewSiel]

Duplicate Ctri+Shift+D Previous Slice [<]

Rename . Set Slice...

TH CutE  Images o Stack

Transform »  Stack to Images

oan » Make Montage..

Reslice [1] il |

N Orinogonal Views  CurisShit+H |8
Z Project... I
" 3D Project...

Plot Z-axis Profile

' Label..

» Statistics

Tools L4

Radial Reslice
Dynamic Reslice
Series Labeler
Kalman Stack Filter
Time Stamper
Reslice Z

ViewsD
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Appendix 2: Summary of the Spatial Autocorrelation Tool (Global Moran’s I
statistic)

Appendix 2: Summary of the Spatial Autocorrelation Tool (Global Moran’s I statistic) results for
the mean VIC (%), GWC (%) and excess ice content (%) in the entire core for the fifteen cores
sampled in University Valley. The null hypothesis for the test is that the feature values are
randomly distributed across University Valley.

Statistic VIC GWC Excess ice content
Moran’s index 0.082 0.358 0.085
Expected index -0.071 -0.071 -0.071

Variance 0.109 0.078 0.104

Z-score 0.467 1.533 0.484

p-value 0.640 0.125 0.628
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Appendix 3: Results of the Shaprio-Wilk test

Appendix 3A: Results of the Shapiro-Wilk test on mean excess ice contents in the top 20 cm, 50 cm and 1 m of 15 cores taken from
University Valley. N/A values represent cores that do not reach the designated length. A high p-value (> 0.05) indicates that there is
no evidence to reject the null hypothesis that the sample is normally distributed (e.g. Acevedo, 2013).

HO = sample is normally distributed
H1 = sample is not normally distributed

Top 20 cm Top 50 cm Top 1 m
Sample is Sample is Sample is
Core w P- Reject null normally w P- Reject null normally w P- Reject null normally
1D statistic ~ value  hypothesis?  distributed?  statistic value hypothesis?  distributed? statistic  value hypothesis?  distributed?
P1-C1 0.906 0.286 no yes 0.940 0.222 no yes 0.9671  0.2766 no yes
P1-C2 0.879 0.126 no yes 0.964 0.549 no yes 09811  0.6639 no yes
P1-C3 0.792 0.089 no yes 0.847 0.006 yes no N/A N/A N/A N/A
P2-C2 Error: all values are identical N/A N/A N/A N/A N/A N/A N/A N/A
P4-Cl1 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
P5-C1 0.717 0.003 yes no N/A N/A N/A N/A N/A N/A N/A N/A
P6-C3 0.792 0.012 yes no 0.895 0.020 yes no 0.863 0.000 yes no
P6-C5 0.917 0.403 no yes 0.944 0.305 no yes N/A N/A N/A N/A
P7-C1 0.931 0.488 no yes N/A N/A N/A N/A N/A N/A N/A N/A
P8-C3 0.908 0.301 no yes 0.869 0.009 yes no N/A N/A N/A N/A
P8-C5 0.940 0.557 no yes 0.884 0.012 yes no N/A N/A N/A N/A
P8-Co Error: all values are identical N/A N/A N/A N/A N/A N/A N/A N/A
P9-C1 0.905 0.246 no yes N/A N/A N/A N/A N/A N/A N/A N/A
P9-C2 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
P10-C1 0.704 0.001 yes no 0.871 0.008 yes no 0.814 0.000 yes no
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Appendix 3B: Results of the Shapiro-Wilk test on mean gravimetric water contents in the top 20 cm, 50 cm and 1 m in 15 cores taken
from University Valley. N/A values represent cores that do not reach the designated length. A high p-value (> 0.05) indicates that
there is no evidence to reject the null hypothesis that the sample is normally distributed (e.g. Acevedo, 2013)

HO = sample is normally distributed
H1 = samples is not normally distributed

Top 20 cm Top 50 cm Top 1 m
Sample is Sample is Sample is
Core w P- Reject null normally w P- Reject null normally w P- Reject null normally
1D statistic  value  hypothesis?  distributed? statistic value  hypothesis? distributed? statistic  value hypothesis? distributed?
PI-Cl 0.945 0.631 no yes 0.934 0.162 no yes 0.852 0.000 yes no
P1-C2 0.855 0.066 no yes 0.885 0.013 yes no 0.800 0.000 yes no
P1-C3 0.868 0.288 no yes 0.941 0.278 no yes N/A N/A N/A N/A
P2-C2 0.784 0.019 yes no N/A N/A N/A N/A N/A N/A N/A N/A
P4-C1 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
P5-C1 0.792 0.024 yes no N/A N/A N/A N/A N/A N/A N/A N/A
P6-C3 0.859 0.074 no yes 0.920 0.066 no yes 0.857 0.000 yes no
P6-C5 0.836 0.068 no yes 0.928 0.159 no yes N/A N/A N/A N/A
P7-Cl 0.905 0.283 no yes N/A N/A N/A N/A N/A N/A N/A N/A
P8-C3 0.848 0.071 no yes 0.857 0.006 yes no N/A N/A N/A N/A
P8-C5 0.880 0.131 no yes 0.930 0.109 no yes N/A N/A N/A N/A
P8-C6 0.811 0.027 yes no N/A N/A N/A N/A N/A N/A N/A N/A
P9-C1 0.711 0.002 yes no N/A N/A N/A N/A N/A N/A N/A N/A
P9-C2 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
P10-C1 0.688 0.001 yes no 0.799 0.000 yes no 0.880 0.000 yes no
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Appendix 4: Complete results of the Mann-Whitney U test comparison

Appendix 4A: The complete Mann-Whitney U test comparison of the median excess ice content
and gravimetric water content in the top 20 cm of ice bearing permafrost in 13 cores taken from
University Valley. Results indicative of a statistically significant (p-value = < 0.05) W statistic
are bolded. A statistically significant result allows the rejection of the null hypothesis that the
medians of variable x and variable y are equal. Cores P4-C1 and P9-C2 were not included as
they measured less than 20 cm in length.

Excess ice content

P1-Cl P1-C2 P1-C3 P2-C2 P5-Cl P6-C3 P6-C5 P7-Cl P8-C3 P8-C5 P8-C6 P9-C1 P10-C1
P1-Cl N/A 11 6 72 30 45 49 58 18 41 81 0 0
P1-C2 11 N/A 16 80 39 78 76 89 42 92 90 2 0
P1-C3 6 16 N/A 32 15 33 29 35 22 34 36 6 0
P2-C2 72 80 32 N/A 4 (1} 4 0 0 0 36 0 0
P5-C1 30 39 15 4 N/A 47 44 45 39 45 68 23 0
P6-C3 45 78 33 0 47 N/A 55 65 20 42 90 90 0
P6-C5 49 76 29 4 44 55 N/A 33 10 22 68 0 0
P7-Cl 58 89 35 0 45 65 33 N/A 7 14 81 0 0
P8-C3 18 42 22 0 39 20 10 7 N/A 67 81 9 0
P8-C5 41 92 34 0 45 42 22 14 67 N/A 90 0 0
P8-C6 81 90 36 36 68 90 68 81 81 90 N/A 0 0
P9-Cl1 0 2 6 0 23 90 0 0 9 0 0 N/A 32
P10-C1 0 0 0 0 0 0 0 0 0 0 0 32 N/A
Gravimetric water content
P1-Cl P1-C2 P1-C3 P2-C2 P5-Cl P6-C3 P6-C5 P7-Cl P8-C3 P8-C5 P8-C6 P9-C1 P10-C1
P1-Cl N/A 0 2 36 25 0 38 65.5 19.5 30.5 40 0 0
P1-C2 0 N/A 30 80 54 77 80 90 82 100 90 32 0
P1-C3 2 30 N/A 26 19 15 29 36 24 32 35 7 0
P2-C2 36 80 26 N/A 18 0 28 52 13 29 37 0 0
P5-C1 25 54 19 18 N/A 32 44 60 37 50 44 13 0
P6-C3 0 77 15 0 32 N/A 80 90 79 100 90 30 0
P6-C5 38 80 29 28 44 80 N/A 13 11.5 25 30 0 0
P7-C1 65.5 90 36 52 60 90 13 N/A 35 8.5 19 0 0
P8-C3 19.5 82 24 13 37 79 11.5 35 N/A 64 58 8 0
P8-C5 30.5 100 32 29 50 100 25 8.5 64 N/A 54 0 0
P8-C6 40 90 35 37 44 90 30 19 58 54 N/A 0 0
P9-C1 0 32 7 0 13 30 0 0 8 0 0 N/A 20
P10-C1 0 0 0 0 0 0 0 0 0 0 0 20 N/A
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Appendix 4B: The complete Mann-Whitney U test comparison of the median excess ice content
and gravimetric water content in the top 50 cm of ice bearing permafrost in eight cores taken
from University Valley. Results indicative of a statistically significant (p-value = < 0.05) W
statistic are bolded. A statistically significant result allows the rejection of the null hypothesis
that the medians of variable x and variable y are equal. Cores P2-C2, P4-C1, P5-C1, P7-Cl1, P8-

C6, P9-C1 and P9-C2 were not included as they measured less than 50 cm in length.

Excess ice content

P1-C1 P1-C2 P1-C3 P6-C3 P6-C5 P8-C3 P8-C5 P10-C1
P1-C1 N/A 100 30 150 232.5 112 259 0
P1-C2 100 N/A 43 236 347 183 426 0
P1-C3 30 43 N/A 394 337 252 411 0
P6-C3 150 236 394 N/A 3125 169 363 0
P6-C5 232.5 347 337 312.5 N/A 91.5 211 0
P8-C3 112 183 252 169 91.5 N/A 368.5 0
P8-C5 259 426 411 363 211 368.5 N/A 0
P10-C1 0 0 0 0 0 0 0 N/A
Gravimetric water content
P1-C1 P1-C2 P1-C3 P6-C3 P6-C5 P8-C3 P8-C5 P10-C1
P1-C1 N/A 3 26 0 175 114.5 214.5 0
P1-C2 3 N/A 180 0 414 319 507 0
P1-C3 26 180 N/A 174 336 281 403 0
P6-C3 0 0 174 N/A 437 389 529 0
P6-C5 175 414 336 437 N/A 295.5 217.5 0
P8-C3 114.5 319 281 389 295.5 N/A 347.5 1}
P8-C5 214.5 507 403 529 217.5 347.5 N/A 1}
P10-C1 0 0 0 0 0 0 0 N/A

Appendix 4C: The complete Mann-Whitney U test comparison of the median excess ice content
and gravimetric water content in the top 50 cm of ice bearing permafrost in four cores taken from
University Valley. Results indicative of a statistically significant (p-value = < 0.05) W statistic
are bolded. A statistically significant result allows the rejection of the null hypothesis that the
medians of variable x and variable y re equal. Cores P1-C3, P2-C2, P4-C1, P5-C1, P6-C5, P7-
C1, P8-C3, P8-C5, P8-C6 and P9-C2 were not included as they measured less than 1 m in length.

Excess ice content

P1-C1 P1-C2 P6-C3 P10-C1
P1-C1 N/A 841 437 153
P1-C2 841 N/A 500 191
P6-C3 437 500 N/A 331
P10-Cl1 153 191 331 N/A
Gravimetric water content
P1-C1 P1-C2 P6-C3 P10-C1
P1-C1 N/A 527 9 173.5
P1-C2 527 N/A 191 365
P6-C3 9 191 N/A 664
P10-C1 173.5 365 664 N/A
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Appendix 4D: Complete results of the Mann-Whitney U test comparison of the differences in the
medians of excess ice content, gravimetric water content and volumetric ice content in the
centres and shoulders of Polygons 1, 6 and 8. Results indicative of a statistically significant (p-
value = < (0.05) W statistic are bolded. A statistically significant result allows the rejection of the
null hypothesis that the medians of variable x and variable y are equal.

HO : x=y; Hl: x does not =y
Are medians equal?
Low p = reject null hypothesis = different

Reject null
X variable Y variable 4 P-value hypothesis? Equal?
Excess ice content
Shoulders Centres 11290.5 0.00 yes no
€48
Shoulders Centres 11603 0.00 yes no
ViC
Shoulders Centres 11832 0.00 yes no
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Appendix 5: Complete results of the K-S test comparison

Appendix 5A: The complete Kolomogrov-Smirnov (K-S) test results between two cores for
excess ice and gravimetric water content in the top 20 cm of ice bearing permafrost in 13 cores
taken from University Valley. Results indicative of a statistically significant (p-value = < 0.05) D
statistic are bolded. A statistically significant result allows the rejection of the null hypothesis
that variable x and variable y are of equal distributions. Cores P4-C1 and P9-C2 were not
included as they measured less than 20 cm in length.

Excess ice content

P1-Cl P1-C2 P1-C3 P2-C2  P5-Cl P6-C3  P6-C5 P7-C1  P8-C3  P8-C5 P8-C6 P9-Cl P10-C1
PI-C1 N/A 0.79 0.64 1 0.5 0.27 0.39 0.56 0.56 0.23 1 1 1
P1-C2 0.79 N/A 0.5 1 0.5 0.6 0.8 0.9 0.34 0.8 1 0.9 1
P1-C3 0.64 0.5 N/A 1 0.5 0.6 0.75 0.89 0.39 0.75 1 0.7 1
P2-C2 1 1 1 N/A 0.88 1 0.88 1 1 1 0 1 1
P5-C1 0.5 0.5 0.5 0.88 N/A 0.5 0.5 0.64 0.5 0.5 0.88 0.5 1
P6-C3 0.27 0.6 0.6 1.0 0.5 N/A 0.4 0.4 0.56 0.4 1 1 1
P6-C5 0.39 0.8 0.75 0.88 0.5 0.4 N/A 0.38 0.56 0.53 0.88 1 1
P7-C1 0.56 0.9 0.89 1 0.64 0.4 0.38 N/A 0.78 0.59 1 1 1
P8-C3 0.56 0.34 0.39 1 0.5 0.56 0.56 0.78 N/A 0.56 1 0.69 1
P8-C5 0.23 0.8 0.75 1 0.5 0.4 0.53 0.59 0.56 N/A 1 1 1
P8-Co6 1 1 1.0 0.00 0.88 1 0.88 1 1 1 N/A 1 1
P9-C1 1 0.9 0.7 1 0.5 1 1 1 0.69 1 1 N/A 0.6
P10-C1 1 1 1.0 1 1 1 1 1 1 1 1 0.6 N/A
Gravimetric water content
P1-Cl P1-C2 P1-C3 P2-C2  P5-Cl P6-C3  P6-C5  P7-Cl P8-C3  P8-C5 P8-C6  P9-Cl P10-C1
P1-C1 N/A 1 0.78 0.38 0.5 1 0.31 0.56 0.56 0.4 0.22 1 1
P1-C2 1 N/A 0.55 1 0.5 0.6 1 1 0.89 1 1 0.56 1
P1-C3 0.78 0.55 N/A 0.63 0.5 0.5 0.75 1 0.44 0.5 0.89 0.56 1
P2-C2 0.38 1 0.63 N/A 0.5 1 0.38 0.43 0.63 0.53 0.40 1 1
P5-C1 0.5 0.5 0.5 0.5 N/A 0.5 0.5 0.65 0.39 0.5 0.5 0.56 1
P6-C3 1 0.6 0.5 1 0.5 N/A 1 1 0.79 1 1 0.57 1
P6-C5 0.31 1 0.75 0.38 0.5 1 N/A 0.56 0.56 0.4 0.42 1 1
P7-C1 0.56 1 1 0.43 0.65 1 0.56 N/A 0.78 0.7 0.67 1 1
P8-C3 0.56 0.89 0.44 0.63 0.39 0.79 0.56 0.78 N/A 0.6 0.56 0.67 1
P8-C5 0.4 1 0.5 0.53 0.5 1 0.43 0.69 0.56 N/A 0.4 1 1
P8-C6 0.222 1 0.89 0.40 0.5 1 0.42 0.67 0.56 0.4 N/A 1 1
P9-C1 1 0.56 0.56 1 0.56 0.57 1 1 0.67 1 1 N/A 0.78
P10-C1 1 1 1 1 1 1 1 1 1 1 1 0.78 N/A
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Appendix 5B: The complete Kolomogrov-Smirnov (K-S) test results between two cores for
excess ice and gravimetric water content in the top 50 cm of ice bearing permafrost in eight cores
taken from University Valley. Results indicative of a statistically significant (p-value = < 0.05) D
statistic are bolded. A statistically significant result allows the rejection of the null hypothesis
that variable x and variable y are of equal distributions. Cores P2-C2, P4-C1, P5-C1, P7-C1, P8§-
C6, P9-C1 and P9-C2 were not included as they measured less than 50 cm in length.

Excess ice content

P1-Cl P1-C2 P1-C3 P6-C3 P6-C5 P8-C3 P8-C5 P10-C1
P1-C1 N/A 0.5528 0.8947 0.5652 0.213 0.5714 0.2717 1
P1-C2 0.5528 N/A 0.8513 0.3913 0.5904 0.4803 0.5652 1
P1-C3 0.8947 0.8513 N/A 0.7208 0.8947 0.4135 0.8947 1
P6-C3 0.5652 0.3913 0.7208 N/A 0.46 0.381 0.5652 1
P6-C5 0.213 0.5904 0.8947 0.46 N/A 0.5238 0.2311 1
P8-C3 0.5714 0.4803 0.4135 0.381 0.5238 N/A 0.5714 1
P8-C5 0.2717 0.5652 0.8947 0.5652 0.2311 0.5714 N/A 1
P10-C1 1 1 1 1 1 1 1 N/A
Gravimetric water content
P1-Cl P1-C2 P1-C3 P6-C3 P6-C5 P8-C3 P8-C5 P10-C1
P1-Cl 0.957 0.895 1 0.263 0.571 0217 1 1
P1-C2 N/A 0.228 0.435 0.783 0.429 0.783 1 1
P1-C3 0.228 N/A 0.268 0.895 0.514 0.895 1 1
P6-C3 0.435 0.268 N/A 1 0.576 1 1 1
P6-C5 0.783 0.895 1 N/A 0.524 0.179 1 1
P8-C3 0.429 0.514 0.576 0.524 N/A 0.571 1 1
P8-C5 0.783 0.895 1 0.179 0.571 N/A 1 1
P10-C1 1 1 1 1 1 1 N/A N/A

Appendix 5C: The complete Kolomogrov-Smirnov (K-S) test results between two cores for
excess ice and gravimetric water content in the top 1 m of ice bearing permafrost in four cores
taken from University Valley. Results indicative of a statistically significant (p-value = < 0.05) D
statistic are bolded. A statistically significant result allows the rejection of the null hypothesis
that variable x and variable y are of equal distributions. Cores P1-C3, P2-C2, P4-C1, P5-C1, P6-
Cs, P7-C1, P8-C3, P8-C5, P8-C6 and P9-C2 were not included as they measured less than 1 m in
length.

Excess ice content
P1-C1 P1-C2 P6-C3 P10-Cl
P1-C1 N/A 0.1995  0.5648 0.75
P1-C2 0.1995 N/A 0.6222 0.7727
P6-C3 0.5648 0.6222 N/A 0.75
P10-C1 0.75 0.7727 0.75 N/A
Gravimetric water content
P1-Cl1 P1-C2 P6-C3  P10-Cl
P1-Cl1 N/A 0.3756 0.9756 0.771
P1-C2 0.3756 N/A 0.6444  0.6591
P6-C3 0.9756 0.6444 N/A 0.5692
P10-Cl1 0.771 0.6591 0.5692 N/A
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Appendix 6: Presence of cryostructures in the six CT-scanned permafrost cores with depth

Appendix 6: Presence of cryostructures with depth in the six CT-scanned cores with depth. The number “1” is used to represent the
presence of the cryostructure and not the frequency at which the cryostructure was observed at the specified depth. “N/A” represents
an imaging error within the core.

P1C1 P2-C2 P6-C5 P7-Cl P8C3 P8C6
Cryostructure Cryostructure Cryostructure Cryostructure Cryostructure Cryostructure

Depth (cm) Struct.  Susp. Crust. Struct. Susp. Crust. Struct. Susp. Crust. Struct. Susp. Crust. Struct. Susp. Crust. Struct. Susp. Crust.

1
N/A N/A

N/A
A N/A N/A
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