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Abstract

Airborne radieecho sounding (RES) is a powerful tool to derive properties of glaciers and ice
caps over spatially extensive areas, and has fundamentally improved our understanding of the
distribution and structure of neaurface snow and firn, the iceickness distribution and
englacial structure of ice masses, and the topography and thermal/hydrological properties of
glacier beds. Although several airborne RES surveys have been conducted over Devon Ice Cap
(DIC) in the Canadian Arctic prior to this wqrthe data had not been utilized to investigate
either the properties of the nesurface firn or the subglacial hydrological conditioibe

Devon Ice Cap is one of the largest ice masses in the Canadian Arctic, and is thought to have a
cold-based interio where ice is frozen to the underlying bedrock. Under recent warming
conditions leading to intensified summer melt, the firn of DIC has been affected by significant
melting and refreezing processes that can complicate the measurement of the ice aap's surf
mass balance. Here, we use airborne RES measurements over DIC to (i) investigate whether
the nature of the glacier surface reflection can be used to characterize the spatial heterogeneity

of the neaisurface firn, and (ii) investigate the hydrologicahditions beneath the ice cap.

A comparison of airborreand grounebased RES, along with analysis of shallow firn cores,
led to the development of a novel technique where the spatial heterogeneity of firn is
characterized via the scattering componenswface returns from airborne RES data. This
method allows for the characterization of firn over spatially extensive areas and can help to
identify regions where the structure and stratigraphy of the firn layeafaeted significantly

by melting andefreezing processebvestigations of the RES reflection from the base of the
ice column led to the identification and detailed characterization of a hypersaline subglacial
lake and provide evidence for an extensive bnesvork beneath DIC. Since basak
temperatures are well below the pressuedting point, this water system is considered to be

brinerich, to the point that the salinity significantly depresses its freezing point. Geological



evidence suggests that a dadtaring evaporite unit outqee beneath DIC, and is presumed to

be the solute source for the brine.

The hypersaline subglacial lake beneath DIC and its surrounding hydrological and geological
conditions are globally unique. The subglacial lake beneath DIC is not only the first to be
discovered in the Canadian Arctic, but also the only spatially isolated hypersaline subglacial
lake so far identified on Earth. This subglacial lake and the surroundingnatwerk may

host viable microbial habitats and could thus be wolddsanalogs ér potential microbial
habitats on other icy planetary bodies, such as Europa and Mars, where it has been suggested
that subice brine bodies may also exist. Thus, the unique subglacial water system beneath DIC,
and the hypersaline subglacial lake in matar, are compelling targets for future-situ
sampling and biogeochemical investigations. The results from this study provide crucial
information for the planning of future research over the subglacial lake and surroundirg brine
network, including imsitu access and sampling of the water to explore its habitability for

microbial life.



Acknowledgments

First of all, I would like to thank my advisors Dr. Martin Sharp and Dr. Donald D. Blankenship

for their advice and guidance during my PhD, and for gimmeghe freedom to pursue research
topics that reflect my interests. | am also very grateful for the numerous opportunities to
participate in fieldwork, attend classes, both overseas and in Alaska, and to present my research
at multiple conferences.

Many thanks to all members of the Arctic and Alpine Research Group at the University of
Alberta and thePolar and Planetarfigesearch Group at the University of Texas Institute for
Geophysics for your support during my thesis. Thank you Colleen Mortimer, AshlayidR,

Luisa Fernandeglison Criscitiello Duncan Young, Natalie Wolfenbarger, Jamin Greenbaum,
Lucas Beem, Cyril Grima and Dustin Schroeder for the great discussions and brainstorming
sessions that helped shaped this thesis. Thank you Scott KempfegayG\g for patiently
answering my many questions and helping me to produce the data products | needed for this
thesis.

| would also like to thank all my friends in Edmonton, and all over the world, for your support
during my PhD, and especially for thmvely potluck and game nights. Many thanks to my
family who always encouraged and supported me. And to Kirk, thank you for your endless love
and support, for brainstorming ideas with me and for our nerdy radar discussions.

Finally, 1 would like to thank fie W. Garfield Weston Foundatidior championing northern
researchand providing funding for the research in this thesis. | would also like to thank the
Department of Earth and Atmospheric Sciences at the University of Alberta, UAlberta North,
the Institue for Geophysical Research at the University of Alberta, andCiueadian
Geophysical Unioifor scholarships and grants throughout my degree. Lastly, | thank the people
from Polar Continental Shell Prograamd Kenn Borek Air Ltdand Tom Richtefor their
logistical supporturing fieldwork and NRI and the peoples of Grise Fjord and Resolute Bay
for permissiorto conduct airborne survegser Devon Ice Cap



Table of Contents

(@4 gF=T o] (=3 g A 1 0] (o Yo [1 o 1o o TS 1
1.1 Background and MOtIVAtION..............vviiiiiiiiiie e e 1
1.2 Thesis ObJECHIVES aNd SITUCTUIE........uu i rrer e e e e e e e e e e aaaaaas 3
1.3 RETEIENCES. ...ttt e e e e e s mn e e e e e e e e e e 5

Chapter 2 Characterizing nesurface firn using the scattered signal component of the glacier

surface return from airborne ragB@ho SOUNAING.........cvvviiiiiiiiiiiiiieeeeeeee s 11
2.1 Y 411 =T P 11
2.2 11 oo 18X (o o S 11
2.3 Data and MELNOGS. ........uueiiiiieiii i eeer e re e e e e e e e s s st enenssbreeeeaeas 12

2.3.1 RadiocEcho Sounding Data...............cccuvviiiiimriiiecceeie e 12
2.3.2 Determination of the Scattered Signal Component...............cccceveeeennens 13
2.3.3  Surface Roughness and Theoretical Scattering Component................. 14
24 1S U1 3 15
24.1 Firn Facies from GrounBased RES...............cccvriiiiieeee e 15
2.4.2  Scattering Distribution and Correlatiém Firn Facies Zones..................... 17
2.4.3 Effects of Surface Roughness.............coooovviiiee e 17
2.5 L0} o Tl 1§13 1] L= 19
2.6 Acknowledgments and Dala............ccuuvviiiiiiiieenee e 20
2.7 =] (=T €= o PP 23

Chapter 3 Discovery of a hypersaline subglacial lake complex beneath Devon Ice Cap,

(@F= T = o [ 1= T I Y o 1 o RSOOSR 27
3.1 Y 013 1 = o RO 27
3.2 1 0o [ o 1o o PRSPPI 27
3.3 RESUILS. ..ttt e et e e e e e e e e s s rmnne et r e e e e e e e e e e annne 28

3.3.1 Radar evidence for two subglacial lakes................cccoovvieeeiiiiiie e, 28
3.3.2  Subglaciahydraulic head over the lake area..............cccoevvvvieeeeeeeeeennnne. 29
3.3.3  Modeled basal ice temperatures indicating hypersaline water.............. 29
3.34 Underlying geology and source of salinity.............cccccoeiiiiieeeen v, 30
3.4 3o 1= o o PP 31
3.5 Materials and MEthOUS. ... ... e 32
3.5.1 Radar data and iNterpretation............. .. ieeeieeeiiieeee e 32
3.5.2 BEA DEM. ..ottt emme et e e e e e nnneaaae 32
3.5.3 Hydraulic NEad...........cooviiiiiiii e 33
3.54 Ice temperature MOdeling...........oiiiiiiiiiiiiiccei e 33

\Y



3.5.5  Geological MOUEL.........oeeeieiie e errr e e e e 33

3.5.6 Depth to magnetic DasemMENL.............uuuuiiiiiiiieeeiiiiiiie e 33
3.6 Acknowledgments and Daa............c..uviriiiiiiieenee e eer e 34
3.7 RETEIENCES. ...t et e e e e e e e e e e e 38

Chapter 4 Evidence for an extensive subglacial brine network under the Dev©apc

(@22 1= 1o = T g I Y o 1 o OO PP 43
4.1 Y 011 =T P PUPPRPUPPPPPPRY”. o
4.2 11 oo 18X (o o S 43
4.3 D= 1= W= 1 To I 1Y 1= 1 T Yo KPP 45

4.3.1 Radar sounding data.............oooveiiiiiiiimmme e 45
4.3.2 Basal refleCtivity...........eeeeeeiiiiiiiiiieee e AD
4.3.3 Derivation of radar attenuation rates..............cccvvvvrimeminniinneerenneeeeeeeee 49
4.3.4  Arrhenius modeled attenuation rates...........ccoeeeeveiiiicccee e e 50
4.3.5 Radarinferred attenuation rates.............oeeevuvuiviiirieeeeeeieiiieees e smeees 52
4.3.6  Subglacial hydrdic head and water flow paths.............cccoeeiiiiieeeeennnn. 53
4.3.7 Basal rOUGNNESS.........coooiiiiiieeeee e 55

4.4 RESUILS. ..ottt ettt e e e e e e e s s rmnne bbb r e e e e e e e e e e 57
44.1 Bed Morphology...........ciiieiii e 57
4.4.2 Basal refleCtiVIty..........uueeiieiiii e 58
4.4.3  Hydraulic head and subglacial water routes..............ccc.evvvieemiieivvnnnnnee. 59

4.5 Definition of newshorelines for subglacial lake in T2............ocovvivviiiiieeeiiiiie, 61
4.6 31T o] B 7] o] o SO PPPPRPRP 63
4.6.1 Likelihood of the existence of the hypothesized subglacial lakes.......... 63
4.6.2 Basal hydrological conditions outside the subglacial lake..................... 65

4.7 (0] o Tl 1§13 1) L= 66
4.8 ACKNOWIEAGMENLS. ...ttt aeeee s s e s s e e e s e e s s s e e e e e e e s s e eeeeeeees 67
4.9 =] (=T €= o PSP 81
Chapter 5 CONCIUSIONS ...ttt e e e e e e e e e e amme e e e e as 89
[ 0] T [ir=T o1 0 PSP 92

Vi



List of Tables

Table 21: Description of the defined firn facies zones and results from statistical analysis of
the scattering coefficient showing the mean and standard deviation of Pn. Additionally, the
mean lasederived RMS heighth and modeled scattering coefficient withifre three firn

ZONES AIE lISTOU.. .o e e e et 20

Table 41: Parameters and dielectric properties used in the conductivity model to estimate

ATENUATION FALES ACIOSS Dl e et aene 68

Table 42: Median (mdn) basal reflectivity along with their standard deviation (std)and
hydraulic heads from data within the original shorelines outlined by Rusishatial., (2018),

and the newly defined shorelines for T#A f r om t hi s st udy. PR i s 1
anomaly over the subglacial lakes relative to the median of.data...................ccceeee 69

vii



List of Figures

Figure 21: a) Map of the airborne (black) and grotmaksed RES profiles (blue) over Devon

Ice Cap, along with the location of the shallow firn cores (green). Black dashed lines indicate
the firnfacies zone boundaries-8) Groundbased RES profiles revealing the firn stratigraphy.
Dashed lines mark the location where the three profiles cross (~1880 m elevation), and the
black markers indicate the locations of the picked firn zone boundariesscHttered

component of the airborne RES surface echpi@plotted in color code above each profile.

Figure 22: a) Airborne RES flight tracks over Devorel€ap, color coded with the RSR
derived scattered signal componenrt B) Laser altimetry transects color coded with the
modeled Rvalues, indicating the theoretical scattered signal component for thel&sexd
surface roughness. To better illustdaigescale variations, both the R&Rrived and modeled

Pn values are smoothed by a moving average filter (2 km glaeg window length). The color
coded squares indicate smstlale surface roughness values. Black dashed lines indicate the

firn faCiESZONE DOUNAATIES. ... e e et eenens 22

Figure 23: Normalized density plot of RS&erived scattering components,\Rgainst laser
RMS surface roughnessy within the three firn zoes. The black dotted lines represent the

modeled theoretical scattering component for the gesand permittivity values of 2.3 and
3.0. If the surface roughness was the major source of signal scatterveju&s would lie

aloNg/between theSE lINES.........cii e e 23

Figure 31: Radar evidence for a subglacial lake complex on Devon Ice Cap. (A) Landsat image
overlain with the location of the subglacial lakes (blue) and icieles (black). (B) Bedrock
topography of the DIC summit area overlain with selected radar profiles. The subglacial lakes
are located within the bedrock troughs T1 and T2. (C) Relative reflectivity along the radar
transects atop of bedrock contours. (D) &atransects A. The top panel shows the
radargrams, the middle panel shows the ice surface and bedrock elevation (black) and the
hydraulic head (blue). The bottom panel shows the relative basal reflectivity along the transect
(black) and the recorded spaarity content along crogwofile F (blue). The estimated lake
extents are highlighted by blue shading.............ccooo e 35

Figure 32: Basal temperature, hydraulic head and projecteebsating outcrops beneath
Devon Ice Cap. (A) Bedrock elevation overlain with the hydraulic head (blue) and ice divides
(black). The blue star indicates the location of the hydraulic head minimum wh&gas the

arrow indicates the direction of water potentially outflowing T1. (B) Bedrock elevation
viii



contours overlain with modeled basal temperatures. The black triangle is the location of the ice
temperature profile where a basal temperaturé®b °Cwas measured [Paterson and Clarke,

1978]. (C) The area where the Bay Fiord Formation containing the bedded salt sequence is
projected to outcrop beneath the ice is marked in yellow. Radar profiles are marked in blue/red.

D) Crosssection alongradartransée CC06 revealing the projected

Fiord Formation (yellow) and underlying sedimentary rocks (brawn).......................... 36

Figure 41: Location of Devonde Cap in the Canadian Arctic and Landsat image of Devon Ice
Cap overlain with the survey grid and the locations of of the previously identified subglacial
lakes within the bedrock troughs T1 and T2............cccovvviiviieeeee e eeeeeeeeeeevvvmmmeeeeenn O

Figure 42: Comparison of the 1D steadtate advectiowliffusion modeled ice temperatures
(red) to measured ice temperatures near the summit of DIC (black) [Paterson and Clarke, 1978].
The grey shaded area indicatbe uncertainties by propagating the uncertainties of the model

1] 01U LA o F= U= 1 1= (= SO PPPPRRPPPRY 4 0

Figure 43: a) Map of modeled deptiveraged ice temperatures using a Stesgte 1D
advectiondiffusion model across DIC along with the location of the previously hypothesized
subglacial lakes. Black contour lines represent the ice surface elevation (200 m interval) and
the ice divides. b) Adjusted deptiveraged Arrhenius molgel attenuation rates which are used

for the attenuation correction in this StUAY...........coooviiiiiiiiccc e 71

Figure 44: Radar inferred (linear fit between ice thickness and bed powdrAahenius
modeled attenuation rates. The uncertainty in the Arrhenius modeled attenuation rates is
computed using the average ice temperature uncertainty of 3.14 °C, which also represents the
temperature error bars in the radaferred attenuation rase Radaiinferred attenuation rate
uncertainties are derived as,.NThe dotted black line represents the Arrhenius modeled

attenuation rates with a multiplier of 1.4, which is used in this study.................c........ 72

Figure 45: a) Bedrock topography (contour lines every 25 m) overlain with the location of the
outlines of the hypothesized subglacial lakes from Rutishausey @l8)in blue. Red lines
depict the 20 m/yr ice flowcontour line derived from Van Wychen et al., (2014). b) Ice

thickness along survey lines, overlain with the bedrock contours (every 50.m).......... 12

Figure 46 a) Basal roughness on a radar footpri
roughness on the wavelength scale (&x=5m) i
exponent over DIC and d) Hurst exponent over the area of the subglacial lakesugtyevi
hypothesized (black) [Rutishauser et al., 2018] and newly defined (blue shaded) subglacial lake



boundaries are outlined. Bed contours are marked with thin black lines with a 50 m interval,

whereas thick black lines indicate the location of the igmlds..............oevvveveveeiieee . 13

Figure 47: Basal Reflectivity map along with the median reflectivity anomaly for the individual
catchment areas (numbers). Brown lines indicate therdthick lines) and top (thin lines) of

the projected salbearing rock outcrops underneath the iReitjshauser et al2018]. Thin

black lines are the bed topography contour lines (every 50 m), and thick black lines represent
the locations Of the ICEVHTES...........cooiiiiiiieeii e e e e e e e D

Figure 48: a) Map indicating low roughness areas (yellow) and high reflectivity anomalies
(blue), along with locations where they overlap (green). bjreCaiion between basal
reflectivity (R) and RMSD. c) Distribution of all RMSD values along with the distribution of
RMSD over high reflectivity areas, which has a mean of 0.51 m (used as threshold to define
0l ow roughnessd ar e asalreflectifies dongswith thebreflecliviies o f

over low roughness areas, which hasamean of 4.dB..............ccooiiiceeeeicccccee e, 74

Figure 49 a) Bed DEM overlain with hydraulically flat @as (blue) and reflectivity anomalies
R O 12 dB (red). b) Hydraulic head over the

with hydraulically flat areas, reflectivity anomalies and potential water routes...........74

Figure 410: a) Bedrock contour lines (25 m interval) overlain with basal reflectivity values
over hydraulically flat areas. The newly defined shorelines of the subglacial water bodies in T2
are outlired in blue. b) and c) distribution of all (gray) hydraulic heads and slopes observed

over DIC, along with the hydraulic heads and slopes that occur in areas whé&dB (red).

Figure 411: Background map (grayscale) shows the water flow paths resulting from a
perturbation model with 100 model runs, and is overlain with the basal reflectivities. Black
solid and dotted lines mark the newly defined shorelioeshie subglacial water bodies in T2

and the previously outlined subglacial lake in T1, respectively.........cc.ccccccvvvieemeeeneeee. 76

Figure 412: Basal reflectivities along the radar profiles and newly defined outlines of the
subglacial water bodies occupying the bedrock trough T2. The squares represent grid cells of

the hydraulic head mesh and are color coded with their median reflectivity valge.dquares

indicate grid cells that are hydraulically flat, whereas the blue and black contours indicate
whether the median grid cell reflectivity is above or below one standard deviation of all
measured reflectivities [rasont grid cells pithout a flae | vy .
hydraulic head but for which the median ref



bedrock topography (25 m interval) whereas thick black lines mark the location of the ice
(0 11V o [P 76

Figure 413: a) Bedrock topography overlain with selected radar profiles across trough T2. b
f) Selected radar sections (top panel) along with the bed and surface elevations (black) the
hydraulc headg (blue, middle panel) and the basal reflectivity (bottom panel). Areas of the

subglacial water bodies outlined from this study are shaded inblue........................... 77

Figure 414: a) Bedrock topography overlain with selected profiles across the canyon extending
from T2. b) Bedrock elevations along radar profiles across the canyon, revealing the trough
morphology. All profiles are oriented from south towards the north, evtiner dot in a) marks

the start point. The blue shaded areas represent the water bodies defined in this study, and the

black dotted line indicates the approximate trough center defined by the water flow.#gites.

Figure 415: a) Bed reflectivity overlain with bed elevation contours (25 m interval) and
outlines of the newly defined water bodies. Thin lines represent the MCoRDS data used for
previous identification bthe subglacial lakgCReSIS 2016; Rutishauser et al.2018]
Previously hypothesized lake outline is shown as dotted black line. b) Bed topography overlain
with outlines of the newly defined water bodies and the water flow routes. Arrows follow the

gradents of the hydraulic head and indicate potential water flow..................ovvueeee 79

Xi



List of Supplementary Figures

Figure S 31: Histogram of all recorded basal reflectivity values on DIC. Corrections for
geometrical spreading losses and attenuation are applied. Dashed lines represent the values of
one, two and three standard deviatoorThe observed reflectivity anomalies ovér and T2

(10-15 dB) are 1.2.4 standard deviations above the mean of all bed reflectivities measured on

13 P 37

Figure S 32 Interpolated ice thickness near kC summit area. The ice thickness is overlain
on bedrock elevation contours [m asl.]. Fine black lines indicate the location of the radar
transects, whereas the thick black lines represent the ice divides. The locations of the subglacial

lakes are iNdic@d WIth dOTtEd lINES. ... c..ie e e e enaes 37

Figure S 33: 3D geology model. Thredgimensional reconstruction of the bedrock topography
(greyscale) and ice surface (blue) of DIC ahne geological formations as interpolated from
the published geology [Harrison et al., 2016] into our geology model. Outcrops of the Bay Fiord
Formation (red) and Cambrigdrdovician sediments (green) are observed to the west of DIC,
underlain by the Archen Shield. Interpolation of these outcrops reveals that the geological
formations are dipping upwards and towards DIC, with the Bay Fiord Formation intersecting
the bedrock in the vicinity of T1 and T2. The location of the transect used to derive the

magneics depth to basement (DMB) is shown in blackK...........cccoovvviiiiee s 38

Figure S 24: Comparison of modeled geology and depth to magnetic basement solutions
(DMB). The top of the Archan shield (basement, brown solid line) is compared to the depth
to magnetic basement (DMB) solutions (black crosses) derived from airborne magnetics data
recorded along a transect east of the subglacial lakes (Figu8.I8e black lines represent
theice surface and bedrock topography. The error bars of the DMB solutions represent a 20 %

uncertainty of the distance between the source and SENSQAr.............ccoevvveeeeeeeeeeeeenen, 38

Figure S 41: Comparison of hydraulically flat areas computed for for densities of subglacial
brine (blue) and fresh water (green) over bedrock trough T2. Red dots mark areas where the
basal reflectivity R O 12 dB. Theuthtnywllieyaul i c
slope of the subglacial bedrock trough T2, where basal reflectivities are not indicative for
subglacial water. The hydraulic head for brine is also flat towards the top of the ridge south of
T2. This is likely driven by the reversed bedraaid surface slopes, and not from subglacial

water being in hydrostatic equilibrium..............oooriiiiiiie e 80

Xii



Figure S 42: Flow accumulation model run 100 times with randomly pertunlyddaulic heads
using 1x (a, d), 2x (b, e), and 3x (c, f) its uncertainty. Blue lines represent the water flow routes
without perturbation. d show the flow routes within the region marked in a), along with the

outlies of the subglacial water bodies defil from this study...........ccccoeeeiiiiiiiiiceciiieennnn. 80

Xiii



Chapter 1

Introduction

1.1 Background and motivation

Glaciers and ice caps in the Canadian Arctic Archipelago (CAA) contain the largest mass of
ice outside Greenland and Antarctifgda d i | a,n2011] Hhodcake projected to be
significant contributcs to sea level rise over the nextcenflRya d i |  a 80d1:RHaodci ki et
al., 2013;Vaughan et a).2013;Harig and Simons2016] Devon Ice Cap (DIC) is one of the
largest ice caps in the CAA, covering an area of about 14,480Bargess and Shay2004]

While the interior region of DIC is characterized by slow ice flow (< 20 m/a) and is considered
to be cdd based with ice frozen to the underlying bedrideiterson and Clarkel978;Burgess

et al, 2005;Van Wychen et gl2017] the ice cap is drained by a number of matareninating

outlet glaciers, most of which are grounded belowleeal in their lower reaclsfVan Wychen

etal., 2017] Although the mass balance of DIC is dominated by surface melt, dynamic mass
loss through iceberg calving is significant, and is the second largest contributor to dynamic
mass loss of all CAA ice masgd&n Wychen et 312014, 2015Millan et al., 2017]

Underrecentwarming conditions, summer surface melt has intensified and extended into higher
elevation regins of CAA ice caps than was historically the d&ssher et al, 2011; Bezeau et

al., 2013;Gascon et a).2013] In the accumulation area, meltwater percolates into the firn and,
where firn temperatures are below freezing, refreezes to form ice layers. This process can lead
to a significant increase in rates of firmddication, which can lead to lowering of the glacier's
surface elevation even the absence of maksss[e.g. Braithwaite et al. 1994] Furthermore,

strong density contraséssociated with ice layers in the firn can generate ambiguous reflections

in airborne orsatellite radar altimetryneasurementdeading to a ifference between the
measureckelevation and that of the actual glacier surfg@eay et al, 2015] Melting and
refreezing processes in the firn can therefore lead to incorrect inferences about mass balance
trends if these are derived from repeat surface elevation measurements by glRameyret

al.,, 2007] Over the past X5 years, such meltirgnd refreezing processes have been
documented over DIC fronepeat firn cores, borehole temperature profiles, and grbased

radar survey$Bezeau et g/.2013;Gascon et a).2013;Fernandes et al.2018] butspatially

extensive measurements are sparse.

Radicecho sounding (RES), also known as-pemetrating radar or dar sounding, is a

powerful technique that has been applied to numerous glaciological problems since the 1960s

1



[e.g. Gudmandsen1969; Robin et al. 1977;Plewes and Hubbard2001; Dowdeswell and
Evans 2004;Bingham and Sieger007] RES is based on the transmission, propagation and
reflection of electromagnetic waves in a subsurface medium, \dféretions can occur at any
contrast in the subsurface dielectric properties. When deployed from airborne platforms, RES
provides an efficient method to study spatially extensive areas of glaciers and ice sheets, and
has fundamentally improved our undersling of the properties and distribution of rear
surface snow and firn, and of englacial and subglacial conditions. A particulseful
application of RES measurements is for the identification of subglacial water and the
characterization of subglaciaydrological systemd€.g. Carter et al, 2009;Sdroeder et al.
2013;Wolovick et al.2013;Chu et al, 2018). The presence of water at a glacier bed can have
significant effects on ice dynamics, where subglacial water reduces basal friction, which can
facilitate faster ice flow and potentially lead to increased masgdagZwally et al, 2002]

RES surveys have also led to the identification of nungegubglacial lakes beneath the
Antarctic and Greenland ice sheptg. Palmer et al. 2013;Wright and Siegert2013;Howat

et al, 2015;Willis et al, 2015;Siegert et al. 2016] In-situ sampling of subglacial aquatic
environments has shown that these systems provide viable microbial habitaite, thesp
extreme conditions and isolation from the atmospfee Karl et al., 1999;Skidmore et aJ.
2005;Mikucki and Priscu2007;Christner et al. 2014;Boetius et al.2015] Thus, subglacial
aguatic environments, and subglacial lakes in particular, have long beerecedsid possible
terrestrial analogs for environments in which life might exist on other icy planetary padies
Cockell et al, 2013;Garcia-Lopez and @, 2017]

The first RES measurements over DIC were condueifda groundbased radar system in
1970, and were used to map the ice thickness and underlying bedrock topd&aiengon

and Koerneyr 1974] A following survey over DIC in 1973 was one of the first RES surveys in
which the shape of the returned waveform was recorded. This allowed a more quantitative
analysis of the of basal reflections, including interpretations of the returned bed poveér, whi
led to the inference of a geological boundary between the central region of DIC and its western
margin[Oswald 1975] Since then, several airborne RES campsihave been conducted over

DIC using more sophisticated radar systdmg. Dowdeswell et al.2004; CReSIS 2016]
However, while the resulting data have been used to derive the ice thickness, they have not yet
been utilized to derive basal properties of DIC. Since these surveys also cover various
snowf/firn/ice facies zones on the glacier surface, each with distinctopenies, they also
present the opportunity to investigate the characteristics of thesudace firn ovespatially

extensiveareas.



1.2 Thesis objectives and structure

As described above, several airborne RES surveys have been conducted over DIC bait the da
have not previously been utilized to investigate either the properties of theuntsere firn or

the subglacial hydrological conditions. The majority of the datasets were collected at radar
frequencies designed to derive the ice thickness or bassrties, but not to resolve the near
surface firn stratigraphy. Nevertheless, studies showed that firn properties can be extracted from
low frequency measurements via statistical analyses of the surface return, although this
approach had only been appliedareas without significant surface mé&irima et al, 2014b;
Schroeder et al.2016b] This thesis utilizes airborne RES measurements over DIC to address
two research objectives: (i) to investigate whether the RES signal that is returned from the
glacier surface can be useddharacterize the spatial heterogeneity of the-sedace firn on

DIC that is affected by melting and refreezing processes, and (ii) to investigate the subglacial
hydrological conditions beneath this largely eblked ice cap. Three studies addresiage

objectives are presented.

Chapter 2 presents the development and application of a novel technique that scstscttieg

signal component of airborne RES surface echioesharacterize neaurface firn that is
affected by melting and refreezingppesses. The scattering component of the surface reflection
is derived from a statisticahethod(RadarStatistical Reconnaissance, R$Rg.Grima et al,

2012, 2014a, 2014p]and results are compared to the firn stratigraphy observed from ground
based RES measurements and shallow firn cores. This comparison reveals three distinct firn
facies across DIC, and showst differenes in the scattering componenftthe signalare
mainly generated bgifferenas in the neasurface firn stratigraphylhe results from this study
suggest that this method hastential to characterize such firn stratigrapivhich carhelpto
identify areas for which mass balance estimates based on surface elevatios ctangave

large uncertaintiedue to the occurrence of surfacelting and refreezing processeshe firn

(i.e. because melting would lower the surface while refreezing would trap the resulting water
within the firn, and prevent it from leaving the ice cap as runoff). This study presents the first
application of the RSR methodda ice capvherefirn is affected by spativemporally complex
patterns of melting and refreezinfhe RSR techniquéas also beenapplied to planetary
surfaces such akose ofMars [e.g. Grima et al, 2012]and is proposed to be used two
forthcoming missions tthe icy moonf Jupiter[Grima et al, 2014a] for which this work

will providean improved understanding of thelationship between theSR-derived signal
components and neaurface propertied.his chapter is cauthored and has been published in

Geophysical Research Latel participated in the data collection, performed all data analysis
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and wrote the manuscript. @uthors provided roughness data that were collected prior to this

study, assistance with airborne RES data processing, and edited the manuscript.

Ciation: Rutishauser, A., C. Grima, M. Sharp, D. D. Blankenship, D. A. Young, F. Cawkwell,
and J. A. Dowdeswell (2016), Characterizing raaface firn using the scattered signal
component of the glacier surface return from airborne radim soundingieophys. Re Lett,
43(24), 12,50212,510, doi:10.1002/2016GL071230

An investigation of airborne RE&erived reflections from the ideed interface of DIC led to

the somewhat unexpected identification of liquid subglacial water beneath tHeaseld center

of thisice cap. Chapter 3 presents geophysical and geological evidence for the existence of two
hypersaline subglacial lakes beneath DIC. These lakes are located in areas where basal ice
temperatures are estimated to be well below the freezing point of fresh Matnvestigation

of the regional geology suggests that a-saliring evaporite unit likely outcrops beneath the

ice, potentially providing the solute source for the hypersaline water. This study presents
evidence fonot only thefirst subglacial laketo be discovereth the Canadian Arctidyut also

for the firstspatially isolatedhypersaline subglacial lakés be identifiedo date It is possible

that these subglacial lakes may support microbial liferaror unique ecosystesmDue to

their cold, hypersaline conditions, these lakes represent unique analogs for brine systems that
may exist on EuropSchmidt et aJ.2011] and Marg[Orosei et al. 2018] and are therefore
particularly compelling targets for future in situ exploratigncluding microbiological and
biogeochemical investigations. This chapter isaathored and has been publishe&aence
Advances| participated in the collection of some of the data, performed the data analysis and
wrote the manuscript. Gauthors povided assistance with data analysis and edited the

manuscript.

Citation: Rutishauser, A., D. D. Blankenship, M. Sharp, M. L. Skidmore, J. S. Greenbaum, C.
Grima, D. M. Schroeder, J. A. Dowdeswell, and D. A. Young (2018), Discovery of a
hypersaline subglacial lake complex beneath Devon Ice Cap, Canadian 3cctisgv,. 4(4),
eaar4353, doi:10.1126/sciadv.aar4353

Due to the limited coverage of the radar data used to identify the subglacial lakes beneath DIC,

their full extent and surrounding hydrological conditions remained unknown. To increase the

radar data coverage and oware the limitations of the previous survey, a new targeted

airborne geophysical survey was conducted over DIC in spring 2018. Chapter 4 uses this dataset

to revisit the initial hypothesis for thexistence othe subglacial lakesto derive their full

extents, and to investigate the characteristics of the surrounding subglacial environment.
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Results strongly support the existence of one of the subglacial lakes, but indicate that it is larger
than previously thought. In addition, the new dataset revealsreader an extensive brine
network in which water may be concentrated in small ponds, thin films, or in the pore volume
of subglacial sediments. It is likely that the characteristics of this-bet&ork are related to

the bedrock lithology and topograptyesults from this study will help inform the planning of
future research over the Devon subglacial lakes, and provide context necessary for the design
of a future program for hsitu access and sampling of the lake water and brine network, any
accreteddge formed above the lake, or sediment on the lake floor or directly beneath the ice to
explore the suitability of these habitats for supporting life. This study is a collaborative work
with the University of Texas Institute for Geophysics (UTIG), and Wweél prepared for
publication in early 2019. | was involved in the planning and execution of the data collection,
performed all data analyses and wrote the manuscript. Collaborators from UTIG assisted with

data processing and, together with M. Sharp, editeagnanuscript.
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Chapter 2
Characterizing near-surface firn using the scattered signal component of the glacier

surface return from airborne radio-echo sounding

2.1 Abstract

We derive the scattered component (hereafter referred to asctiteerent component) of
glacier surface echoes from airborne ragloho sounding measurements over Devon Ice Cap,
Arctic Canada, and compare the scattering distribution to firn stratigraphy observations from
groundbased radar data. Low scattering cotedao laterally homogeneous firn above 1800

m elevation containing thin, flat and continuous ice layers, and below 1200 m elevation where
firn predominantly consists of ice. Increased scattering between elevations ef 8(Don
corresponds to firn withnhomogeneous, undulating ice layers. No correlation was found to
surface roughness and its theoretical incoherent backscattering values. This indicates that the
scattering component is mainly influenced by the 1seaface firn stratigraphy, whereas
surfa@ roughness effects are minor. Our results suggest that analyzing the scattered signal
component of glacier surface echoes is a promising approach to characterize the spatial

heterogeneity of firn that is affected by melting and refreezing processes.

2.2 Intro duction

Glaciers and ice caps in the Canadian Arctic Archipelago (CAA) contain the largest mass of
ice outside Greenland and Antarctifgda d i | a,n2011] thodcake projected to be
significant corributors to sea level rise over the nextcenf®y d i | a 80d1;RHaodci ki et
al., 2013;Vaughan et aJ.2013;Harig and Simons 2016] With recent summer warming,
surface melt on these ice masses has intensified and extended to higher elgviatienset

al., 2011;Sharp et al.2011;Bezeau et al.2013;Gascon et aJ.2013;Mortimer et al, 2016}

In the accumulation area, where firn temperatures are below freezingateelpercolates into

the firn and refreezes as ice layers. Repeat firn cores, borehole temperature profiles, and ground
penetrating radar surveys document major changes in the firn stratigraphy of CAA ice caps and
glaciers over the past 45 years|Bezeau etl., 2013;Gascon et aJ.2013] but spatially

extensive measurements are sparse.

Knowledge of the neeasurface firn stratigraphy is important for interpreting altimetrically
derived measurements of glacier surface height in terms of changes in glasgebalance
[Parry et al, 2007] The glacier surface height in the accumulation area is affected by changes

in the neaisurface fin density, even in the absence of mass chgiyaghwaite et al. 1994]
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Ice layer formation ¥ meltwater percolation/refreezing can significantly increase firn

densification rates, causing a lowering of the glacier surface height. Strong density contrasts
associated with ice layers in the firn can generate ambiguous reflections in satellite radar
altimetry data, leading to a difference between the measured elevation and that of the actual

glacier surfacg¢Gray et al, 2015]

Recent studies used properties bé tglacier surface reflection from airborne radaho
sounding (RES) measurements to determine the-sugface firn density and the surface
roughness of Thwaites Glacier, West Antarcfi@ama et al, 2014a, 2014bSchroeder et al.

2016b] However, direct density estimates from the RES surface signal are asilyléaf the

firn density increases continuously with depth (i.e. steady state accumul[&rmp et al,

2014b] which is not the case for CAA ice caps where there are often ice layers in the firn. Here,
we investigate the us# the scattering signal component of the RES glacier surface reflection

to characterize neaurface firn stratigraphies affected by melting and refreezing processes.
We apply the Radar Statistical Reconnaissance (RSR) migsniocia etal., 2014alo airborne

RES measurements from Devon Ice Cap (DIC) to calculate the scattering signal component.
We compare this component to the rearface firn stratigraphy revealed by grotbabked

RES measurements, and to glacier surface roughassmates and their theoretical
backscattering values. We then discuss the relative influences of theunkae firn
stratigraphy and the surface roughness on the scattering component, and show that the firn
stratigraphy is the predominant influencesigmnal scattering. This is the first application of the
RSR method to an ice cap with a firn layer affected by spatigorally complex patterns of
melting and refreezing. We argue that the RSR method and analysis of the scattered signal

component have pential to characterize such firn stratigraphy.

2.3 Data and Methods
2.3.1 RadioEcho Sounding Data

Airborne RES data were collected over DIC in spring 2Fidufe2-1a) using the University

of Texas | nst it utGCapalility Rad& SoupderyHiGAREPétersHet afy h
20b]. HICARS transmits chirped pulses at 60 MHz center frequency (i.e., 5 m wavelength)
over a 15 MHz bandwidt[Peters etl., 2005] HICARS was mounted on board a Basler-DC

3 aircraft operated by Kenn Borek Air, and positioning was obtained with a Global Positioning
System (GPS) providing a 15 cm root mean square (RMS) vertical accuracy and smaller

horizontal errors. Theesulting radar dataset was sampled every ~1 m along the survey
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transects. The puldenited footprint (area illuminated by the radar) at the surface has a

diameter of ~235 m for typical aircraft heights above ice (~700 m).

Several of the airborne RES temtts were surveyed with a grotinaised RES system in spring
2015 figure 2-1a). A PulseEKKO Noggin radar (Sensors & Software Inc.) with antennae
operaing at 500 MHz center frequency (i.e., 0.6 m wavelength) was mounted on a plastic sled
towed by snowmobile, generating a dataset sampled every ~0.4 r@okgPositioning was
obtained with a Leica Geosystems GPS system providing a 25 cm RMS ac&uoaessing

steps for these RES data included dewow filtering, -wer® shift, background removal,
Butterworth band pass filtering, and the application of a gain funjgigrnCassidy 2009]. The

firn stratigraphy was further documented using six ~11 m long firn cores drilled along the
survey transectd=(gure 2-1a) in May 2015. Th stratigraphic data were used to validate and
interpret the grountbased RES measurements, and to determine bulk firn permittivities and

the radar wave velocity in firn.

2.3.2 Determination of the Scattered Signal Component

In airborne RES measurements, a gjramgnal from the glacier surface (surface echo) is
generated by the large contrast in dielectric properties between the atmosphere and snow, firn
or ice. The surface echo is affected by the material properties of theurtare (e.g. the
vertical dieletric profile and homogeneity) with the probed depth being a function of the pulse
width (uppermost B0 m for the HICARS signal). The surface echo strenf)hcan be
expressed as a combination of reflected (specular, deterministic phase interfégeace,
scattered (random phase interferer®g,signal components, so that= P; + P, [e.g. Ulaby

et al, 1986] Pc is manly sensitive to the permittivity of the probed subsurface, whétees
dominantly affected by the surface roughness and by inhomogeneous geometries in the
subsurfacg¢Grima et al, 2014a] We apply the RSR method to estimBteand P, [Grima et

al., 2014a, 2014b]. To calculai andPy, the amplitudes of consecutive surface echoes from

a defined alongrack baseline (1 km, equivalent to ~1000 echoes, repeated every 50 m) are
combined in a statistical distribution. The resulteeo amplitude distributions are then best
fitted with an analytically derived stochastic envelope (homodynddtibution, HK) which

is parameterized with the signal compondfhtandP, [Destrempes and Cloutie2010] The
scattering model assumes statisticdi@tarity of roughness effects over the sampled space (1
km baseline), however, the HK distribution allows for reflector/scatterer clustering (i-e. non

stationarity) over the radar footprifiDestrempes and Cloutie2010;Grima et al, 2014a]
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Although scattering values are only analyzed qualitativ&lgndPn values are calibrated by a
comparison between the calculated radar reflectdhc€roughness corrected) and the
theoretical radar reflectance generated by aglauier ice interface-{1.(8 dB) at locations

where nadir looking camera pictures taken during the airborne RES survey showed exposures
of bare icePn values from areas where the correlation coefficient of the fit is below 95 %, and

where the airplane roll angle was abovev2re onsidered unreliable and discarded.

2.3.3 Surface Roughness and Theoretical Scattering Component

Analytical models that describe backscattering from rough surf&dsihaily and Guérin

2004] show that the scatieg component of the surface echo is a function of the surface
roughness. To investigate roughness effects on the surface echoes, we calculated the RMS
roughness from laser altimetry data collected simultaneously with the HICARS measurements,
and modeledhe theoretical scattered signal component for the resulting roughness. The laser
altimeter provides a 2 mm range resolution with a footprint of 1¥oung et a] 2008] and

measurements were made every ~24.5 m al@uk. The RMS heightn is defined as:

p s ,
1
= Gow A (1)

whereM is the number of surface height measurememntg,ig(the height at locatioxn, andd

is the mean of the surface heiglaswas calculated over sliding windows wih= 7 (baseline

of ~171.5 m alongrack), and the resulting RMS heights are used to model the theoretical
scattered signal component of the surface echo, follo@nmga et al.[2012]:

~ ~

o TQI, p Q (2)

wherek is the wavenumbet, p W T p W is the surface Fresnel coefficient with

being the dielectric constant of the fiiD,is the footprint diameter at the glacier surfdas,

the roughness correlation length, dni the aircraft range to the surface. As the roughness
correlation length is unknown, we assuime 10 m[Grima et al, 2014a] for which the
exponential of (2) becomés 1 andP, values take on their maximum value. This is supplorte

by RSRderived surface densities at Thwaites Glacier where the same large correlation length
assumption was applied, and the results conform well with expected density[Gines et

al., 2014b] We note that the laser and ratfaselines fosh used in Eq. (2) are not the same.
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The laser baseline used to calculsges ~171.5 m, whereas the horizontal length over which
the radar scattering signal is affected by a given surface roughness is not known precisely;
however, it haveen estimated to be a few wavelengthS{5n)[Grima et al, 2012] Grima

et al.[2014a]showed that radar RMS heights derived friésare about 33 % smaller than the
corresponding lasaterived RMS heights for that specific acquisition platform. Hence, using
laserderived sh and assumind > 10 m in Eq. (2) likely results in an overestimation of the
modeledP, values. The corresponding equation for the coherent sign@¢eah be found in
Grimaet al] 2014a](Eqg. 6).

Although the theoretical scattering signal component is mainly sensitive to the surface
roughnessPy is also a function of the firn permittivity. We use the stratigraphy of six firn cores
(Figure2-1a) to estimate bulk permittivity values for the uppermost 10 m of firn. Sections of
the firn cores showing ice layers are assigned a density of 875 K@éreau et al.2013],
whereas sections showing firn are assigned the theoretical-digpéindent density value

"a " " A @D— [Cuffey and Patersqr2010] whereri = 875 kg/ni andrs =

320 kg/nfare the densities of glacier ice and the spring snowpack, respefBezgu et al,
2013] The resulting average densitieg for each core are converted to bulk permittivity
values following the empirical relationstip p Ytuvpmn” EC [Kovacs et al.
19%]. From this, average firn permittivity values of 2.3 and 2.7 were used to moibelirn
Zones | and Il, respectively (see sectiod. 1for specifications of firn zonesP, values in firn

Zone |1l were modeled withl= 3.0 (mostly ice in firn).

In addition to the surface roughness derived from laser altimeter data, we analyzed ground
based roughness measurements from a field campaigri@mnBspring 2004. The surface
roughness was measured at 13 locations along a 48 km long transect from near the summit of
the ice cap towards the margin in a southerly direcagu¢e2-2b). At each site, the height of

a fixed laser level above the surface was measured at 10 cm intervals along 10 m long profiles
oriented parallel (Nort#tsouth direction) and perpendicular (We&stst direction) to the
transect.sn was calculated using Eg. (1) for each profile, and the overall mean surface

roughness was determined for each site.
2.4 Results

2.4.1 Firn Facies from GroundBased RES

Three grounébased radar echogranisgure2-1 (b-d)) reveal the stratigraphy of the uppermost

~12 m of the firn. The profiles intersect n
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towards the margins in various directiofrsgure2-1a). A common elevaticdependent trend

is observed in the firn stratigraphy: at the highest elevations (>1750 m), near the center of the
ice cap a few relatively flat and continuous reflections are present within the uppermost ~2 m
of firn. These reflections correlate to thin ice layers (<0.18 m thick) identified in firn cores, and
are interpreted as ice layers formed by refreezing of percotattivater. As elevation
decreases, the ice layers in the firn thicken and become undulatory. Below ~1200 m elevation
the low subsurface radar reflectivity indicates firn consisting mainly of ice, whereas internal
reflections within the massive ice layeilsely result from interfaces with residual bodies of

firn. The massive ice layers form by refreezing of meltwater. Such a stratigraphy where firn is
buried beneath ice layers formed by refreezing, is a plausible outcome of equilibrium line
migration to hidper elevationge.g. Gascon et a).2013] Gascon et al[2013] describe firn

stratigraphies observed on DIC and assess their implications for melt water flow.

To relate the RSKlerived scattering Waes to firn characteristics (secti@m.?, we identify

three firn facies zones. These are based on variations in the apparent homogeneity of firn in the
groundbased RES data. A laterally homogeneous firn layer extending over abaR8lie (1

km) is expected to generate surface echoes with a weak scattering signal component. In
contrast, firn containing internal inhomogeneities (i.e. undulating ice layers) is expected to
cause a higher scattering signal component. On this basis,|4® defined as the area where

firn contains thin, flat and mostly continuous ice layers. It is found at elevations above 1750 m
surrounding the summit of the ice cap. Zone Il is found between18%® m elevation, where

the ice layers are undulatirend significantly thicker than in Zone I. In Zone IIl, the uppermost

6 m (the theoretical depth to which the surface echo is affected by a dielectric profile composed
of ice) of firn consists predominantly of ice, and appears more homogeneous thaZéinein

Il. To exclude possible influences from ice flow within outlet glaciers (e.g. crevassing), we
constrain Zone lll to areas where the glacier surface lies above 900 m elevation. The resulting
Zone lll spans an elevation range of 9BB5 m, and likelyricludes areas that lie within the

ablation zone in some yedfGSascon et a).2013]

The spatial extent of the firn facies zones is showhiguire 2-1a. Forairborne RES profiles
for which no grounébased RES data were available, the zone boundaries were interpolated
using data from neighboring groubadsed RES profiles. Since changes in firn characteristics

between zones are gradual, we estimate a 5 km-#dacigerror in zone boundary picking.

16



2.4.2 Scattering Distribution and Correlation to Firn Facies Zones

The RSRderived scattering component ranges fret to-5 dB across DICKigure 2-2a).

Like the firn stratigraphyP, values display an elevatiadtependent trend forming a circular

di stribution patt er nP,aaueswmr tbw (4 dB) in the suranaitp 6 s
region, (>1800 m) and below ~1@®n. These two areas are separated by a band of gher
values (>24 dB). Transitions between these highd low scattering areas coincide with the
defined firn zone transitiongigure 2-1) to within 0.47 km. The majority lie within the

estimated 5 km picking error.

To quantify variations irfP, within the different firn facies zones, we analyzed Bhevalues
statistically Table2-1). Firn Zones I, Il and Il yield mea#, values 0£26.9 dB,-23.2 dB, and

-27 dB, respectively. A Kruskalallis test (norparametric ANOVA) indicates th&t, values

from Zone Il are significantly (p < 0.001) different from those in Zones | and Ill, with a 95 %
confidence level. Thus, the scattering properties of the different firn stratigraphies are
statistically significantly different with respect to lateral legeneity. These results are
consistent with the expected pattern of high scattering where-sadace firn is
inhomogeneous and low scattering where it is more homogeneous. The high scattering values
in firn Zone 1l could be explained by the presencéiefihhomogeneous, undulating ice layers

in the firn, whereas the flat and continuous ice layers in firn Zone | appear to reflect the radar
signal coherently. Similarly, the firn stratigraphy in Zone 1l does not significantly scatter the
surface echo, indating that, despite the presence of some residual firn bodies, the probed
subsurface appears homogeneous at the frequency and configurations of HICARSPHigher
values near some outlet glacier termini likely result from scattering @asses and broken

floating ice.

2.4.3 Effects of Surface Roughness

The good correlation between areas with distifctalues and the different firn facies zones
suggests that changes in the scattering coefficient are caused by changes in the firn stratigraphy.
However, becaus®s is also a function of surface roughness, it is important to determine
whether there is any relation betweBn and the observed surface roughness. If surface
roughness was the major source of signal scattering, a positive correlation would be expected

betweenP, and roughnesigGrima et al, 2014a]

The laserderived RMS surface roughness of DIC ranges between 0.008 and 5.9 m, with
averages for Zones I, Il and Il of 0.05 m, 0.09 m and 0.12 m respectivatye2-1). The

modeled scattered signal components for the observed rough(tégses2-2b) are generally
17



lower (31.9 dB,-26.9 dB and-24.5 dB for firn Zones I, 1l, and lll, respectiveljable 2-1)

than the RSRlerived scattering values, and have a different spatial pattern. This suggests the
surface roughness of DIC is not the major influence on the scattered signal component, and
supports the argument that differencesRnare due to differences in the nearface firn
stratigraphy. This is reinforced Ifygure2-3, which showghat the observed, values and the

laserderived surface roughnesses are not correlated.

However, given the relatively large point separation of the laser measurements (24.5 m), the
laserderivedsy values might exclude small, wirstulpted forms like strugi and capture only
largescale surface irregularities. Unfortunately, no smaller scale roughness measurements are
available for the period when the data used in this study were collected. Nevertheless, we
analyzed groundbased roughness measurememsifspring 2004 to seek possible correlations
between smalscale roughness features @d The formation and orientation of sastrugi and

the associated surface roughness are dependent on the prevailing wind pattern over the glacier
surfacege.g.Mather, 1962] Because similar patterns of katabatic winds and sastrugi formation
have been observed over multiple years on [KMGerner, 1966;Boon et al. 2010] we argue

that despite the teyear time span between data collection, a comparison with roughness data
from 2004 is meaningful. The smaitale surface roughness (10 cm point separatiom
baseline) ranges between @43 m and displays a general trend of increasing roughness with
decreasing elevatiorFigure 2-2b). However, no gnificant changes occur at the elevations
where considerable shifts A are observed (~1400 m and ~1800 m). This suggests that
patterns inP, are also not correlated to smatlale surface roughness. Thus, changes in the
scattering signal component at the HICARS instrument frequency are mainly caused by changes
in the neassurface firn stratigraphy, while surface roughness effects are prabatuy.

We assume that the winter snow pack has minimal effeBh.afoerner, [1966] showed that

the snow depth distribution over DIC does not vary systealbtiwith elevation, so it is
unlikely to cevary with the observed distribution Bf. Furthermore, the enaf-winter snow

pack that existed during the measurement period was mostly homogeneous and dominated by
a layered (deterministigtructure (a layreof wind-packed snow overlying depth hoamhich

would contribute primarily to the reflectance compongk. (

While theoretical backscattering models for a rough surface layer are well estafdighed
Ulaby et al, 1986; Grima et al, 2012] the formulation of models that capture effects of
rough/undulating layers within the subsurface is more diffifely. Tabatabaeenejad and
Moghaddam?2010;Tabatabaeenejad et aR013;Zamani et al.2016] Although a quantitative
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understanding of the scattering contribution from undulating ice layers in the firn facies of Zone
Il might explain the hight, valuesin this zone, modeling such an effect is beyond the scope of
this paper.

2.5 Conclusions

We calculated the scattering signal component of airborne RES surface echoes from DIC using
the RSR method, and compared the resulting pattern to theuréace firn gtatigraphy, which
contains numerous ice layers formed by melang refreezing processes. Three distinct facies
zones occupy different elevation ranges and the scattered signal component changes
significantly between them. Low scattering correlates vatberblly homogeneous firn above

1800 m that contains thin, flat and continuous ice layers, and below 1200 m where firn
predominantly consists of ice. Between 1200 and 1800 m, increased scattering coincides with
firn containing inhomogeneous, undulating l@gers. Although backscattering theory suggests

a correlation between surface roughness and scattered signal components, no such correlation
was found on DIC. Scattering values modeled for the observed surface roughness are
significantly lower than the R&derived scattering values, and failed to reproduce their spatial
distribution pattern. Therefore, we conclude that changes in the scattering signal component on
DIC are mainly generated by changes in the saediace firn stratigraphy, although some
contibution from surface roughness effects cannot be ruled out. Knowledge of the firn
stratigraphy, especially the spatial extent of percolation features is critical if repeat altimetry
measurements of surface height derived from airborne or satellite sarsosed to estimate

mass balance changes on Arctic ice caps. Our results suggest that the combined use of the RSR
method and the scattering component from airb&B& measurements has potential to
characterize neaurface firn. This can help to identéreas where firn is affected significantly

by melting and refreezing processes, areas for which mass balance estimates based on
altimetrically-derived records of surface elevation change may have large uncertainties. This
promising approach can easily bpplied to other glaciers and ice caps which experience
similar spatially and temporally inhomogeneous melting and refreezing processes. Finally, the
RSR technique is being applied to planetary surfaces such ageMpfSrima et al, 2012]or

two forthcoming missions to the icy moons of JapjGrima et al, 2014a] however, near

surface scattering effects are usually not considered. Our study will benefit planetary
exploration by providing an improved understanding of the fd&Red signal components

and its relatioship to neassurface properties.
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Tables

Table2-1: Description of the defined firn facies zones and results from statistical analysis of
the scattering coefficient slhving the mean and standard deviation of Pn. Additionally, the
mean lasederived RMS heighth and modeled scattering coefficient within the three firn
zones are listed.

. . MeanP, Std. P, Mean Laser| Mean Modeled
Firn Facies Zones [dB] [dB] sn [m] P, [dB]
Zone| | Thin,continuousice | ;750 1 oq -26.9 25 0.05 31.9
layers
Zone 1| | Thickening, undulating ;549895 masl|  -23.2 28 0.09 -26.9
ice layers
Zone il Mostly ice in 9001435 masl.| -27.0 3.4 0.12 245
uppermost 6 m
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Figure 2-1: a) Map of the airborne (black) and grouéised RES profiles (blue) over Devon

Ice Cap, along with the location of the shallow firn cores (green). Black dashed lines indicate
the firn facies zone boundas. b}d) Groundbased RES profiles revealing the firn
stratigraphy. Dashed lines mark the location where the three profiles cross (~1880 m
elevation), and the black markers indicate the locations of the picked firn zone boundaries. The
scattered componéof the airborne RES surface eche)(R plotted in color code above each

profile.
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Figure 2-2: a) Airborne RES flight tracks over Devon Ice Cap, color coded with the RSR
derived scattered signal compondpi b) Laser altimetry transects color coded with the
modeled Rvalues, indicating the theoretical scattered signal component for the daseed
surface roughness. To better illustrate largmale variations, both the RSRrived and
modeled Rvaluesare smoothed by a moving average filter (2 km alvagk window length).
The color coded squares indicate snsdale surface roughness values. Black dashed lines
indicate the firn facies zone boundaries.
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normalized density

Figure 2-3: Normalized density plot of RSferived scattering components\Rgainst laser
RMS surface roughnesshj within the three firn zones. The black dotted lines represent the
modeled theoretical scattering component for thvemsy and permittivity values of 2.3 and
3.0. If the surface roughness was the major source of signal scattering/ues would lie
along/between these lines.
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Chapter 3
Discovery of a hypersaline subglacial lake complex beneath Devon Ice Cap,
Canadian Arctic

3.1 Abstract

Subglaciallakes are unique environments that, despite the extreme dark and cold conditions,
have been shown to host microbial life. Many subglacial lakes have been discovered beneath
the ice sheets of Antarctica and Greenland, but none have been reported todaihgpkiere,

we use radigecho sounding measurements to identify two subglacial lakes situated in bedrock
troughs near the ice divide of Devon Ice Cap, Canadian Arctic. Modeled basal ice temperatures
in the lake area are no higher thd0.5 °C, indicatig that these lakes consist of hypersaline
water. This is in agreement with the surrounding geology suggesting that the subglacial lakes
are situated within an evaporitieh sediment unit containing a bedded salt sequence, which
likely act as the solutsaurce for the brine. Our results reveal the first evidence for subglacial
lakes in the Canadian Arctic, and the first hypersaline subglacial lakes reported to date. We
conclude that these previously unknown hypersaline subglacial lakes may represenastgnifi

and largely isolated microbial habitats, and are compelling analogs for potentaveed

brine lakes and lenses on planetary bodies across the Solar System.

3.2 Introduction

Subglacial lakes in Antarctica mainly exist where temperatures at ther gdadiare maintained

at the pressurmelting point from a combination of geothermal or frictional heating and the
thermal insulation provided by the thick ice coy€arter et al, 2007;Wright and Siegert
2012;Young et al.2017] In contrast, many of the Greenland subglacial |§Re¢mer et al.
2013;Howat et al, 2015;Willis et al, 2015]receive surface meltwater input, providing heat
that prevents the subglacial water bodies from freezing even at temperatures bplessine
melting point[Howat et al, 2015;Willis et al, 2015] Liquid subglacial water has also been
found to exist at sufreezing tempetares beneath Taylor Glacier in the McMurdo Dry
Valleys, Antarctica, where the composition of the brilcé water depresses its freezing point
[Mikucki et al, 2004;Badgeley et al.2017] Research over the past two decades has revealed
increasing evidence that subglacial aquatic environments can host microdighlifet al.,
1999; Skidmore et a).2005; Mikucki and Priscu 2007] and recent direct sampling of an
Antarctic subglacial lake confirmetié presence of a viable microbial ecosystem in this dark
and cold environmenChristner et al. 2014] Terrestrial subglacial water systems are therefore
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considered as potential analogs for microbial habitats on other planetary bodies where the
presence of liquid water beneath ice has been inf¢@bfford, 1987;Schmidt et aJ.2011,
Cockell et al. 2013]

Devon Ice Cap (DIC) is one of the largest caps in the Canadian Arcti€igure3-1A), and

has been surveyed extensively by ragioho sounding (RES), a walktablished technique

used to identify subglacial lakes from hydraulically flat, bright, and specular (Fikedr
reflections from the glacier bg@arter et al, 2007;Schroeder et al2015] The interior region

of DIC consists of a rugged terrain with mountain ridges reaching 1700 m above sea level (asl.)
and several 16200 m deep bedrock troughisigure 3-1B). This region has previously been
inferred to be cold based where the ice is frozen to th¢Bigdess et al.2005;Van Wychen

et al, 2017] Here, we present a combined interpretation of RES and geological data, which
reveals evidence for the existerda previously unknown hypersaline subglacial lake complex

near the ice divide of DIC.

3.3 Results
3.3.1 Radar evidence for two subglacial lakes

A total of eight radar transects show relative bed reflectivity that-i551@B higher over two
troughs, T1 and T2, &n in the surrounding areBigure3-1). These reflectivity anomalies are
1.6-2.4 standard deviations above the mean of all bed reflectivities measured dridi€ &

3-1). The larger dielectric contrast of an +4eater interface compared to an -idey rock
interface results in significantly stronger bed echoes where the eclatilected power of
freshwater and seawater with respect to unfrozen bedrock are expected to be ~10 dB and ~12
dB higher, respectiveljPeters et al. 2005] We therefore interpret that the observed

reflectivity anomalies over T1 and T2 result from the presence of subglacial water.

The character of the ice bottom interface is further evaluated by computing the radar specular
contenfSchroeder et al2013, 2015Young et aJ.2016]along profile F over T1Kigure3-1).

The specularity content is an expression of the relative proportions of specefetyed
(mirror-like) and scattered radar energy and allows for the discrimination of smooth, flat ice
water interfaces (high specularity) and comparatively roughrocke interfaces (low
specularity)[Schroeder et al.2015] High specularity anomalies have typically been used to
identify aleas of subglacial water and laf€&eenbaum et g12015;Young et al.2016, 2017]

and very high values have been used to infer areas of basal melting beneath an ice shelf

[Greenbaum et gl2015] We therefore propose that the observed specularity anomaly over T1
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indicates subglacial water. The exceptionally high specularity content (>Higiise3-1D) in

the center of T1 may result from basal melting, further smoothing theatsr interface.
Although no specularity data are available over T2, the good agreement between the elevated
specularity content and reflectivity @malies over T1Kigure3-1) supports the interpretation

that the similar reflectivity anomalies over T2 result from the presence of subglacial water.
Based on the eaht of the radar signatures indicating subglacial water, and their confinement
within two distinct topographic basins, we conclude that T1 and T2 each represent subglacial
lakes. These subglacial lakes are locatédKin on either side of the wesast runing ice

divide, with mean ice thicknesses of 560 m over T1 and 740 m ovdfigré¢ S3-2). We
estimate subglacial lake areas of about 5 &nd 8.3 krdfor T1 and T2, respectively. These
sizes are comparable to the majority of knd@arter et al, 2007;Wright and Siegert2012]

and predicteflLivingstone et aJ.2013]subglacial lakes in Antarctica and Greenland, however,
the full extent of the wiar bodies beneath DIC may be underestimated due to limited radar

coverage.

3.3.2 Subglacial hydraulic head over the lake area

Hydraulic heads calculated along the radar transects as well as from surface and bed DEMs are
mostly flat across T2, with a local hyditec minimum in the western part of the troudhgure

3-1D andFigure 3-2A). A flat hydraulic head indicates hydrostatic equilibrium between the
subglacial water and the overlying i&hreve 1972] indicating that the ice is afloat above the

basal water. The criteria of hydraulically flat reflections is commonly used to identifiesidd
lakes[Carter et al, 2007] furthersupporting the evidence for a subglacial lake in T2. Although

the hydraulic head across T1 is relatively flat, no local hydraulic minimum is observed. Instead,
the gradients of the hydraulic head suggest that water flows out of T1 in avesttdirectio

(Figure 3-2A). If water outflows T1, it is possible that the lake is replenished by active
subglacial melting, which could explain the very high (> 0.75) speculeoityent over T1.
However, due to the relatively small horizontal lake extents and their confinement in bedrock
troughs, bridging stresses in the overlying ice may prevent a fully developed hydraulic
equilibrium. Other possible explanations for gradiemts the hydraulic head include
uncertainties due to undetected bedrock features where no RES data are available, or radar

anomalies that arise from shallow water or waturated sediments.

3.3.3 Modeled basal ice temperatures indicating hypersaline water

Using a onedimensional steady state advectatiffusion modelCuffey and Patersqr2010]
we calculate basal temperatures of arodads £ 3.5 °Cin T1 andl4.3 £ 3.75 °C in T2Rigure
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3-2B). These modeled temperatures are in good agreement with a nearby measured ice
temperature profile in which the basal temperature-d@$ °C at 300 m depflraterson and

Clarke, 1978] but are well below the presseureelting point for fresh water derived from the
overlying ice (about0.5 °C). Surficial water (and heat) input that would prevent the subglacial
lakes from freezing is improbable since only tieal surface meltwater is produced at elevations
near the DIC summ[Wyatt and Shar®015] We therefore conclude that the subglacial lakes
beneath DIC must consist of hypersaline water with a significantly depressed freeiring

temperature

3.3.4 Underlying geology and source of salinity

Geological mapping shows outcrops of the Archean shield (igneous rocks) surrounding the
eastern part of DIC, and Cambri@rdovician sediments, including an evaporite unit within

the Bay Fiord formation, to theest of DIC[Harrison et al, 2016](Figure S3-3). Drill cores

from Bathurst Islad, located west of Devon Island, show that the bottom of the Bay Fiord
formation contains a bedded salt sequence with the salt consisting almost entirely of halite (98
%) [Mayr, 1980] We use published outcrop data from Devon Is[afatrison et al, 2016]to
construct a thredimensional geological moddfigure S3-3) which allows us to constrain the
bedrock geology beneath the ice. The modeled geology is consistent within the uncertainty for
depth to magnetic basement solutions derived aiwborne magnetics datgigure S3-4). Our
geological model shows that the dadtaring Bay Fiord formation outcrops near the DIC
summit area, where it encloses tlhibgacial lake in T1, and outcrops about 100 m above the
bottom of T2 Figure3-2). However, given the estimated uncertainty of 200 m in the projection
of the geologial model, it is possible that the subglacial lake in T2 is also situated within the
Bay Fiord formation. The presence of the <waaring unit underlying the DIC summit area
supports the existence of a substantial hypersaline subglacial lake complexthehieatite
contained in the Bay Fiord formation likely provides the main source of salinity. The highest
modeled ice temperatures within the uncertainty ranges for T1 and F22aamd-10.5 °C
respectively. Empirical studies show that in order to deptesfreezing point of distilled water

by 10.512 °C with the addition of NaCl, a salinity of 2460 practical salinity units (psu) (2.4

2.7 M NacCl) is requiredHall et al, 1988] These temperature and salinity values are similar

to those of the brinech water body found beneath Taylor Glaciér.§ °C, 125 psu)Mikucki

et al, 2004]and the ice covered Lake Vidd 8 °C, 200 psuMurray et al, 2012] both located

in the McMurdo Dry Valleys, Antarctica.
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The observation of radar signatures indicative of subglacial water in an area where modeled
basal ice temperatures are well below the presseténg point, and the likely outcrop of a
bedded salt sequence beneath the ice in the same area provide compelling evidence for the
existence of a hypersaline subglacial lake complex beneath DIC. Tilegasal lakes are

likely confined to bedrock troughs where the basal temperatures are higher due to a thicker,
more insulating ice coveF{gure S3-2). The geologial model indicates that other troughs near

the DIC summit are also underlain by the Bay Fiord formatigufe 3-2C), however, more

radar data are required to investigate their basal hydrological conditions. Additionally, outcrops
of the Bay Fiord formation are common around Ellesmere Idldadison et al, 2016]and

may be found beneath other Canadian Arctic ice caps.

3.4 Discussion

Although numerous subglacial lakes have been discovered beneath the large ice sheets, the
subglacial lake complex identified beneath DIC is unprecedentexe subglacial lakes, and

their surrounding environments are very different from those reported in Antarctica and
Greenland: The DIC lakes are situated within bedrock troughs in mountainous terrain, exist at
temperatures well below the pressurelting pint, do not receive surface meltwater input,

and likely consist of hypersaline water derived from dissolution of a surroundirgesaiihg
geological formation. The origins of the hypersaline subglacial lakes, the processes by which
they formed, and theipotential interactions with shallow or deep groundwater flow remain
unclear. However, possible mechanisms for the formation of the hypersaline subglacial water
include melting of basal ice upon direct contact with the salt in the surrounding rocks, and
modulated by doubldiffusion processes within the waterbodies. The subglacial lakes might
also be relict waterbodies that formed subaerially during an interglacial period, with the water
becoming increasingly briny through interactions with underlyingnealbcks, and as a result

of cryo-concentration after they became permanently ice covered.

The only known subglacial fluid with temperature and salinity values comparable to this
hypothesized hypersaline lake system beneath DIC, is the brine beneath Gladier,
Antarctica[Mikucki et al, 2004] However, this brine body is not constrained as a apati
isolated subglacial lake, but is connected to argaltgroundwater system that is sourced by
ancient marine watdi.yons et al. 2005;Mikucki et al, 2015;Badgeley et a).2017] Brine
outflows from Taylor Glacier &ve been shown to contain active microbial communities
[Mikucki and Priscu2007] revealing that life is possible in such hypersaline;isalaquatic

environments. We therefore suggest that the DIC subglacial lakes may have the potential to
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support merobial life and could harbor a unique ecosystem. If life exists in these lakes, it could

have evolved in isolation since the area was last overridden by glacier ice, which was at least
120,000 years agdraterson et a).1977] We <concl ude that the Devo
subglacial lakes represent good analogstie brine bodies inferred to exist beneath and
potentially wit h[SchmidEeat a)®2@la] 6rshe Martean polareack caps

[Clifford, 1987] and are therefore compelling targets for future exploration.

3.5 Materials and Methods
3.5.1 Radar data and interpretation

Radioecho sounding data were acquired with theversity of Kansas Multichannel Coherent
Radar Depth Sounder (MCoRDE}ReSIS2016]during spring in the years 2011/12/14/15,

and with the High Capability Airborne Radar Sounder (HICARR®)ers et al.2007]operated

by the University of Texas Institute for Geophysics, during spring 2014. Ice thicknesses and
basalreflectivity are extracted using a common semiomatic method with rough localization

from manual picking. Basal reflectivities were extracted from the HICARS low gain data and
from the MCoRDS CSARP_standard combigain data product. Basal reflectivivalues

were corrected for geometrical spreading losses, englacial attenuation and variations in radar
systemg Schroeder et al.2016a] Englacial attenuation rates were calculated and corrections
applied along each individual radar profia an adaptive fitting methoBchroeder et al.
2016a] We set the minimal requirement parameters to ensure a meaningful fitting to the same
values as ifSchroeér et al, 2016a] If these requirements are not met along a profile, we
apply the overall mean englacial attenuation rate derived from all radar data on DIC (26.8
dB/km, with a 7.3 dB/km standard deviation) to the profile. To correct for regional ehang
attenuation rates and variations in radar system parameters,\@&doagngth signal (moving
average with 30 km window length) from the bed echo along each radar profile was removed.
The specularity content from the HICARS data was extracted by arimgpthe bed echo
response from two different focusing aperture len§iB8hroeder et al.2015;Young et al.

2016]

3.5.2 Bed DEM

An existing bedrock DEMDowdeswell et a).2004]was updated using ehoriginal bedrock
depth dataset (derived from radar data collected over DIC in spring[Rod@leswell et a.
2004) in conjunction with bedrock depths from MCoRDS and HiCARS data collected between

2011-2015. The radar derived bedrock elevations were interpolated via a triangular linear

32



interpolation algorithm over a 1 km grid mesh. A crossover analysis yielded a mean error of ice

thickness observation of 14 m (before interpolation).

3.5.3 Hydraulic head

Assuming the water pressure is equal to the ice overburden pressure, the basal hydraulic head
(h) was calculated from the gridded bed elevati@)sgnd surface elevationS)(©btained from
the ArcticDEM (Polar Geospatioal Center from DigitalGlobe Inc. imggeta
h=5&+B<1—&),
Pp Pp
w h e 1 igthejice density (917 kgAn,  aistie bgine density (1150 kgfrcorresponding
to 15 wt % NaCl)Shreve 1972]

3.5.4 Ice temperature modeling

To model basal ice temperatures, we use adimensional steady state advectiiffusion
model[Cuffey and Patersqr2010]with the following parameters: A loAgrm accumulation

rate of 0.19+0.05 m water equivalent per ygaterson 1976;Reeh and Paterspri988] an
estimated geothermal heat flux of 65+5 m\W/i@rasby et al. 2012] and an average annual
surface temperature e23+2°C at 1825 m elevatidiKinnard et al, 2006]with a 4.1°C/km

lapse rate. The lapse rate is derived from surface air temperature records along a transect on
DIC, sampling air tempatures at numerous elevatid@ardner et al. 2009]

3.5.5 Geological model

A geological map from the Canadian Ardiitarrison et al, 2016]was combined with surface
elevations derived from the ArcticDEM to generate a tuiieeensional geological model
(Figure S3-3): First, surfaces tlmugh outcropping geological formation boundaries were
interpolated, and formation thicknesses derived, assuming all geological units lie parallel to
each other. Finally, the geological units were stacked atop of the interpolated formations that
are most a@dcent to DIC, using the derived formation thicknesses and the assumption that the
units lie parallel to each other. Combining all formation thickness uncertainties, we estimate a
total uncertainty of 200 m for the projected elevation of the Bay Fiordafoom (saltbearing

unit) beneath DIC.

3.5.6 Depth to magnetic basement

We used depth to magnetic basement (DMB) solutions to infer the thickness of sediment

beneath DIC. To do so, a 2D Werner deconvolufitn and Sharp 1983]was applied to
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available scalaridborne magnetics data with a single pass targeting shallow sources (0.5to 5
km). Uncertainties in DMB estimates are commonly between 20 and 40% of the distance
between the source and ser#ar and Sharp1983] The results indicate sediment thicknesses
consistent with our geological model within the range of uncertainties in the model and the
DMB solutions Figure S3-4).
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Figure3-1: Radar evidence for a subglacial lake complex on Devon Ice Capafilkat image
overlain with the location of the subglacial lakes (blue) and ice divides (bl&kBgdrock
topography of the DIC summit area overlain with selected radar profiles. The subglacial lakes
are located within the bedrock troughs T1 and T2. Relative reflectivity along the radar
transects atop of bedrock contour®)(Radar transects 4. The top panel shows the
radargrams, the middle panel shows the ice surface and bedrock elevation (black) and the
hydraulic head (blue). The bottom panebals the relative basal reflectivity along the transect
(black) and the recorded specularity content along cfosdile F (blue). The estimated lake
extents are highlighted by blue shading.
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Figure 3-2: Basd temperature, hydraulic head and projected dmtring outcrops beneath

Devon Ice Cap. (ABedrock elevation overlain with the hydraulic head (blue) and ice divides
(black). The blue star indicates the location of the hydraulic head minimum in T2, whiesea

arrow indicates the direction of water potentially outflowing TB) Bedrock elevation
contours overlain with modeled basal temperatures. The black triangle is the location of the
ice temperature profile where a basal temperaturel8f5 °C was meaured[Paterson and

Clarke, 1978] (C) The area where the Bay Fiord Formation containing the bedded salt
sequence is projected to outcrop beneath the ice is marked in yellow. Radar profiles are marked
in blue/red.D) Crosssecti on al ong radar transect CCo
consisting of the Bay Fiord Formation (yellow) and underlying sedimentary rocks (brown).
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Figure S3-1: Histogramof all recorded basal reflectivity values on DICorrections for
geometrical spreading losses and attenuation are applied. Dashed lines represent the values of
one, two and three standard deviatisnThe observed reflectivity anomalies over T1 and T2
(10-15 dB) are 1.82.4 standard deviations above the mean of all bed reflectivities measured
on DIC.
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Figure S3-2 Interpolated ice thickness near the DIC summit aiidee ice thickness is overlain

on bedock elevation contours [m asl.]. Fine black lines indicate the location of the radar
transects, whereas the thick black lines represent the ice divides. The locations of the subglacial
lakes are indicated with dotted lines.
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Figure S3-3: 3D geology modellhreedimensional reconstruction of the bedrock topography
(greyscale) and ice surface (blue) of DIC and the geological formations as interpolated from
the published geologjHarrison et al., 2016]into our geology model. Outcrops of the Bay
Fiord Formation (red) and Cambria@rdovician sedimentfgreen)are observed to the west

of DIC, underlain by the Archean Shield. driolation of these outcrops reveals that the
geological formations are dipping upwards and towards DIC, with the Bay Fiord Formation
intersecting the bedrock in the vicinity of T1 and T2. The location of the transect used to derive
the magnetics depth ttasement (DMB) is shown in black.
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Figure S3-4: Comparison of modeled geology and depth to magnetic basement solutions
(DMB). The t@ of the Archean shield (basement, brown solid line) is compared die iie to
magnetic basement (DMB) solutions (black crosses) derived from airborne magnetics data
recorded along a transect east of the subglacial lakegufe S3-3). The black lines represent

the ice surface and bedrock topography. The error bars of the DMB solutions represent a 20
% uncertainty of the distance between the source and sensor.
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Chapter 4
Evidence for an extensive subglacial brine network under the Devon Ice Cap,
Canadian Arctic

4.1 Abstract

A recent study presentdide first evidence for the existence of two hypersaline subglacial lakes
beneath a coltbased region of the Devon Ice Cap (DIC), Canadian Arctic. The lakes likely
derive their salinity from dissolution of a sakaring evaporite unit that outcrops behdhe

ice. Subglacial lakes have long been of interest with respect to the search for life on other icy
planetary bodies. Due to their hypersaline and cold conditions, the subglacial lakes beneath DIC
represent unique analogs for brines inferred to exisEwropa and Mars, and are therefore
particularly compelling targets for4situ investigations of their biology and biogeochemistry.
However, due to the limited coverage of the geophysical data used to identify the lakes, the full
extents of the lakes artle hydrological conditions in the area around them remain poorly
constrained. Here, we present results from a targeted airborne geophysical survey (radar
sounding and laser altimetry) to-egaluatethe evidencefor the existence othesesubglacial

lakes, derive their full extents, and investigate their relationship to the surrounding subglacial
environment. Our results strongly support the evidence for one of the subglacial lakes, for
which we delineate new shorelines that define a lake with a tosabf28.2 k. Furthermore,

we hypothesize that extensive areas of wet beds beneath the central and western sectors of DIC
are part of a brineetwork, where water is concentrated in small ponds, thin films, or saturated
permeable sediments. The other dabigl lake previously hypothesized likely forms part of

this brinenetwork, as we find evidence that suggests it is not a deep water body. We suggest
that the characteristics of this brinetwork are related to the bedrock lithology and

topography.

4.2 Intro duction

The ~14,400 krfiDevon Ice Cap (DIC)Burgess and Shay2004]is one of the largest ice caps

in the Canadian Arctic. DIC is underlain by rugged mountainous terrain that reaches above
1700 m above sea level (asl.) near its center and flattens towards its western margin
[Dowdeswell et a).2004;Rutishauser et g1.2018] While a number of marinerminating

outlet daciers drain towards the northern, southern and eastern margins of the ice cap, ice in

the ice cap interior is slofowing, with velocities below 20 m/yr, and is considered to be-cold
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based with ice frozen to the underlying bedrflelaterson and Clarkel978;Burges et al,
2005;Van Wychen et gl2017]

Despite the coldbased interior, a recent study presented geophysical and geological evidence
for the existence of two hypersaline subglacial lakestishauser et gl.2018] situated in
bedrock troughs (referred to as T1 and T2) beneath78060m of ice near the centre of DIC
(Figure4-1). These subglacial lakes were identified by ragtibo sounding (RES), a tool that

has been widely used to identify subglacial wiey. Carter et al, 2007, 2009Palmer et al.

2013; Schroeder et al.2015; Young et al. 2016; Chu et al, 2018] Modeled basal ice
temperatures in the vicinity of T1 and T2 are well below the pressure melting point, suggesting
that the lakes consist of hypersaline water, and that the salinity significantly depresses the
freezirg point of the sufjlacial water[Rutishauser et al.2018] Rutishauser et al(2018
showed that an evaporiteeh sediment unit (Bay Fiord Formation) containing dded salt
sequencéMayr, 1980]likely outcrops beneath the ice near the subglacial lakes, and is therefore
presumed to be the solute source for the brine.

Numerows subglacial lakes have been identified beneath the Antprgit®Vright and Siegeryt
2013;Siegert et al.2016]and Greenland ice she¢ialmer et al. 2013;Howat et al, 2015;

Willis et al, 2015] however, these lakes are considered to consist of fresh water. Thus, the
hypersaline subglacial lakes beneath DIC are unprecedented and are considered to be the only
spatially isolated brineich subglacial lakes so far identified on EdRutishauser et 312018]

The only comparable subglacial fluid reported to date is the brine found benelathQlagier,
Antarctica. However, this brine is associated with arsait groundwater system rathiran
representing a spatially isolated subglacial [@kg.Hubbard et al. 2004;Mikucki et al, 2004;

Badgeley et a].2017]

In-situ sampling has shown thatbglacial aquatic environmentboth fresh and saline, are
viable microbial habitats despite their extreme conditions and isolation from the atmosphere
[Karl et al, 1999; Skidmore et aJ.2005;Mikucki and Priscu 2007;Christner et al. 2014;
Boetus et al, 2015] Terrestrial subglacial water systems and lakes are therefore considered to
be potentially good analogs for icy habitats on other planetary bodies where liquid water may
exist[e.g. Cockell et al. 2013;Garcia-Lopez and Cid2017] The hypersaline nature of the
subglacial lakes beneath DIC makes them particularly tantalizing analogs for brine bodies
inferred to ex eshel[Sehmittletiaj201lE or bemgaih the Martian South
Polar Layered DepositfOrosei et al. 2018] The subglacial lakes beneath DIC therefore

represent compelling targets for further characterization anditun biogeochemical
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investigations to explorthe potential for, and limitations of, life in such extreme conditions.
Exploration of these lakes can therefore help to assess the habitability of similar icy

environments across the solar system.

Rutishauser et al2018 defined the shorelines of the subglacial lakes beneath DIC based on
the occurrencef hydraulically flat, bright and specular (mirtlke) radar reflections at the
glacier bed. These criteria have all been used previously to identify subglacigélgk€arter

et al, 2007] Nevertheless, although the radar reflections over T1 were highly spewnla
hydraulic potential minimum was observed. This suggests that the T1 trough may contain either
shallow water or watesaturated sediments, rather than a deep water[Badishauser et al.

2018] However, due to the relatively sparse coverage of the available radar data, questions
remain regarding both the true nature and extent of the subgleaial bodies, and the

hydrological condions in the area around them.

Here, we useesults fromanew,targeted airborne geophysical survey dve to evaluatehe
previoushypothesisfor the existence of two subglacial lak§Rutishauser et al.2018] to

identify the full extentsof the lakes and to characterize the subglacgvironmentthat
surrounds themWe utilize radarderived basal reflectivity anomalies to identify areas of
subglacial water, and the hydraulic flatness of these areas to evaluate the likelihood that they
represent deep water bodies. Our results show that the lake inldrgds than previously
reported[Rutishauser et al.2018] and suggest that an extensive biegvork covers large

areas beneath DIC. Based on these results, the prevoglgsed lake boundaries are refined,

and the relationships between the characteristics of the-teimeork, the geological context,

ice cap bed morphology, and expected subglacater flow pathways are discussed.

4.3 Data and Methods

Data used in this study were collected during an airborne geophysical survey@wespring
2018, hereby referred to SRH1. The sureeyipmentconsisted of an ice penetrating radar
sounder, a lasealtimeter and a magnetometer installed on a Basler6BTDG-3T) aircraft
operated by Kenn Borek Air Ltd. A total of 4415 krhalongtrack datavere acquiredrom a
grid survey over the center of DICine spacing rargfdfrom 1.25 km to 5 kmwith the densest
grid centered over the area containing previously identified ki{gare4-1).

4.3.1 Radar sounding data

Radar data were acquired with the Hi@hpabilty Radar Sounder (HICARS), operated by the
University of Texas Institute for Geophysics (UTIG). The radar is a coherent system with a 60
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MHz center frequency (5 m wavelength in air) and a 15 MHz bandwidth. Detailed instrument
characteristics and procesgitechniques are desced in[Peters et al.2005] Here, we use
unfocused SAR processed data to derive basal refleetiatidsubglaciabedrock topography.

The bed return is identified using a sesmitomated picking algorithm which locates the
maximum bedeflectionpowerwithin manuallydefineddepth boundariesTravel times were
converted to depths using a radar waviaigy in ice of 1684 m/us. Traveltime effects
resulting from the existence af less dense neaurface firn layer are neglected, but could
potentiallycontributebetween 2.31.5m for a 30 m thick firn layer with a density betwes-
760kg/m® [Rutishauser et §12016]

The vertical resolution of the radar datab ¥ ¢6/- is a function of the bandwidthd (
=15 MHz), the speed of lightc) and the permittivity of ice-( o® Xe.g.Evars, 1965) and
is about 5.6 m in icéor the HICARS instrumenfThe nominal alongrack trace spacing &
function of aircraft speed and trace stacking, and was calculated to be about Zhe&fuli.

bed return at each trace is affected by basal piepewithin the pulsdéimited footprint

diametefOn & ¢ X6 'Q R whereh is the aircraft clearance above the ice surface and

d is the ice thickness. The average footpudilmeter from this survey i274 m. Small
subglacial hydrological features $u@s channels or concentrated patches of water with
dimensions below this footprint diameter may not be resoBed elevations from this dataset
result in a mean crossover error of 9 m. Ped elevatiordatawerecombined with datased

to producea previous digital elevation model (DEM)f the bed Rutishauser et al2018]to
generate a new bed IMEover a 500 m grid mesh, computed via triangular linear interpolation

of all bed elevations.

4.3.2 Basal reflectivity

Radarderived measurements dbasal reflectivig have been widely used to identify the
presence of subglacial waferg. Peters et al.2005;Carter et al, 2007;Jacobel et al.2009;
Chu et al, 2018] The basis for such interpretations is thaticewater interfacewill have a
higher reflectivity tharsurrounding areashere ice is in direatontact with dry bedrockThe
theoretical contrast in Fresnel reflectivity between wet and dry beds is estimdtedbout
10-15 dB[Peters et al.2005] and is a function of the permittiviof thebed material. However,
thethresholdghat have beeunsed in the literature tifferentiatebetweersubglacial water or

wet bedsandsurroundingareas withdry bedrock are higy variable ranging betwee and
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26 dB[Oswald and GoginenR008;Carter et al, 2009;Jacobel et al.2010;Wolovick et al.
2013;Chu et al, 2016]

Sine bedreflectivity values derived from radar measurements are also affected thg
characteristics of the radar system and englacial attenuation processes, a number of corrections
are required before basal reflectivity values can be interpreted in terms of subglacial
hydrological conditionge.g. Matsuoka et a).2010a, 2012Wolovick et al.2013;Chu et al,
2016;Schroeder et al2016a] Here, we derivéherelative basal reflectivityR) following

2 0 o) "O 0 Yo, (1)

whereP is the returned bed powd are birefringence effects due to variations ofiteerystal
fabric [e.g. Matsuoka et a).2003] G is the power loss from geometric spreadifighe radar
beam L is the loss from englacial attestion andSis the correction for power variations in
the radar system, where the notationg[refers to the terms expressed in decibels (

p T € "Qb)[e.g.Matsuoka et a).2012] Here,Sis assumetb beconstant as no changesre
madeto the radar instrument settings during the field campdifgmer the assumption of a
relatively uniform pattern of crystal fabric orientatiomer the survey areave assuméhat
birefringence effects are relatively comgtaand thus neglect both tern$sand B when

analyzing relative basal reflectivities. The power loss from geometric spreading is derived from
"0 CCQ OMR )

where_is the radar wavelength in airjs the aircraft range above the glacier surfdas,the
ice thickness, and o® )e.g.Evans 1965]is the dielectric permittivity of icESchroeder et
al., 2016a] The englacial attenuation loss tetms related to the oneay depthaveraged

attenuation rate N via
0 c0Q 3

N is derivedfrom a model exploring the Arrhenius relationshigtweenice temperature and
ice impurity concentration as well as from a linear relationship between the ice thickness and
the geometrically corrected bed power (see Sedti8rd. Inserting equation&) and(3) into

equation(l) leads to relative basal reflectivity estimates

ccQ or - c0Q (4)

C

Y
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where we express the resulting basal reflectivity relative to the median of all observed
reflectivities from this dataset. The uncertainty of the measured bed reflectivities is estimated
from themean crossover error of tgeometrically corrected bed power values along the survey

profiles, leadng to an uncertainty of 5.2 dB.

AlthoughRutishauser et a[2016)showed that spatially vaaible radar scattering occurs from
ice-layers within the neasurface firn over DIC, we ignore potentiahergy losses from
scattering within thdirn. When applied to Thwaites Glacier, Antarctica,correction for
scattering losses in the firn revealed the firn lossesvere significantly €ssthan the englacial
losseq Schroeder et al2016b] We thus neglect potential firn lossathough we danalyze
the pattern of basal reflectiviti@srelationto previous firn scattering observatigiutishauser
et al, 2016] and acknowledge thdhe question ofirn losses over DIQrequires further

investigation.

To distinguish radar signals indicatiséwet beds, we use a 12 dB reflectivity threshdlais
correspondto thetheoretical Fresnel reflectivity increase between a dry and wet bed for the
dielectric permittivity of seawatefNeal 1979; Peters et al. 2005] andis 1.6 standard
deviationdrom the mediawalueof all measuretedreflectivities. Permittivity values of water

are dependent on the water temperature andityaliand on the frequency of the
electromagnetic wave emitted by the radar instrument, and are typically estimated from
laboratory experiments. Thus, the permittivity and reflection coefficient for seawater might not
represent the true value for the datiee properties of the brine hypothesized beneath. DIC
However, it is likely a good approximation. Seawater permittiveig also used to approximate

the dielectriqpropertiesof the brine beneath Taylor Glacier, AntarcfiBadgeley et al.2017]

which may have properties similar to the brine hypothesized to exist beneagiRRishauser

et al, 2018].

For visualization purposes only, we include
IceBridgethat wergoreviously used to identify the subglacial lakgReSI1S2016;Rutishauser

et al, 2018] In order to account for the differences in instrument parameters, we appy shift

of 48.6 dB and-37.7 dBrespectivelyto the data collected with the University of Kansas
Multichannel Coherent Radar Depth Sounder (MCoR[EHReSIS2016]in 2011 and 2012
Thiscorresponds to the rae crossover differences in basal reflectivities compared to the SRH1

dataset.
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4.3.3 Derivation of radar attenuation rates

Radar attenuation rates are a function of the electrical conductivity throughout the ice column,
which is primarily controlled by ice tempdure, and somewhat affected by ice chemistry for
the frequency range of ice penetrating radar sounding measurgmgn@orr et al, 1993;
Matsuoka et b, 2010a;MacGregor et al. 2012, 2015]Regional scale attenuation rates have
been estimated from empirical relationships between the returned bed power and the thickness
of the overlying ice columfe.g.Gades et a].2000;Jacobel et a].2009;Wolovick et al.2013]

Under the assumption dbcally constant attenuation rates, this method allows a direct
derivation of englacial attenuation from the radar measurements and does not require
knowledge of ice temperature and chemistry. However, due to spatial variations in ice
temperatures, and famtially also in impurity concentrations the ice attenuation rates are
rarely uniform over large survey argasg. MacGregor et al. 2007, 2012, 2019ylatsuoka

2011; Schroeder et al.2016a] Most importantly, spatial variations in attenuati@tes can
exceed the theoretical reflectivity contrast between wet and dry[egdd/atsuoka 2011;
MacGregor et al.2012] highlighting the importance of correcting for varialiieauation rates

in order to derive meaningful reflectiyitaluesfor subglacial hydrological analyses. In order

to retain spatial variations ice propertieshataffect englacial attenuation, several studies have
used modeling approachieswhich condictivity is estimated aa function of spatially varying

ice temperature and chemisfeyg.Corr et al, 1993;MacGregor et al.2007, 2012Matsuoka

et al, 2010b, 2012Jordan et al. 2016] These conductivity models explore the Arrhenius
form temperature dependencies of the ice conductivity, with the attenuation rates being an
exponential function othe inverseof ice temperatures, ana linear function of impurity
concentrationgsee Eq.(6)). Other studies have used englacial layers demthdependent
changes in their returned power to estimate spatallyingattenuation rategdViatsuoka et al.
2010a;MacGregor et al. 2015] This method requires the presence of bright and isolated
internal layers in the radar data which are not observed in our dataset, and isehsyefor
applicable in this study.

Here, we model attenuationtea using an Arrhenidype conductivity model that was
introduced for the Greenland Ice SheetMigcGregor et al. (2015)(referred to as the MO7
model), but with ice impurity concentrations adapted for DIC. For comparison, we als® deriv
radarinferred attenuation rates from localized linear fits betweerrdfégttionpower and ice

thickness.
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4.3.4 Arrhenius modeled attenuation rates

The radar attenuation ratés is proportionally related to the highequency limit of the

electrical conductivity, measured in uSrh
o — ©®)

where- and c are the permittivity and the speed of light in vacuum, respedtWeigbrenner
et al, 2003;MacGregor et al. 2012, 2015] The electrical conductivity is related to ice

temperature and impurity concentration via the Arrhetyps conductivity model

Q
(6)
‘ I © B o
OaQwHﬁW

whereQ p& Y pm W s the Boltzmann constant, is the ice temperaturd; is a
reference temperature, apd andEpure are the conductivity and activation energy for pure

ice, respectivelyMacGregor et al.2015] ux is the molar conductivity ¥ is the molarity and

Ex is the activation energy for the respective impesitH, CI' and NH". Impurity
concentrations were derived from average concentrations measured along a 20 m deep firn core
that was retrieved from DIC in 201&riscitiello et al, in prep.] All parameters and dectric

properties used in the model are givef @ble4-1.

Ice temperatures are estimated from a-dingensional (1D) steadstate advectiowliffusion
model[Cuffey and Patersqr2010]with similar input parameters as previously described in
Rutishauser et a{2018: An estimated geothermal heat flux of 65+5 mW¥ [Grasby et al.

2012] a longterm accumulation rate of 0.19+0.05 m water equivalent per [fR=derson
1976;Reeh and Paterspii988] and a mean annual air temperature2@t1°C at a reference
elevation of 1825 m as[Kinnard et al, 2006] and interpolated to all elevations using a
4.1°C/kmlapse ratdGardner et al. 2009;Rutishauser et gl2018] This temperature model
assumes no horizontal temperature exchanges and no heat generation other than the geothermal

heat flux, thus igoring basal frictional heatingtrain heating from ice deformaticend
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potential release of latent heat fronedzing of percolated meltwater in the fitHowever,

following previous flow regime classificatiofBurgess et al.2005;Van Wychen et al2017]

we find that 95.7% of our data lies within flow regime 1 (FR1, 8t uwoi , wherev is the

ice surface velocity) for which ice is expatt® be frozen to the glacier bed and ice flow is
solely driven by internal deformatiofiikely concentrated near the bedjurthermore, the
average ice surface velocity (derived fréfan Wychen et al(2014) overthe surveylines in

the area classified as FR1 is 7.9 m/yr. We therefore assume that the underlying assumptions for
a 1D advectiordiffusion model are valid for FR1, and exclude the few data points outside this
area from the reflectivity analysis. A comparison to a temperature profile measured in 1972
near the summit of DIQPaterson and Clarkel978]shaws that the modeled ice temperatures

are in good agreement with the measureménggi{e4-2).

For simplification, deptfaveraged ice temperaturég¢are used to dere depthaveraged
attenuation rates in E@6), where"Yis obtained via the depth integral over the modeled ice

temperature profild at depthz

Y - YaQq )

whered is the ice thickness. The average difference between inserting-aleptiged ice
temperatures in Eq6) and multiplying by the ice thickness, versus deriving attenuation rates
over the modeled deptemperature profiles is 0.11 dB, which is minimal greteforgustifies

this simplification.

The resulting modeled deptltveraged ice temperatures over the study area range begeen
°C and-15 °C Figure4-3ad). Inserting theeice temperatures in the Arrhies model (Eq(5)

to (7)) results in deptlaveraged ongvay attenuation rates ranging from 13.5 dB/km near the
center of DIC to 22.2 dB/km towards the ice cap marfigure 4-4).

Uncertainties in the attenuation rates potentially arise from uncertainties in the modeled ice
temperatures, from the assumption of constant impurity concentration over DIC, and from the
assumption oftonstant impurit compositionwith depth. Propagating the ice tempara

model uncertainties results a mean depthveraged ice temperature uncertainty of 3.14 °C.
Further propagating thee temperature uncertaintiaseach location leads to an averagtal
two-way attenuatioruncertaintyof 3.29 dB(integrated over the entire ice colummhich is

below the bed power measurement uncertainty. Uncertainties from spaimallglepth varying

impurity concentrations are ignored as changes and uncertainttemperatures are likely
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largerand have the dominant effect on attenuation rétesice temperature is the dominating
factor in the Arrhenius relationshigdfurthermore, ice temperatures, and thus attenuation rates
are expected to be relatively toim over therelatively small spatiahreacontainingthe
hypothesized subglacial lakes. Relative reflectivity anomalies from these areas are therefore not

expected to be significantly affected by uncertainties in englacial attenuation.

4.3.5 Radarinferred atenuation rates

Radar inferred attenuation rates are derifreth a linear fit between the ice thicknesses and
geometrically corrected beaflection power[e.g. Gades et aJ.2000;Jacobel et al. 2009;
Wolovick et al. 2013; Schroeder et al.2016a] To better comply with the underlying
assumption of constant attenuation rates over the sampled area, we constrain the sample region
as a function of the modeled defatheraged ice temperatures. This approach is somewhat
similar to the method introduced I8chroeder et al.(2016a)where the sample window is
minimized along the radar profiles, and to the method introducédrdgn et al. (2016)where

a moving sampling window is constrained byri#enius modeled attenuation rates. Here, we
define sample regions as areas in which the daypthaged ice temperatures lie withina 1 °C
range (e.g. all data points with defatherage ice temperatures betwee?2 °C and-21 °C),

with the 1 °C window regated every 0.1 °C betwee2z?°C and-16 °C. Attenuation rates for
each sample region are then derived via the correlabefficient magnitude®) between ice
thickness and bed power, followir@hroeder et al. (2016a) C is calculated for a sweep of
attenuation rates betweem0 dB/km, and the local attenuation rate is found wReareaches

a minimum, meaning that the bed power and the ice thickness and are perfecityratfdied,

and thatosses from englacial attenuation are accounteiithroeder et al2016a] To ensure
meaningful derivation of correlatiecoefficient derived attenuation rates, we require Gadd
0.5,CoO 0. MhOa Bd d B Cyis the hnearreetd correlatiorcoefficient magnitudeh

is the halfwidth of the correlation minimum that falls below the correlation coefficient
magnitudeCy, and is also an expression of uncertaiffghroeder et al.2016a] Sample
windows where these tibsholds are not met are disregarded. A detailed description of this

correlationcoefficientmethodcan be found irschroeder et al(2016a)

The resulting radainferred attenuation rates shaavtrend of increasing attenuation with
increasing ice temperature, however, the rate of increase is stronger, and attenuation rates are
between 0.0 dB/km higher than the Arrhenius modeled attenuation riaigsré 4-4). Other

studies also observed misfits between rataived and modeled attenuation rates over the
Greenland Ice Shef¥lacGregor et al.2015;Jordan et al. 2016] although the differences are
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smaller than for this study. For Greenland, the discrepartypisthesized to be related to the
frequency dependence,pf, and attenuation tas were corrected by applying a constant offset
[MacGregor et al.2015] Additionally, in southern Greenland, the difference was attributed to
arise fromspatial changes in the fraction of Holocene icethe ice column, where the
attenuation in Holocene ice is predicted to be @iglue to a higher acidifjvlacGregor et al,

2015] Investigating the causes for the misfit in our dataset is beyond the scope of this study
however, we believe that further investigation is necessary while also representing an
opportunity to better understand radar attenuatiosekendtheir frequency and temperature
dependenceFurthermore, a detailed investigation of the rad#erred attenuation rate and
potentially adjusting the Arrhenius model input parameters, or evaluating the Arrhenius
relationship itself may help to cstmain the spatial pattern of ice temperature and impurity
concentrations across DIC.

For the purposeof this study, we assume that the general trend of the Arrhenius modeled
attenuation rates is more liketg be realistidhanis the steepncrease insttenuation with
temperaturghat issuggested by the radderived values. To best conform with results from
both methods, we best fit the Arrhenius curve to the radar derived attenuation rates by applying
a multiplication factom of 1.4, and use

0 ao P8 ——, (8)
instead of Eq(5). Resulting depttaveraged ongvay attenuation rates range between 18.9
31.1 dB/km and are shown gure4-3b.

4.3.6 Subglacial hydraulic head and water flow paths

The flow of subglacial water is controlled by the subglacial hydraulic head which is a function
of the bedrock topography, the density of the subglacial,fand the overlying ice pressure.
Subdacial water flows along gradients in the hydraulic head and has the potential ia pool
hydraulically flat areas. Hydraulic flathess has therefore been used as criteria to identify
subglacial water bodidg.g. Carter et al, 2007;Langley et al.2011] Under the assumption

that the subglacial water pressure equals the ice overburden pressure, the hydra@icamead

be derived as

0 ~Y p — 56 ©)
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whereSis the ice surface elevation [, is the bed elevation [m], andand” are the
densities of ice (917 kgffhand subglaciabrine (1150 kg/ni, corresponding to a brine with 15
weight % NaCl[Rutishauser et 812018), respectivelyfShreve 1972;Wolovick et al.2013]

The icesurfaceelevationis derived fromairbornelaser altimetry measurements, and from the
radar surface returim areaswhere no laser measments are available (e.g. due to cloud
cover). To reduce small scale roughnesses in the-dadlved ice surfaces, which are likely
caused by neasurface firn heterogeneitig®kutishauser et al.2016] we appy a moving
average filter with an 80t window length, corresponding to approximately two times the
average ice thickness. The hydraulic head is derived along the flight lines as well as over a 500
m grid mesh, using bed and surface DEMs generated wnaéilinterpolation of the ice surface

and bed elevations resulting from the SRH1 dataset. To compute the hydraulic head for
orthometric heights, the surface and bed elevations were corrected for changes in the geoid,
using the Arctic Gravity Project geojd\rctic Gravity Project 2006] Uncertainties of the
hydraulic head are derived by propagating the mean crossover errors in the measured ice surface
(4 m, assuming radar derived ice surfaces) and bed elevations (9 m) throu@®).Eq.
Additionally, nominal gridding errors of 0.97 m and 3.96 m are adomatesenting the
residuals of the interpolated surface and bed elevations, respectively. The resadting
uncertainty of the gridded hydraulic head is 6.6 m. To identify hydraulically flat irgdsch

ice is potentially afloat above subglacial water bodies, we derive the slope of the hydraulic head
(0 @ & Yand use the slope uncertainty (0.75°thesupper threshold for what we define as

Ohydraulically flatéo.

An important implication to note is that the bedrock topography has a much larger effect on the
hydraulic head whethe subglacial fluid is considetdo be brine than it does if the fluid is
freshwater. For freshvater, the relative importance of the bed topography compared to the ice
surfacetopographyis about 1/11 whereafor a subglacial brine with a densid§ 1150 kg/n,

it is about 1/4. Thisimplies that brinegich subglacial water bodies are liketp be
topographically controlledvith water pooling in bedrock troughs. Although evidence suggests
that subglacial water beneath DIC is brireh [Rutishauser et 312018] wealso reconstructed

the pattern of hydraulically flat aretigat wouldbe expected if the subglacial fluid wdresh

water (1000 kg/rf). In general, the locations e hydraulically flat areagdentified for the
freshwatercaseare similar to tbse identified forthe case of aubglacial brine. However, over
trough T2, where thethe basal reflectivity supports thmesence of a subglacial laksee
Sections4.4.2 and 4.5), the area withflat hydraulic head for freshwater extends over the

southern valley wall of TZFigure S4-1). In comparison, the hydraulically flat area when
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considering dluid with the density obrine is mostly limited to theenter of thérough. We
found no radar evidence fahe presence afubglacial water outside the trough center (see
Sectiord.5), andthus believe that the hydraulic hedidtributioncomputed for subglacial brine

is more consistentith the radar observatiomisan is that computed for fiesvater suggesting

that the assumptiaimat the subglacial fluid isrine-rich is reasonable.

Potential flow pathgor subglacial water are derived v@gplication ofa flow accumulation
algorithm by TopoToolboxSchwanghart and Kuhr2010]to the hydraulic headistribution.

In this algorithmflow paths are identified fronall grid cells that drain a minimum of 10
upstream cells. To test the sensitivity of the water routing model to uncertainties in the hydraulic
head, wean the flow accumulation model 100 times with randomly perturbed hiyditeeads

by adding normally distributed errors with a standard deviation equal to the hydraulic head
uncertainty(Figure S4-2). Only when the perturbation amplitude® increased to-2 times

the uncertainty of the hydraulic heath somechangs occurin the reconstructedubglacial

water flow routes.

4.3.7 Basal roughness

Subglacial roughness is dependent on several fabterdynamicsincludingthe direction and

spee of ice flowthatdrive basal erosionyhile the bedrock lithologyalso affects rates of
erosion,with soft beds being moneadly erodible than hard bed3he geological structure

may also play a rolayith featuresuch as fault zones shaping the lasgale basal topography
[e.g. Siegert et al. 2005] On a scale comparable to the wavelength of the emitted
electromagnetic radar pulse, the basal roughness affects the ratio between the proportions of
specularly(mirror-like) and diffuse (scattered) reflected energy, where diffuse scattering of the
radar wave is increased with increasing interface roughiBesthias 1987; Peters etal.,

2005] Over an icewvater interface, which is expected to be smooth compared to the surrounding
ice/dry-bedrock interface, the reflected radar signal is expectdthve a high specularity
content. High specularity has therefore been used as aarite identify areas of basal water
[Oswald and Goginenk008, 2012Schroeder et al2013;Jordan et al. 2017;0swald et al.
2018]and subglacial lakele.g. Carter et al, 2007;Young et al.2017] andwas previously
observed over the hypothesized subglacial lake in bedrock troudutithauser et gl2018]

The specularity content can be derived from the shape of the waveform returned from the basal
reflection (e.g. abruptnesgpswald and Gogieni, 2008, 2012Jordan et al. 2017;0swald et
al., 2018] or from variations in the angular distribution of scattered energy along the radar
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flight lines[Schroeder et al.2013;Young et al.2016] We currently do at have such radar

inferred basal roughness estimates for the SRH1 dataset. Instead, we compute basal roughness
estimates from the roshean square deviation (RMSD) of the bedrock topography along flight
lines[e.g.Shepard et a).2001;MacGregor et al.2013;Jordan et al, 2017]via

0 3 -B Mo o Yo , (10)

wheredl is the detrended bed elevation over the chosen window lesegih,the horizontal
lag between elevation points aNds the number of sample points within the wind@&hepard
et al, 2001] We derive the RMSD for lage xbetween 5Gand 1000 m over 5 km window
lengths repeated at every bedrock observation.

Numerous studies have indicated that subglacial terrains exhibiafed kehavior[e.g.
MacGregor et al. 2013; Jordan et al. 2017] meaning that the vertical scale of the basal
roughness increases with a lower rate than the horizontal lengthesgeiepard et al 2001}
This powerlaw relationship can be expressed the Hurst exponemi, and can be deriveay

computing the RMSD over different length scales
V3w U3 — (11)

w h e r @s aseference horizontal [§§hepard et al 2001] H can be derived from deviogram

plots where the rms deviations are plotted as a function of the horizontal lags on a double
logarithmic ploffe.g.Shemrd et al, 2001] Here, we derive H from linear fits in the deviogram

for horizontal lags between D0 m. Shorter and longer lags outside this range were excluded

to ensure linearityd ranges betweenD, wherefoH= 1, t he Similaréa iwi tihs téhs
horizontal and vertical scales of the roughness increasing at the same rate ,HardOfothe
terrain is 6stationary6 where the vertical r
length scale. The relationship in Efj1) allows us to estimate basal roughness on a wavelength
scale( ax5 m), which is much smaller than the algreck sampling rate of the radar data.

For areas wittH < 0.5, where vertical roughness is essentially independent of the horizontal

lag, no wavelength scale RMSD values were extrapolated, leading to gaps in the resulting
roughness map.

The degree of radar wave scattering has been related to the Hurst expithespiecular bed

reflections being associated with generally lower Hurst expoipéotdan et al. 2017] Thus,
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the Hurst exponentsedved here may be used as a proxy for specularity, and thus for the

presence of subglacial water.

4.4 Results
4.4.1 Bed morphology

The high spatial resolution of this dataset allows us to identify great detail in the subglacial
bedrock terrain, in particular to mépe morphology of the bedrock troughs T1 and T2, each

of which has been hypothesized to @ama subglacial lakéRutishauser et g12018](Figure

4-53). As previous studies already noted, DIC is underlain by a rugged mountainous terrain that
reaches elevations above 1700 m aslar the center of the ice cap, anthcised bynumerous
subglacial bedrock trougli®owdeswell et a].2004;Rutishauser et 312018] The new bed

DEM reveals that bedrock trough T2 is part of a deeply (<3(8Dm) incised canyon which
likely extends towards the westemargin of the ice cap. This is one of the most extensive
canyons beneath DIC, and in contrast to most others, under the current ice dyisantts
connected to a mariterminating outlet glacier. Studying the formation of this canyon and
determiningwhether it was formed by glacier flow, subaerial rivers or shaped tectonically is
beyond the scope of this study, but could potentially reveal information about past ice cap
configurations and ice dynamics. In comparison, T1 is less incised -galD@) ino the
bedrock and widestowards a plateau area in the nentbst, at the head of a canythratleads

into the Sverdrup Glacier.

Average ice thicknesses are about 430 mekaoeed800 m in some bedrock troughsidure
4-5b). Ice thicknesses over T1 are about 555 m, whereas along the canyon extending from T2
they exceed00 min a large portion of the canyon.

The western part of DIC has a generallytéatbed topography, and is characterized by
smoother bedshan the eastern pariwvhich is defined by a more mountainous terrain and
rougher bedsHKigure 4-6a). The general transition from smoother b&ushe west to more
pronounced and rougher bed topography in the east may result from a change in basal lithology,
and could be used to furthefire thebedrockgeology model generated Rutishauseet al.

(2018)

The spatialpatternin the Hurst exponent largely follows the bedrock morphology with lower
Hurst values where the bed is flatter and smoo(kégure 4-6c and §. Furthermore,
particularly low Hurst anomalies and low roughness ocwar the previously identified

subglacial lakes along troughs T1 and(Fyure4-6b and ¢. The low Hurst exponents over
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T1 correlate with previous observations of high specularmitye region[Rutishauser et al.

2018] although the area of low Hurst exponents exefulther to the west. This, in
combination with observations of increased radar specularity over low Hurst areas beneath the
Greenland Ice Sheglordan et al. 2017] mayindicate thabothT1 and T2 are characterized

by specular interfaces.

4.4.2 Basal reflectivity

After all corrections are appliegtariations in basal reflectivity result from a combination of
changes in the dielectric contrast at the glacier bed and the roughness ofibe ilcterface.

A reflectivity map shows a westast gradient in basal reflectivities, with generally higher
reflectivity in the northwestern and central part of DIEiQure4-7). This gradient can also be
observed in the median reflectivities for the individual catchment areas, where catchment areas
in the west are characterized by reflectivities about8014dB hgher thanthose foundn
catchment areas in the eastern péthe ice capFollowing previous studies and interpreting

the basal reflectivities as indicators for transitions between wet and dry bedrock conditions
[Hubbard et al. 2004;Peters et al. 2005; Christianson et aJ.2012;Chu et al, 2018] the
observed reflectivity pattern suggests that the central arstemepart of DIC consist of
widespread areas of wet beds, whereas the eastern part is characterized by predominantly dry
beds A map of reflectivity anomalies above the 12 dB threshold defined here as indafative

wet beds, summarizes the above obsesaatand revda that a high concentration wdlues of

R O12 dB occurs in the catchment area drained by Sverdrup Glaaer¢4-8a andFigure

4-9a).

High reflectivity anomalies are also observed within bedrock troughs T1 and T2, and over the
areas of the two subglacial lakes hypothesizedutishauser et a(2018) This is in agreement

with the previous observation of high reflectivity anomaliRsitishauser etlg 2018]and
supports the presence of subglacial water in these bedrock troughs. However, the reflectivity
anomalies over T1 and T2 are not restricted to the previously outlined lake boundaries,
indicating that the subglacial lakes magylarger in exdnt tharwas suggested lifze previous
dataset. Furthermore, high reflectivity anomalies are also observed outside T1 and T2, and are
generally not restricted to bedrock troughs, which suggests that subglacial water may occur

more extensively beneath DI@anwaspreviouslythought

A comparisorbetweerthe reflectivity pattermndthe projected outcrop boundaries of the-salt
bearing rock unit beneath DIfRutishauser et al.2018] shows thatmost high reflectivity

anomalies are located in areas whéesice is projected to be underlain by dadtaring rocks,

58



or at elevations below the boundary oftheological unifespecially in the western half of the
ice cap)(Figure4-7). While T1 is located within the projected sh#aring unit, T2 is located
just below tke projectedoutcrop boundargnd may receive brine input from areas above that
are underlain by saliearing rocksHowever,since theactual geological boundaries beneath
the iceare unknowrandbecause there atecertainties in the geology modBlutishauser et

al. (2018)recognizedhat T2mayalsobeunderlain by salbearing rocks.

The general pattern of basal reflectiviteggpears to correlatgith the mapped wavelength

scale basal roughness (correlation coefficient r 5 8.4 1.5 10° and p = Ofor a 95%
confidence intervd) where thereflectivities show an inverse relationship to the RMSD
roughnessRigure 4-8). However, only 7.% of all areasvith RMSD roughnes®O0 0. 51 m,
which isthe mean RMSD ddll locations with RO12 dB, show reflectivity anomalies 12 dB

or higher. The mean basal reflectivity for these-tmwghness areas is 4 dBigure 4-8d).

Despit the general correlation between the reflectivity and basal roughness, the absence of
high reflectivity anomalies in 92.9% of the low roughness areas suggests that low basal
roughness is not the exclusive caudehigh reflectivity anomalies. Instead, ig likely a
combination ofow basal roughness ahéyh dielectric permittivity at the glacier bed (i.e. from

wet beds) that generatthe high reflectivity anomalies observieeneattDIC.

The spatialdistribution of basal refléwvities has a different ptiern than is observed for radar
scattering at the neaurface firn[Rutishauser et gl2016] This indicates that firn losses are
small and implies thaheglecting potential energy losses from the 1se@facefirn is justified

for the purposes of this study.

4.4.3 Hydraulic head and subglacial water routes

High reflectivities indicating the presence of subglacial water are observed over both
hypothesized subglacial lakes, as well as over extensive areas beneatitrleand western
partsof DIC. In order teexaminethe previoushypothesiof theexistencef thetwo subglacial
lakesand to determine whether the high reflectivities in the surrounding ezeak from
subglacial lakes or wet beds, we evaluate titern of hydraulic flatnes$e.g. Carter et al,
2007;Langley et al. 2011] High reflectivity anomalies that coincide withgions withflat
hydraulic headsra typical signatures for a subglacial water body, where ice is afloat and the

water is in hydrostatic equilibrium with thee overburden pressufe.g.Carter et al, 2007]
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In agreement with previous observatigitishauser et gl.2018] the dataset used for this
study revealsraarea ofelatively flat hydraulic head over #eck trough T2, with slopes below
our defined threshold for hydraulic flathessgure4-9). The spatial correspondence between
the hydraulic flatness, the high basaflectivities and the low basal roughness and Hurst
exponent strongly support the previaoterence ofthe existence of a subglacial lake in this
bedrock trough. Howevelike the high basal reflectivity anomalies, the hydraulically flat area
extends beyond the previously defined lake boundartas suggestshatthis subglacial lake

may be largethanwaspreviouslysuggestd.

In contrast, and confirming previous observadipRutishauser et gl.2018] no area offlat
hydraulic head is observed over the hypothesizedlsaial lake in T1.Rutishauser et al.
(2018)arguea that the notflat hydraulic head may result from flexural stresses preventing a
hydrostatic equilibrium (i.ethe ice is not fully afloat), from uncertainties in the bedrock
topography due to the relativedparse data coverage, or from ke outlinedconsising of a

thin film of water ora layer of watesaturated sediments rather than a deep water body. With
the high spatial coverage of the new dataset, we can dismiss the argument of uncertainties in
the bedrock topography. Furthermore, the relagifiet hydraulic head over T2 indicates that

no, or only small flexural stresses occur over T2, thus reducing thédkebf strong flexural
stressesccurringover the less incised trough T1. Our results therefore strengthen the argument

for a wet bedn- and around T1 rather than for the existence of a dedgr body.

Overall, T2 is the only location where a hydraulically flat area coincides with a high
concentration of high reflectivity anomalidsigure4-10). The absence of flat hydraulic heads
acrossmost other areas where the reflectivity suggests the presence of subglacial water
indicates that the bed is characterized by water concentrated in small pohdsrwls, as thin

films orin saturated sediments rather than consisting of deep water bodies. Inaietasnyith

flat hydraulic heads outside T2 might be caused by canticbmbinations of bed and ice
surface topographies such agposingbed and sdace slopes, rather than by hydrostatic

equilibrium with a subglacial lake.

With respect to water flow paths, high reflectivities are mostly concentrated at thsedfiead
predicted wateflow routes and in topographically flat areasbetweenthem but arenot
observed further downstream along the flow pakigure4-11). The canyon connecting T2
with the western margirs the only exception to this observatiashigher basal reflectivity
(but still below 12 dB) is also observed along the flow path followtrig canyon. Possible
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glaciological processes and potential limits in radar detethtimnrmay account fahis pattern

are discussed in Sectidrb.2

4.5 Definition of new shorelines for subglacial lake in T2

Results from the SRH1 survey strongly support the hypothesis for a subglacial lake in bedrock
trough T2, however, theew dataset also indicates that the boundary dravRulighauser et

al. (2018)is likely too simplistic and does not capture the full extent of the subglacial lake.
Here, we use a combination of hydraulic flatness and elevated basal reflectivity as criteria to

derive new shorelines for this subglaciddge.g. Carteret al, 2007]

In a first step, new lake shores are defined using an algorithm applied to each grid cell of the
hydraulic headurfaceover bedrock trough TZF(gure4-12). A grid cell is defined as part of a
subglacial water body if the cell is hydraulically flat and has a media® R3 dB,
corresponding taonestandard deviation anomaly fraime mean oéll observed reflectivities
beneathDIC (Table4-2). Additionally, neighboring grid cells that are not hydraulically flat,

but pass the reflectivity threshold of 7.3 dB are incluktethe inferred lakeThis allows the
inclusion of areas with shallow water near the lake shore where hydrostatic equilibrium may
not be fully developed. In contrast, staadne grid cells where the above thresholds apply are
neglected. Finally, the algorithufefined shore linewere refinedmanually based on the basal
reflectivities along the radar transect$is allows for a more precise identification of the

shorelines compared to the algorithmhich averageseflectivity values over the grid cells.

The new shorelinedefined inthis stug result in the identification of three water bodies in the
vicinity of the southernmost of thpreviously identified subglacial lakeThese ardnereafter
referred to as T2A, T2B and T2€igure4-12). Table4-2 summarizes the basal characteristics
observed within the identified water bodies, and congptrem tahe basal propeies of the

entire ice cap. The reflectivities over T2A, T2B and T2C are on average 9.7 dB, 8.4 dB and 8.5
dB above the median of all measured reflectivities, respectively. For comparison, the median
reflectivity anomay resulting from this datasdor the area that liesvithin the previously
defined subglacial lake area is 8 dB. Although the average reflectivity anomalies-G a&A

below the theoretical threshold of 12 dB for a weetry bed transitiorjPeters et al. 2005]

they are significantlyrigherthan the anomalies theareasaround themKigure4-13). Similar
observains of relatively low (6 dB) reflectivity anomaliegere used to map the boundaries

of subglacial lake Whillans, Antarcti¢€hristianson et a).2012]. Additionally, the reflectivity
distributions over T2AC have relatively low standard deviatiqnenging between 3-8.9 dB).

This is much lower than the 7.3 dB standard deviation of all measured reflectivities and
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indicates that more uniform bednditions are sampled. Thus, the high reflectivity anomalies
and low standard deviations are consistent with characteristics that are expected over a
relatively uniform icewater interface across a subglacial water body, supporting the defined
shorelinesThe evidence for an ie@ater interface across these areas is further supported by
the low Hurst exponent, particularly over T2A, and the low RMSD roughhasmdicaiesa

smooth and specular interfadégure4-6). Some remaining variation in basal reflectivity may
occur due to small scale roughnesses in theveter interface and near the lake shores where
the water layer idocally thin. Similarly, small slopesin the hydraulic head (below the
measurement uncertainties) may remain due to bridging stresses in the overlying ice that
potentially prevent a fully developed hydraulic equilibriufime areas fothe newly defined

water bodied2A, T2B and T2Care10.4 kn¥, 4.6 knf and8.1 knt, respectively, with a total

area of 23.2 kmwhich is more than double the area of the previously defined subglacial lake
in T2.

Although the individual water bodies partially share the same hydraulically flat area, a drop in
basal reflectivity beyond the defined shorelines suggests that they are sepaatsakhyith

dry(er) beds. However, it is possible that the water bodiesarected via channels thveduld

remain undetected in the radar data if their sizes are much smaller than the radar footprint. Thus,
we cannot conclusivelpay whether T2 consists aod singlesubglacial lake, oof three
individual water bodies as outéd in Figure 4-12. For simplification, we hereafter refer to
T2A-C as O6one subglaci al |l akeb. Additionally,
the narroung extensions of the bedrock trough around T2A and T2C, asaseétl the
connected canyon to the west. Here, we did not include these areas as part of the defined water
bodies due to the relatively sparse occurrence of the anomalies. Neverthelessnete can
exclude the possibility thataterpooled in these areas mhg connected to the water bodies

mapped

Figure 4-13 shows the bed topography, hydraulic head andl baflactivity along selected

radar profiles over T2. These profiles show that the reflection surface over the subglacial lake
is exceptionally flat, which further supports the evidence for a water filled bedrock trough. In
contrast, theeflecting surfacen the canyon further upstream and downstream of where we
outline the water bodieis less flatandis generally characterized by bed slopes towards the
canyon centerHigure4-14). While we acknowledge the fact that the unfocused radar data used
heredo not provide a true representation of the bedrock topography, the flat surfaces at the
trough bottom are unlikely to aéfected by focusing of the data.
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The trough mphology and associated lake water depths are likely to reflect the influences of
geological and hydrological processes such as tectonic faulting, glacial or hydrological erosion,
and spatial variations in bedrock lithology and its resistance to erosidfgr asedimentary

infill processes. If T2 is a tectonically controlled feature, its subglacial lake likely has a deeper
water column than what would be expected if the trough was shaped by erosional processes
controlled by bedrock lithologje.g. Bell et al, 2006;Jamieson et al.2016] While water

depths in T2 are currently unknown, inspection of the traugtphology could potentially be

used taderive firstorder water depth estimatégough a slope projection of the valley walls.

Results from the water routing model suggest that if water ftaw®fT2A, it would do soat

two locations Figure4-15). In the east, water may discharge through a relatively narrow trough
towards the southwhile in the west water routes follow the subglacial trough and potentially
connet T2A with T2B and T2C. From the perturbation test of the water routing model, water
would most likely flowout of T2C towards the south, with no clear hydrological connectivity
to the western extension of the canyon. Only when the hydraulic head idbednith errors

of 2-3 times the uncertaintieés the hydraulic headyould water routexonnecfl2B and T2C

with the canyon in the weffigure $4-2). Following themodeled water routes, outfloirom

the water bodies would eventuatlyaininto North Croker Bay, a mariAerminating outlet
glacieron the souttsideof DIC.

4.6 Discussion
4.6.1 Likelihoodofthe existence of the hypothesized subglacial lakes

The combined obseations of a hydraulically flat areas with relatively higind constant basal
reflectivities (vith low standard deviation) over bedrock trough T2 strongly support the
existence of the previously hypothesized subgldaie Although specularity datarenot yet
available, the low Hurst exponent and low basal roughsigggesthe presence of a specular
interface ,which wouldsupport the interpretation of a subglacial lake. Finally, the particularly
flat bottom of the bedrock trough the subglacial lakarea conforms with the interpagion

of a water filled trough.

An alternative interpretation for the observed reflectivity anomalies over T2, and the flat trough
bottom could be that the trough is filled with a layer of smooth (and potentizifrsatuated)
sediments causing highly specular radar reflections. Howawatss this part of the canyon
consists of an ovelteepeningthis explanatiorraises the question why such sediments would

only be found inthis part of the canyorzurthermore, this imtrpretation fails to explain the
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hydraulic flatness over the area, which is a result of the combined relative flatness of both the
bedrock and ice surfageThe ice surface over a subglacial lake is generally flat due to the ice
being afloat on the subgliat liquid. Nevertheless in the absence of a subglacial lake, flat ice
surfaces may also occas a result otheir general relationship to the bedrock topography,
where the surface expression is a function of the amplitude and wavelengths of bedrock
pertubations, ice dynamics and ice rheoldgyg. Budd 1970;Raymond and Gudmundsson
2005] Overall, the observed characterisiaghe iceover T2 are in good agreement wilttet
physical principles that generabypplyover subglacial lakge.g.Carter et al, 2007] Without

being able to fully exclude the above possibilities, we argue that the existence of a subglacial
lake is more likely thathenumber of concurrent exemptions from tageneral principles that
would have to occur to explain the observed subglacial lake signatuties absence of a

subglacial lake

As previously observed, this subglacial lake is situated just below the projected geological
contactwith potentially sakbearing rocksKigure4-7) [Rutishauser et g§l2018] It is therefore
possible that brines which may have fornedtherthrough direct contact betweémeice and
the saine rocks, or subaeriBl during a past interglacial periddRutishauser et gl.2018]
are/were routed into this bedrock trough, providing the water contained in the subglacial lake.
We theefore argue that the location of the lake relative to the projected genlpggrishe

existence ofihypersalinesubglacial lake.

In contrastto T2, the absence of a flat hydraulic hgmddientover T1 strongly suggests that

the high reflectivity anomalies observed in this aasmaassociated with wet bed rather than

with a deep subglacial lake. Howevérutishauser et al(2018) observed uniquely high
specularity values indicating a smooth-lsed transitionand usedthis asa criterion for the
existence of the subglacial lake in T1. Furthermorey tiwted the possibility that the ice
bottom interface over the subglacial lake may be further smoothed by active subglacial melting.
The low Hurst exponents obseniadhis study could support thesence of a highly specular
interface over T{Jordan et al. 2017] Here,the general use of specular surfaces as diagnostic
tool toidentify subglacial lakes is contrary to the crivexof flat hydraulic headslordan et al,
(2017)also obtained sucbontradicory results where more specular reflections were found
over frozen beds beneath the Greenland Ice Sheet than over thaweBased®rihe sloping
hydraulic gradients over T1 and the observation of high refleciivityydraulically norflat
areasbelow extensive parts of DIC, we conclude that the subglacial water signatures over T1
more likely representraarea oivet bed than a deep water body.
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4.6.2 Basal hydrological conditions outside the subglacial lake

The pattern bbasal reflectivity reveals substantial regions with high reflectivity anomalies (R
012 dB) beneath the central and western part of DIC. In contrast to the subglacial lake identified
in T2, these areas are not hydraulically flat and are thus not @dsasi subglacial lakes.
Instead, wesuggesthat these reflectivity anomalies result from a subglacial bretevorkin

which water is concentrated in small ponds, channels, thin films of watdersaturated
sediments, or some sort of briskeish.Thisbrine-network is largely locatei the area in which
saltbearing rocks are projected to outcrop beneath therie¢ elevations below this geological

unit (Figure 4-7) [Rutishauser et al.2018] Although the exact lithology is unknown, we
hypothesize that the brisreetwork is associated with the lithological boundaries, such that brine
is generatedn areaswhere ice is in direct contact with sakaring rocks, anday spread
downstreanirom there Another possibility is that the brirmeetwork represents remnant brine
that was generateduring an interglacial peridtirough interactions of water witmderlying
saltbearing rocks, and potentially cryoconcentration that increases the salinity upon ice
coverage. The exactgresses of salt/bridee interactions anthe effects on basal melting,

subglacial erosion and subglacial hydratad)and geochemical progges remain unknown.

The hypothesis that the brimetwork is associated witthe outcroppingof a particular
lithology could besupported by observations of the bed morphology and the pattern of basal
roughness, which both indicate a change in lithology from theewesd the eastern part of
DIC. One could argue that the observed reflectivitytera is a result of changes in basal
roughness anthat the reflectivity changesmre misinterpreted as wet and dry bediswever,
while acknowledging th@eneral inverse correlation betweeasal reflectivity and roughness
which likely explains some reftaivity variations, no consistent pattern is observed throughout
all sampled aregsee Sectiod.4.2andFigure4-8). Although we cannot differemtie between

the reflectivity anomalies resultirffigppm subglacial water and smooth beds with certaitits,
interpretation that there are areas of both wet and dry beds is suppaittecelidence fothe
existence ofsubglacial water in T2 together with the evidence for-lsadtring rocks
outcropping beneath the i¢Rutishauser et gl.2018] and by the observationthat not all
smooth beds result in high basal reflectiwtiile some areas where thedrock surface is
rough do However, further research, including the derivation of the specularity content
[Schroeder et 812013;Young et al.2016]is required to fulf evaluate this interpretation.

High reflectivity sgnatures of the hypothesized brnetwork are generally observed at the
head of water routes as well as in relatively flat areas in between the water flow paths.
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Interestingly, no radar signatures that would indicate the presence of subglacial water are
observed further downstream along the predicted flow roR@ssible explanatiafor this
patternincludethat the bed along the predicted flow paths is dry either due to either a lack of
downstream transport of brine or basakzeon processefe.g. Wolovick et al.2013] or that

the radar instrument fails to detect subglacial water signatures in these areas. Thauester r
for the subglacial brine astrongly topographically controllezhd thus generallyasshrough
relatively narrow canyons towards the ice cap margins. It is thengésseblethat due tahe
confinement of water flow withimarrow canyons, the sullagial brinenetwork transitions

from a patchy and distributed system to a channelized subglacial water ,sydtieim has
different morphologies and radsignaturege.g.Schroeder et 312013] Depending on the size

and orientation ofsubglacial channels with respect to the radar footprint and antenna
orientation,subglacial water concentrated agmannelsmay remain undetected in the radar

measurements.

Thecanyon extending from T@wards the western margintiee only exception to this pattern

as somewhat higher reflectivities can be observed along this flow path further downstream
This canyon is much widethan otheridentified canyons beneath DIC, and it is therefore
plausible that he subglacial water system remains as a distributed system, which shows up as
more specular water interfaces within the radar footprint, leadinghéoobserved higher
reflectivities. Further characterization of the subglacial water system beneath DIC and possible
transitions from a distributed brimmeetwork to a channelized morphology could be investigated

via the specularity contefschroeder et al2013] which can be derived from this dataset upon
further processing. If brine is transported to the ice cap margins, it might be possible to detect

saline outflows from this subglacibtine-network at the margins.

4.7 Conclusions

Based on the results from this study, we were able to evaluate the likelihood for the existence
of the previously hypothesized subglacial lakes beneath[Rifishauser et 312018]and to
characterize the hydrological conditions in the area around them. Our results strongly support
the evidence for a subgiatlake in bedrock trough T2, where the new dataset indicates the
existence of three distinct, but possibly connected, water bodies with a total 282 kifit.

In contrary, we conclude that the observed subglacial water signatures over bedrock irough T
arise from wet beds rather than from a deep wadely. This possibility has already been

acknowledged bRRutishauser et a[2018, but could not be resolved with certainty due to the
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relatively sparse data coverage available for that study, which highlights the importance of

collecting dense datasetger relatively small subglacial featgreuch as the lake beneath DIC.

This study also reveaéxtensive areas of wet kmaear the central and western regions of DIC,
which we interpret as part of a brinetwork. We speculate that the characteristics of this-brine
network are related to, and potentially controlled by the bedrock topography and lithology,
where sulce outcrgs of the satbearing evaporite unit proposed Rutishauser et al2018

likely play a crucial role in the formation of the hypersaline water and its geochemistry.
Although the processes of formation and detailed configuration of the hypothesized brine
network remain unknown, this study indicates the subglacial hydrological conditions
beneath DIC arenore complex than previouslyggesed

Our results, in particular the confirmation of the existence of one of the subglacial lakes, and
the determination of its full extent and potential connectivty tsurrounding briraetwork

will help inform the planning of future research into this lake, includingitun access and
sampling of the lake water to explore its habitability for microbial Kdditionally, further
investigationgnto the unique sublacial hydrological system beneath DIC and its relationship

to bed lithology and topography could serve as a guide for interpretations of other novel
subglacial water systems that may exisbther parts othe Canadian Arctic where glaciers

and ice capsverlie similar evaporitic geological unifddarrison et al, 2016;Rutishauser et

al., 2018]

While our analysis is based on unfocused radar data, more detailed characteristics of this
complex subglacial hydrological system beneath DIC could be derived upon furtheripgpcess

of the dataset, including derivation of the radar scattering properties of the bed (specularity
content) and firsbrder water depths of the subglacial lake via a vallall slope projection.
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Tables

Table 4-1: Parameters and dielectric properties used in the conductivity model to estimate
attenuation rates across DIC.

Symbol Description Units Value
Tr Reference temperature K 252
Modeled using a steaebtate
T Ice temperature K 1D advectiondiffusion model
, Conductivity of pure ice uSntt 9.2+0.2
‘ Molar conductivity of H Smim?t 3.2+0.3
‘ Molar conductivity of Ci Smimt 0.43+0.07
‘ Molar conductivity of NH* Smimt 0.8
[HY] Molar concentration of H UM 1.82
[CI] Molar concentration of ClI UM 1.00P
+ Molar concentration of b
[NH4™] N UM 1.20
NHa
o) Activation i(f:r(;ergy of pure oV 0.51+0.0F
O Activation energy of H eV 0.20£0.04
0 Activation energy of Cl eV 0.19+0.02
O Activation energy of N eV 0.23

2Values taken from the MO7 modelr the Greenland Ice Sheetaescribed ilMacGregor et

al. (2015 and appliedy Jordan et al.(2016.° Average concentration measured along a firn
core etrievedfrom DIC [Criscitiello et al, in prep.]
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Table 4-2: Median (mdn) basal reflectivity along with their standard deviation #std)

hydraulic head$rom datawithin the original shorelines outlinelly Rutishauseet al. (2018)

and the newly defined shorelines T2ACf r om t hi s study. PR
anomaly over the subglacial lakes relative to the median of data.

All Data | T12 T2% T2A T2B T2C T2A-C
mdn R [dB]| -21.5 -11.1 -13.5 -11.8 -13.1 -13.0 -12.5
std [dB] 7.3 6.0 5.3 3.9 3.6 3.6 3.8
R [ dlI- 104 8.0 9.7 8.4 8.5 9.0
Hydraulic 4162158 | 16041710 | 15751633 | 15991650 | 15591603 | 15061546 | 15061650
head (1742) (106) (75) (51) (44) (40) (145)
(range) [m
asl]
Area [kn?] |~6700 |7.4 8.4 10.4 4.6 8.1 23.2

2 Previously defined subglacial lake shorelines fiRatishauser et a(2018) ® Note that the
original area calculations Butishauser et a(2018)were erroneous.
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Figures

Figure 4-1: Location of Devon Ice Cap in the Canadian AccindLandsat image of Devon

Ice Cap overlain with the survey grid and the locasiohof the previously identified subglacial
lakeswithin the bedrock troughs T1 and T2
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Figure 4-2: Comparison of the 1D steadyate advectiomliffusion modeled ice temperatures
(red) to measured ice temperatures near the sumnitiGf(black) [Paterson and Clarke,

1978]. The grey shaded area indicates the uncertainties by propaghgngcertantiesof the
model input parameters
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Figure 4-3: a) Map of modeled deptiveraged ice temperatures using a stesidye 1D
advectiondiffusion model across DIC along with the location of the previougbpthesized
subglacial lakes. Black contour lines represent the ice surface elevation (200 m interval) and
the ice dividesb) Adjusted deptlaveraged Arrhenius modeled attenuation rates which are
used for the attenuation correction in this study.
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Figure 4-4: Radar inferred (linear fit between ice thickness and bed power) and Arrhenius
modeled attenuation rates. The uncertainty in the Arrhenius modeled attenuationsrates
computed using the average ice pamature uncertainty of 3.14 °C, which also represéme
temperature error bars in the radanferred attenuation rates. Radanferred attenuation rate
uncertainties are derived asnNThe dotted black line represents the Arrhenius modeled
attenuation ates with a multiplier of 1,4vhich is used in this study.
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Figure 4-5: a) Bedrock topography (contour lines every 25 m) overlain with the location of the
outlines of the hypothesized subglacial lakes fRutishauser et a(2018)in blue. Red lines
depictthe 20 m/yr ice flow contour line derived fradfan Wychen et al., (2014)) Ice thickness
along survey lingsoverlain with the bedrock contours (every 50 m).
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Figure4-6: a) Basalroughness n a r adar f oot pover DIE andbybmdale ( aex =
roughneson t he wavel engt hregoe af the sulfglaciakldkes) eluistn  t h e
exponent ovebIC and d) Hurst exponent over the area of the subglacial lakes. Previously
hypothesized (blackiRutishauser et al., 201&nd newly defined (blue shaded) subglacial lake
boundaries are outlined. Bed contours are marked with thin black Witbsa 50 minterval,

whereas thick black lines indicatige location of the ice divides.

Figure4-7: Basal Reflectivity map along with the median reflectivity anomaly for the individual
catchment areas (numbers). Brown lines indicate the bottom (thick ling$d@uthin lines) of

the projected salbearing rock outcrops underneath the [deutishauser et al2018]. Thin

black lines are the bed topography contour lines (every 50 m), and thick black lines represent
the locations of the ice divides.
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