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1. Preface

The work presented in this doctoral thesis was undertaken at the Centre for Arctic Gas Hydrate,
Environment and Climate (CAGE), Department of Geosciences, University of Tromse (UiT) -
The Arctic University of Norway, between October 2014 and February 2019. The project was
funded through a four-year stipend from CAGE, which is supported by the Research Council of
Norway Centres of Excellence funding scheme, grant No. 223259. The main supervisor was Dr.
Monica Winsborrow (CAGE, UiT), with co-supervisors Prof. Karin Andreassen (CAGE, UiT),
Dr. Lilja Bjarnadottir (Geological Survey of Norway), and Dr. Henry Patton (CAGE, UiT).

The PhD program at UiT requires that 25% of the four-year period be dedicated to undertaking
duty work, which is assigned in collaboration with the supervisors and the requirements of the
Department of Geosciences. This was fulfilled through preparing and teaching exercises in
Quaternary Geology, assisting teaching on two ArcGIS software courses at UiT, and taking part in
outreach events including the Arctic Frontiers ‘Science for Schools’ day and UiT
Forskningsdagene (Research Day). Eleven months were spent working and collaborating with
researchers at the Lamont Doherty Earth Institute, University of Columbia, New York, USA and
was funded by the UiT ‘Research stays abroad’ scheme.

The following ECTS-accredited courses were completed as part of the PhD programme:
Glaciology (University Centre in Svalbard (UNIS)); Reconstruction of glacial marine sedimentary
processes and environments (UNIS); Philosophy of science and ethics (UiT); Arctic Marine
Geology and Geophysics (AMGG) cruise and workshop (UiT). Additionally, a course on Arctic
field skills was attended on Disko Island, west Greenland (University of Bergen) and on Fluid
emission fossil analogues and climatic changes in Sicily, Italy (AMGG, UiT). Courses and training
in ArcGIS and IVS Fledermaus software, research cruise safety, and first aid were also undertaken
at the Department of Geosciences. During the PhD 7 research cruises were attended in the Barents
Sea and around Svalbard, totalling 9 weeks living and working on board the R/V Helmer Hanssen

collecting geophysical and sedimentological data.

Results from this thesis were presented at 5 conferences: International Glaciological Society (IGS)
Hydrology Symposium in Hofn, Iceland (June, 2015); European Geosciences Union (EGU)
General Assembly in Vienna, Austria (April, 2016); IGS Nordic branch meeting in Tromsg,
Norway (October, 2016); American Geosciences Union (AGU) General Assembly in New Orleans,
USA (December, 2017); EGU General Assembly in Vienna, Austria (April, 2018).
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1.0 Introduction
1.1 Scientific background
1.1.1 Ice sheets and glaciers

The cryosphere is a fundamental component of the Earth system, with 10% of the present-day Earth
surface covered by glaciers, ice sheets and ice caps, collectively storing approximately 75% of the
world’s freshwater (www.nsidc.org). Ice masses are inherently sensitive to atmospheric and
oceanic temperature fluctuations over relatively short timescales, and are important to the Earth’s
surface energy budget, the water cycle, and global sea level (Vaughan et al., 2013). The stability
of ice sheets and glaciers, and their response to changes in climate, is therefore becoming
increasingly important to determine, especially given observed and projected warming of global
climate (Stocker et al., 2013). Rates of change within the cryosphere are dependent on a multitude
of factors, and one of the biggest challenges for the scientific community is to determine the rate
and processes by which the contemporary cryosphere is likely to respond to projections of future

climate change.

Mass input to ice sheets and glaciers is primarily in the form of precipitation at ice sheet interiors
or high elevations. Surface melting plays a role in ice mass loss, especially in temperate locations,
but loss of ice mass is predominantly controlled by the flow of ice towards lower elevations or
peripheral margins. Ice flows towards the margins mainly via basal sliding, but also via
deformation of ice under its own weight and sediment deformation at the ice bed (Fig. 1). Ice
streams are narrow zones of ice which flow at least an order of magnitude faster than the
surrounding ice, and as such account for the majority of ice, sediment and meltwater discharged
from ice sheets (Bennett, 2003). Fast ice flow is facilitated by basal water and deformable
sediments at the ice bed, which lubricate the ice-bed interface (Section 1.1.2) and promote basal
sliding (Fig. 1). Fast-flowing ice streams and outlet glaciers transport ice mass from the interior of
ice sheets to the margins, where it is subject to melting, or calving of icebergs into the ocean
(Bennett, 2003).

As a result of climate and ocean warming over recent decades, ice mass loss to the oceans in
Greenland and Antarctica is dramatically increasing (Pritchard et al., 2009; Joughin et al., 2012)
and a greater quantity of surface and basal meltwater is being produced (Hanna et al., 2013). This
directly influences the ice mass budget (Hanna et al., 2013), but also has consequences for ice
dynamic processes such as basal sliding and sediment deformation. This thesis investigates how
water is routed through the subglacial environment, and how drainage systems develop over time,

impacting on the flow of overlying and surrounding ice.
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Figure 1: Glaciers flow via three main mechanisms: ice deformation (left), basal sliding (middle) and subglacial sediment
deformation (right). The presence of water at the ice-bed interface, acting to reduce basal drag or by facilitating sediment
deformation, can greatly increase the speed at which glaciers flow. Figure is a modified version of Glacier Flow-
mechanisms.png licenced under CC BY 4.0.

1.1.2 Subglacial hydrology

Contemporary ice sheet and glacier hydrology has been widely investigated using a range of
approaches, including borehole observations (Iken and Bindschadler, 1986; Iken et al., 1993;
Fountain, 1994; Hubbard et al., 1995; Andrews et al., 2014; Doyle et al., 2018), geophysical studies
(Oswald and Gogineni, 2008; Hart et al., 2015), remote sensing (Bell et al., 2006; Fricker et al.,
2007), dye tracing and meltwater discharge/chemistry (Fountain, 1992, 1993; Sharp et al., 1993;
Gulley et al., 2012a), and direct observation of dry meltwater conduits during winter months
(Gulley and Benn, 2007; Gulley et al., 2009, 2012b,). Subglacial drainage of recently deglaciated
or palaeo-ice sheets and glaciers has also been reconstructed through geomorphological (Section
1.1.3) and sedimentological investigations of deglaciated beds (Boulton et al., 2007; Shaw, 2002;
Livingstone et al., 2012; Nitsche et al., 2013; Greenwood et al., 2016; Kuhn et al., 2017; Simkins
et al., 2017). Additionally, conceptual and mathematical model approximations of basal effective
pressure and meltwater discharge have been employed to investigate glacier hydrology and
potential impacts on ice flow (Iken, 1981; Clarke et al., 1984; Kamb et al., 1985; Kamb, 1987;
Fowler and Walder, 1994; Arnold and Sharp, 2002; Werder et al., 2013; Clason et al., 2014), each
with advantages and limitations depending on the spatial and temporal scale of investigation (cf.
De Fleurian et al., 2018).

Two modes of subglacial drainage are typically envisaged at the ice bed (Fig. 2). The first,
channelized drainage through water-filled conduits incised into the ice or its substrate

(Rothlisberger, 1972; Shreve, 1972; Weertman, 1972), typically operating at water pressures lower



than the ice overburden pressure, with limited influence on local effective pressure (Hewitt, 2011).
The second drainage mode is distributed drainage through high-pressure water sheets, films or
aquifers (Anderson et al., 1982; Fowler and Walder, 1994; Kamb, 2001; Creyts and Schoof, 2009)
and groundwater flow (Boulton et al., 1995; Piotrowski, 1997). These drainage systems are
susceptible to increases in water pressure up to and exceeding the ice overburden pressure, with
greater potential impacts on ice flow velocities. The two end-members on the continuum of
subglacial drainage modes are continually developing, in response to factors operating at temporal
scales from hours to decades (Bartholomew et al., 2010; Sole et al., 2011; Cowton et al., 2013).

Subglacial drainage of meltwater beneath ice sheets directly influences ice flow speeds by
regulating the lubrication of the ice-bed interface, and determining subglacial sediment shear
strengths, which influence ice flow variability over diurnal and seasonal time-scales (Weertman,
1972; Alley, 1989; Boulton et al., 2001). Furthermore, increased inputs to subglacial drainage
systems can build-up water pressure, potentially approaching that of the ice overburden pressure
(Kamb, 2001), and leading to enhanced ice flow (Iken, 1981; Jansson, 1995). The routing of
subglacial water also has impacts beyond the ice margin, as drainage outlets deliver freshwater and
sediments to the ice sheet periphery. This has widespread impacts on landscape development,
building large depositional landforms (e.g. Powell, 1990), contributing to continental margin
development and slope instability (Laberg and Vorren, 1995; Vorren and Laberg, 1997; Lucchi et
al., 2012), charging vast proglacial river systems and lakes (Mangerud et al., 2004; Toucanne et
al., 2015), and influencing local and global ocean circulation (Marshall and Clarke, 1999; Slater et
al., 2015).

The availability of basally derived meltwater is dependent on subglacial temperatures, which are
regulated by geothermal heat flux at the bed, frictional heat generated by basal sliding, and surface
energy exchange where ice is sufficiently thin. In addition to basally derived meltwater, subglacial
drainage can be charged by inputs from the ice surface, such as seasonally developing supraglacial
lakes and channels, which can lead to water transport down crevasses and through englacial
conduits to the ice-bed interface (Fig. 2). Furthermore, storage of meltwater within subglacial lakes
influences drainage system development, periodically storing and releasing large volumes of water
to the ice bed (Winberry et al., 2009; Siegfried et al., 2016). Drainage events are subject to internal,
ice-dynamic modulation (Wingham et al., 2006; Smith et al., 2017) and have been directly linked
to accelerations in ice stream velocity (Stearns et al., 2008; Carter et al., 2013). Subglacial lakes
are therefore a crucial component of the subglacial drainage system, with far-reaching impacts on

the hydrology, dynamics, and mass budget of glaciers and ice sheets.
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Figure 2: Conceptual diagram of supraglacial, englacial and subglacial hydrological systems.
Figure from Greenwood et al. (2016a).

1.1.3 Glacial and glacifluvial geomorphology

Ice sheets are remote and often inaccessible, and the subglacial environment can be covered by
thousands of metres of ice, hindering direct investigation. Observational records of contemporary
subglacial hydrology are therefore spatially and temporally limited, and do not fully capture
important processes that drive drainage system evolution over operational timescales. Additionally,
the spatial scale of observational records calls for extensive extrapolation in order to apply findings
to the entire glacial system. An alternative approach is to use the geomorphic imprint of palaeo-ice
sheets, which offer the potential to inform their responses to past climatic changes, reconstruct ice
extents, thicknesses and margin limits over entire glaciations, distributions of fast/slow flowing ice

and the impact that a glaciation had on the landscape, oceans and atmosphere.

During the maximum ice extent phases of the last ice age, glacial ice covered an estimated 32% of
the Earth’s surface (www.nsidc.org). The transition from past ice-sheet configurations to those
observed today had a tremendous impact on global ocean circulation, climate and landscapes. Ice
sheets erode, transport and deposit large quantities of sediments as they advance and decay, with
an immense capacity to mould the landscape. Erosional glacial and meltwater landforms are
produced through scouring, abrading and incising of the ice bed by the more dynamic components

10



of the ice sheet system, such as fast-flowing ice streams, outlet glaciers, and channelized subglacial
meltwater. These processes are especially prevalent within fast-flowing ice streams, with erosion
rates up to 4.8 mm yr! calculated beneath the present-day Greenland Ice Sheet (Cowton et al.,
2012) and estimated mean erosion rates of 0.6 - 0.8 mm yr'! at the bed of fast flowing ice streams
in the Barents Sea during the Late Pleistocene (Laberg et al., 2012). Depositional landforms are
created when eroded material is left behind by the cessation of dynamic ice sheet processes. These
are typically associated to deglaciation phases, when ice is thinning and retreating, leaving behind

entrained basal, englacial and supraglacial sediments.

Due to the immense geomorphic capabilities of ice sheets, evidence for the most recent advance
and decay of an ice sheet system tends to be best preserved, as each subsequent glaciation modifies
or erases the geomorphology created by the former. Also, the geomorphic record tends to be biased
towards the most erosive components of an ice sheet, or those that deposit large quantities of
sediments. As a consequence, processes that are not efficient at shaping the landscape are likely to
be underrepresented. Geomorphologically based reconstructions have driven significant advances
in understanding of palaeo-ice sheet advance and retreat over Fennoscandia (Kleman and
Hattestrand, 1999; Sejrup et al., 2000; Mangerud, 2004; Stroeven et al., 2016) and the Barents Sea
(Andreassen et al., 2007, 2008; Laberg et al., 2010; Winsborrow et al., 2010; Vorren et al., 2011).
The Barents Sea is an ideal site for geomorphological study of LGM palaeo-ice sheet behaviour,
since the seabed lacks significant postglacial modification. Ice build-up to, and retreat from, the
Last Glacial Maximum (LGM) period (~22 ka B.P.) modified the landscape, leaving behind
sedimentological and geomorphological evidence of its activity, and facilitating reconstructions of
past ice sheet behaviour over large spatial and temporal scales using diagnostic assemblages of
glacial landforms.

11



1.2 Aims, objectives and study sites

Atlantic
Ocean

Figure 3: Overview of regions studied in this thesis. Paper 1 is a study of subglacial drainage beneath the
Fennoscandian and Barents Sea palaeo-ice sheets. Paper 2 focusses on ice-marginal geomorphology in outer
Storfjordrenna, a cross-shelf bathymetric trough south of Svalbard. Paper 3 focusses on meltwater
geomorphology in the central sectors of the Barents Sea.

The aim of this doctoral thesis is to investigate the subglacial drainage of the BSIS & FIS using a
combination of approaches, and constrain potential impacts on ice dynamics. A range of temporal
and spatial scales, along with various ice sheet settings are investigated (Fig. 3). Paper 1
encompasses ice sheet scale hydrology over an entire glaciation, modelling the evolution of
subglacial hydraulic pressure potential over the build-up and decay of the Fennoscandian and
Barents Sea ice sheets from 37-10 ka B.P. (Section 2.1). Paper 2 focusses on shorter temporal and
smaller spatial scales, studying ice marginal landforms in Storfjordrenna, south of Svalbard (Fig.
3) to investigate processes related to subglacial meltwater-influenced ice margin retreat and
deposition (Section 2.2). Finally, Paper 3 uses bathymetric datasets to reconstruct the evolution of
subglacial hydrological networks and their influence on ice dynamics in the central Barents Sea
(Fig. 3; Section 2.3).
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Figure 4: The Last Glacial Maximum (LGM) ice extent maxima over Fennoscandia and the Barents Sea is drawn in
white (Patton et al., 2017). The locations and flow directions of major palaeo-ice streams are drawn as white arrows.
Lt. = Lithuania; Lv. = Latvia; Ee. = Estonia; HT = Hinlopen Trough; KvT= Kvitaya trough; FVT = Franz Victoria
Trough; SF = Storfjordrenna; DR= Djuprenna; VF/TD =Vestfjorden/Traenadjupet. Figure taken from Shackleton et
al. 2018.

The Barents Sea is a shallow, epicontinental sea that was repeatedly glaciated over the Late
Quaternary period (Vorren et al., 1988; Dahlgren et al., 2005), and is today characterised by shallow
banks and deep troughs (Fig. 3). The Barents Sea Ice Sheet (BSIS) was drained by ice streams
operating within bathymetric troughs (Fig. 4), the largest of which in Bjerneyrenna, the St. Anna
Trough, Franz Victoria Trough, Hinlopen Trough, and Storfjordrenna all terminated at the
continental shelf break during peak glaciation (Fig. 4) (e.g. Andreassen et al., 2007; Vorren et al.,
2011). The BSIS was marine based, with ice grounded mostly below sea level, making it sensitive
to climatic fluctuations and sea level rise, especially where ice rests on retrograde bed slopes (Katz
and Worster, 2010; Jamieson et al., 2012; Favier et al., 2014). The contemporary West Antarctic
Ice Sheet (WAIS) shares similar characteristics with the Late Weichselian BSIS (Andreassen and
Winsborrow, 2009) making it a good palaeo-analogue and useful indicator of the potential response

of marine-based ice sheets to current and future changes in climate.

Contrastingly, the Fennoscandian Ice Sheet (FIS) was mostly terrestrially-based (Fig. 4), with high
topographic relief along western Scandinavia and relatively flat terrain across southern Finland.
This ice sheet was drained by ice streams operating in the present-day Gulf of Bothnia, the
Norwegian Channel and along the Norwegian continental shelf (e.g. Sejrup et al., 2000; Ottesen et
al., 2005; Greenwood et al., 2017). During the LGM, ice expansion and merging of the FIS with
the BSIS, led to a multi-domed, dynamic ice sheet over Eurasia, spanning a range of glaciologic,

geographic and topographic settings, with extensive terrestrial and marine margins.
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1.3 Methods and data
1.3.1 Subglacial hydraulic potential reconstruction (Paper 1)

The flow of water at the beds of glaciers and ice sheets is influenced by the gravitational pull from
differences in elevation, and the impact of the overlying ice sheet on hydraulic pressure (Shreve,
1972). Overlying ice sheet thicknesses and isostatically corrected bed topographies can therefore

be used to calculate gradients in hydraulic pressure potential ():

¢ = pwgzo + Fpig(zs - zv), (1)

where py is the density of water (1000 kg m™); g is the acceleration due to gravity (9.81 m s2); zp
is the bed elevation; pi is the density of ice (917 kg m™); z is the height of the ice sheet surface.
The flotation factor (F) is the ratio between subglacial water pressure and the ice overburden
pressure, and varies temporally and spatially according to meltwater inputs, drainage system
character, basal ice temperature, and the underlying substrate (Clarke, 2005; Andrews et al., 2014).
In this thesis, modelled ice sheet surfaces and isostatic adjustment output from an established
coupled climate/ice flow model (Auriac et al., 2016; Patton et al., 2016, 2017) are utilized to
reconstruct subglacial hydraulic potential at the bed of the Fennoscandian and Barents Sea ice
sheets, from initial ice build-up around 37 ka B.P through to full deglaciation at 10 ka B.P.
Reconstructing spatio-temporal changes in hydraulic potential reveals insights into long-term

evolution of subglacial drainage routing and potential locations for subglacial lakes at the bed.

1.3.2 Geomorphologically based reconstruction (Papers 2 and 3)

The landforms left behind by the erosive and depositional processes of ice advance and decay can
be used to reconstruct their past behaviour, given adequate knowledge of the processes that form
them (cf. Kleman et al., 2006). This thesis reconstructs processes occurring at the bed and margins
of palaco-ice masses, and investigates how subglacial hydrology might have developed over the
course of a glaciation, and its influence on ice-dynamic behaviour. Ice marginal landform
assemblages mapped from seabed bathymetry and subsurface data in outer-Storfjordrenna provide
insights into subglacial conditions and ice margin processes during initial deglaciation of the
Storfjordrenna Ice stream (Section 2.2). In the central sectors of the Barents Sea Ice Sheet,
meltwater landforms are used to reconstruct subglacial drainage throughout ice-maximum phases

of the ice sheets development and through to its final retreat stages (Section 2.3).

High-resolution swath bathymetry surveys were undertaken in Storfjordrenna during 2013 and
2014 research cruises on-board the R/V Helmer Hanssen. Datasets were acquired using a hull-
mounted Kongsberg Simrad 30 kHz EM300 multibeam echosounder and processing was done in
Neptune software. The data were corrected to include sound-velocity profiles, and anomalous data
was removed, before being gridded using QPS Fledermaus software to a horizontal resolution of
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15 x 15 m. Bathymetric datasets were used to create solar relief shaded visualisations, which were
used for manual mapping of glacial geomorphology at the seabed using the Fledermaus software
and Esri ArcGIS v.10. Bathymetric data used to investigate the central Barents Sea was collected
using a Kongsberg EM170 and EM2040 onboard the R/V G.O. Sars, and was processed and
supplied by the Geological Survey of Norway (NGU) MAREANO programme.

Subsurface profiles were acquired in Storfjordrenna using a hull-mounted Edgetech 3300 — HM
CHIRP sub-bottom sediment profiler, with 4 x 4 transducer array operating at 4 kW, transmitting
an FM pulse, linearly swept over a full spectrum frequency range (1.5 kHz to 9 kHz over 40 ms).
Data were processed and interpreted using the Kingdom Suite v.8.8 software. A sound wave
velocity of 1500 m s! through seawater is assumed, and also used for subsurface travel of waves
due to the relatively shallow nature of sedimentary deposits, thus providing a minimum estimate
for the thickness of sedimentary units. 2D seismic profiles were also acquired in Storfjordrenna,
using a Generator-Injector airgun operating in harmonic mode, with a total volume of 30 in® to
generate seismic shots at a rate of 3 s. A hydrophone cable (16 m long, single-channel streamer)
was used to record two-way travel time for the reflected seismic signal. Navigation correction,
bandpass filtering and amplitude corrections were applied in DelphSeismic software and the data

were visualised and interpreted using Petrel v.2014.1 software.
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2.0 Summary of research papers
2.1 Paper 1

“Subglacial water storage and drainage beneath the Fennoscandian and Barents Sea ice sheets”

C. Shackleton, H. Patton, A. Hubbard, M. Winsborrow, J. Kingslake, M. Esteves, K. Andreassen, S.
Greenwood. 2018. Quaternary Science Reviews 201:13-28.

In this paper, long-term subglacial drainage development beneath an evolving ice sheet is
investigated. Previously published, numerically modelled ice-sheet reconstructions of the Eurasian
ice sheet are utilized to model potential subglacial meltwater drainage routes and predict the
locations of subglacial lakes beneath the Fennoscandian and Barents Sea ice sheets. This analysis
is performed at 1000-year intervals, during the build-up to, and retreat from, the Last Glacial
Maximum (37-10 ka B.P.). Subglacial hydraulic potential surfaces are generated at discrete time-
slices using modelled ice-sheet surfaces and isostatically corrected bed topographies. Gradients in
hydraulic potential drive the flow of basal water, and so drainage routes are predicted by routing
water down the maximum gradient in hydraulic potential. Subglacial lakes sites are identified by
filling sites of hydraulic potential minima to their lip, with up to 3500 subglacial lakes predicted
beneath the two ice sheets during ice maximum conditions. Asynchronous ice sheet growth over
areas of flat relief in northeast Europe results in up to 100 km? more water stored within subglacial
lakes during ice build-up compared to retreat, for similar ice sheet areal extents. To assess the
validity of results, predicted subglacial drainage routing and subglacial lakes are assessed against
empirical evidence for palaco-meltwater drainage. This reveals potential sources and sinks for
subglacial water either side of large subglacial channel networks in the Gulf of Bothnia, and good
agreement with mapped subglacial lakes and channels in the central Barents Sea. The migration of
ice-marginal meltwater outlets as the ice sheet decayed informs sites of focussed freshwater and
sediment discharge, and maps of hydraulic potential minima persisting throughout the ice sheet
evolution define potential targets for field-based investigations in search of palaco-subglacial lakes

and preserved sediments.

Author contributions:

CS designed the study together with HP and MW, and undertook the analysis, writing, figure
making and editing. HP and AH supplied the model output used to calculate subglacial hydraulic
potential surfaces. SG and ME provided mapping in the Gulf of Bothnia and central Barents Sea.

All co-authors were involved in the discussion of the results and editing of the manuscript.
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2.2 Paper 2

“Ice margin retreat and grounding-zone dynamics during initial deglaciation of the Storfjordrenna

Ice Stream, western Barents Sea”
C. Shackleton, M. Winsborrow, K. Andreassen, R. Lucchi, L.R. Bjarnadéttir. 2019. In Review, Boreas.

This study investigates a retreating palaco-ice margin, based on geomorphological mapping from
high-resolution multibeam bathymetric datasets and subsurface data (2D seismic and CHIRP)
acquired in outer Storfjordrenna, south of Svalbard. Data was acquired during two expeditions of
the Centre for Arctic Gas Hydrate, Environment and Climate (CAGE) using the R/V Helmer
Hanssen in 2013 and 2014. Geophysical data reveal ice marginal landforms including grounding
zone deposits and an array of iceberg ploughmarks, created during initial retreat of the
Storfjordrenna Ice Stream from its ice-maximum position at the continental shelf edge. Spatial
clustering of distinct populations of iceberg ploughmarks indicate locally diverse controls on
iceberg calving, which led to the production of deep-drafted, single-keeled icebergs at the northern
sector of the former ice margin, and multi-keeled, tabular icebergs at the southern sector. Ice-
proximal fans on the western flank of the grounding zone deposits indicate that meltwater conduits
and ice marginal meltwater plumes were active during retreat, potentially contributing to the
observed pattern of iceberg calving by undercutting and incising the ice margin. The heavily keel-
scoured seafloor of outer Storfjordrenna indicates that ice retreat from the continental shelf break
was characterised by rapid ice-margin break-up via large calving events. It is suggested that early
retreat from the continental shelf edge in the northern sector of the ice stream was facilitated by
retrograde bedslopes and proximal ice sources over Spitsbergen, whereas the southern sector of the
ice stream remained grounded at the shelf edge for longer, delivering sediment-laden meltwater
and building the continental slope. The grounding zone deposits documented in this study represent
the first major still-stand in ice margin retreat from the continental shelf edge. 2D seismic profiles
reveal three bedrock ridges, which, together with the protruding tip of southern Spitsbergen,

provide basal and lateral pinning points for stabilization of the retreating ice margin.

Author contributions:

The data were acquired by KA and CS, who also designed the study together with MW. CS
undertook the mapping, analysis, writing, figure making and editing. All co-authors were involved

in the discussion of the results and editing of the manuscript.

17



2.3 Paper 3

Transitions in subglacial drainage and influences on glacial dynamics in the central Barents Sea,
reconstructed from assemblages of meltwater landforms

C. Shackleton, M. Winsborrow, H. Patton, M. Esteves, L. Bjarnadottir, K. Andreassen, 2019. Manuscript in

preparation.
In this study, the high-resolution MAREANO multibeam bathymetric dataset from the central
Barents Sea is used to map subglacial meltwater landforms and refine existing geomorphological
mapping on Thor-Iversenbanken, a shallow bank that formed an influential sector of the Barents
Sea Ice Sheet (BSIS) bed in different stages of its development. Assemblages of eskers, meltwater
channels and tunnel valleys are detected throughout the central Barents Sea, indicating that this
region was a focus for meltwater throughout ice advance and retreat. The various drainage systems
documented here operated at differing spatial and temporal scales, and formed in contrasting phases
of the ice sheets evolution. Based on the geomorphological mapping and cross-cutting
relationships, relative timing constraints are placed on the formation of the various meltwater
landforms. A succession of meltwater drainage landforms is observed, evidencing meltwater flow
through subglacial conduits incised into the ice sheet bed, with shifts in channel activity/inactivity
resulting in a vast network of braided meltwater channels on the floor of wide tunnel valleys. Basins
upstream of large tunnel valleys are inferred to be the site of palaco-subglacial lakes, and cyclic
filling and drainage of these are suggested to have impacted the development of the subglacial
drainage system and downstream ice dynamics. During the later stages of ice retreat, meltwater
conduits incised into basal ice within a limited distance of the retreating ice margin are evidenced
by eskers superimposed onto the floors and banks of tunnel valleys. The morphology and
organisation of eskers into closely-spaced parallel ridges suggests that the basal drainage systems

operating during the late-deglacial stages were charged by supraglacial meltwater sources.

Author contributions:

CS designed the study together with MW, HP and ME. Geomorphological mapping was undertaken
by CS and ME, with some published mapping provided by LB. CS undertook the analysis, writing,
figure making and editing. All co-authors were involved in the discussion of the results and editing

of the manuscript.
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3.0 Synthesis

Through the combined application of geomorphologically based reconstruction, geophysical
investigation of the seabed subsurface, and modelling of subglacial hydraulic pressure potential,
this thesis contributes to an increased understanding of subglacial hydrology, grounding line
dynamics, and ice sheet behaviour. A wide range of spatial and temporal scales of meltwater
processes have been investigated: at the ice sheet scale over an entire glaciation (Paper 1), at the
grounding line of a retreating ice margin (Paper 2), and over a region of the ice bed that experienced
both ice maximum and deglacial stages of the ice sheet (Paper 3). The following sections examine
the contributions that this thesis makes to scientific knowledge of subglacial hydrology and

concludes with suggestions for future work.

3.1 Operational scales of subglacial drainage processes

Observations of present-day subglacial drainage systems have enhanced our understanding of
subglacial hydrology and impacts on ice flow (e.g. Stearns et al., 2008; Gulley et al., 2012b;
Andrews et al., 2014; Fricker et al., 2014; Smith et al., 2017). However, these insights are limited
to observational time periods, which, relative to the operational time-scales of ice sheet evolution,
are decidedly short-term. Despite the fragmentation of the landform record and uncertain
timescales of landform creation (Kehew et al., 2012; Greenwood et al., 2016), the deglaciated beds
of palaeo-ice sheets offer insights into subglacial hydrology over longer and more relevant time
periods. This thesis advances understanding of the timescales of subglacial drainage processes by
predicting the long-term behaviour of subglacial water storage and drainage in response to
fluctuations in modelled ice sheet surfaces (Paper 1) and detangling a composite record of
meltwater drainage landforms in the central Barents Sea that represent a range of subglacial
drainage processes operational over contrasting timescales (Paper 3). Furthermore, it is shown that
meltwater outlets operated at the ice margin during retreat of the Storfjordrenna Ice Stream, and

were confined to the northern and southern sectors of the former ice margin (Paper 2).

Hydraulic potential modelling (Paper 1) predicts the routing of subglacial meltwater during ice
sheet build-up and retreat, indicating potential locations of water storage at the bed to form
subglacial lakes. The ephemeral nature of many subglacial lakes predicted in this study suggests
that storage and release of basal water may have been sensitive to the shifting geometry of overlying
ice, especially where subglacial lakes are predicted in topographically smoother areas of the bed,
in the central/northern Barents Sea, and throughout Sweden and Finland (Paper 1; Fig. 3). These
unstable sites of subglacial water storage are likely to drain with minor shifts in the geometry of
overlying ice, leading to short-lived but significant influxes of meltwater to the subglacial drainage
system and downstream ice stream beds. Contrastingly, predicted sites of large or clustered
subglacial lakes that remain stable throughout ice sheet evolution are likely to have had a longer

lasting influence on palaeo-ice dynamics. Particularly stable subglacial lakes are predicted in the
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Gulf of Bothnia and Baltic Sea (Paper 1; Fig. 3b), corresponding well to empirical observations of
high meltwater fluxes through this region (Greenwood et al., 2016b). Although not captured in our
large-scale modelling approach, these subglacial lakes may have periodically filled, drained and
exchanged water on timescales of months to years, similar to those detected beneath present day

ice streams in Antarctica (Smith et al., 2009).

The seafloor in the central Barents Sea (Paper 3) contains meltwater landforms that represent
subglacial drainage systems operating at various temporal and spatial scales, and in contrasting
phases of ice sheet development. This thesis presents a composite map of meltwater landforms in
the central Barents Sea (Paper 3; Fig. 9), with reconstructions of the geomorphically dominant
subglacial drainage modes as the ice sheet developed (Paper 3; Fig. 10). Meltwater channels and
tunnel valleys represent long-term drainage of subglacial water through this region, with channels
potentially utilized over multiple glacial cycles. The braided and anastomosing structure of tunnel
valleys indicates fluctuating meltwater supply to the drainage system which may have occurred
seasonally, or intermittently due to fill and drain cycles of upstream subglacial water stores. The
occurrence of eskers along the banks and channel floor of large meltwater channels and tunnel
valleys informs a switch to meltwater incised into basal ice within R-Channels during the later
stages of deglaciation. These landforms also indicate continued subglacial drainage towards the ice
margin as it retreated through Sentralbankrenna and onto Thor-Iversenbanken. Here it is concluded
that eskers are the geomorphic imprint of short-lived flooding events, with conduits possibly
charged by influxes from supraglacial water sources. This indicates that the subglacial domain can
be directly affected by climatic changes and inter-annual variations occurring at the surface of the

ice sheet, as observed at outlet glaciers in Greenland (Bartholomew et al., 2011; Sole et al., 2011).

3.2 Factors influencing subglacial drainage patterns

Given the impacts of subglacial drainage on the ice sheet system, it is important to determine the
factors influencing how water behaves at the ice-bed interface. Modelling the long-term
development of subglacial drainage routing and water storage (Paper 1) reveals preferred locations
for subglacial lakes at the beds of the BSIS and FIS. For the same areal extent, up to two times
more water is stored within predicted subglacial lakes at the FIS bed during ice advance than during
retreat (Paper 1; Fig. 5). This vast difference in water storage capacity is attributed to ice expansion
into topographically smoother areas of the bed, with easterly migration of FIS ice domes into the
flatter sectors of eastern Fennoscandia (Patton et al., 2017). Coupled with the steeper surface slopes
of the retreating ice sheet, this may have promoted shallower, less stable subglacial lakes, with
potential impacts on basal water availability and regulation of fast ice flow. In contrast, easterly
migration of the BSIS into topographically rougher sectors of the eastern Barents Sea led to greater
numbers of subglacial lakes predicted at the bed during the deglaciation phase, with only minor

oscillations in water storage capacity during ice retreat (Paper 1; Fig. 5). This study highlights the
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sensitivity of basal water storage to the shifting geometry of overlying ice and migration into areas
of divergent topographic relief.

At the margin of the Storfjordrenna Ice Stream, ice proximal fans at the northern and southern
sectors of the former grounding line indicate sediment deposition out of ice marginal meltwater
plumes (Paper 2). It is inferred that the observed pattern of ice proximal fan deposits is caused by
meltwater sourced from different sectors of the ice sheet, being routed either side of relatively
thicker ice in the centre of the trough as the ice margin was grounded in outer-Storfjordrenna.
Correspondingly, the hydraulic potential modelling predicts several drainage outlets at the ice
margin in Storfjordrenna (Paper 1; Figure 8), which drain catchments that remain distinct
throughout deglaciation, draining separate subglacial environments over Svalbard to the north, and
the interior BSIS to the east and south. The modelling predicts that the largest meltwater drainage
catchments outlet into northern Storfjordrenna, which is supported by observations of the largest
ice proximal fan deposits in the north (Paper 2; Fig. 4).

Meltwater landforms in the central Barents Sea (Paper 3) indicate that large volumes of subglacial
meltwater were routed towards and stored on Thor-Iversenbanken, potentially facilitated by the
relatively flat ice sheet surface and extensive catchment area during ice maximum conditions, with
ice draw-down towards Sentralbankrenna. During deglaciation, water supply from supraglacial
sources is inferred based on esker morphology and distributions (Paper 3), and the pattern of basal
drainage may have been influenced by the distribution of supraglacial lakes, moulins and surface
crevasses. Also, Thor-Iversenbanken was in close proximity to inferred ice divides that migrated
during deglaciation (Patton et al., 2016, 2017; Piasecka et al., 2016), and shifting of subglacial
catchment boundaries may have led to re-routing of meltwater between catchments. With easterly
migrating ice divides, the catchment boundary for the Sentralbankrenna glacial system expands
into the eastern Barents Sea, potentially providing higher fluxes of meltwater to the ice-stream bed

during deglaciation.

3.3 Subglacial drainage impacts on the ice sheet system and beyond

Studies from contemporary glaciers and ice sheets show that subglacial drainage system
development is linked to changes in basal effective pressure and ice flow speed in Greenland (Sole
et al.,, 2011), and subglacial lake drainage events correspond to increased flow in Antarctica
(Stearns et al., 2008). Modelling of water exchange and drainage from subglacial lakes at the bed
of Antarctic ice streams suggests that the development from distributed to channelized drainage
systems may regulate basal water pressures and impact local and regional ice dynamics (Carter et
al., 2017). The papers presented in this thesis indicate that subglacial meltwater played an important
role across diverse sectors of the Fennoscandian and Barents Sea ice sheets and at various stages

of advance and decay. Hydraulic potential modelling (Paper 1) indicates a large number of possible
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sites for subglacial lake formation at the beds of the Fennoscandian and Barents Sea ice sheets.
These sites occur in the onset zones and at the beds of major palaeo-ice streams, often in clusters
(Paper 1; Fig. 3), suggesting the potential for water exchange and drainage system modulation,

with impacts on local and regional ice flow.

The geomorphology of the central Barents Sea region (paper 3) indicates that it was a focus for
meltwater routing, and that the BSIS had extensive drainage systems at its base.
Geomorphologically based reconstructions indicate highly dynamic ice sheet behaviour in this
region, with fast-flowing ice streams undergoing switches in flow speed and direction (Riither et
al., 2011; Winsborrow et al., 2012; Piasecka et al., 2016). Large, braided tunnel valleys and
meltwater channels evidence high-discharge meltwater conduits feeding into the bed of the
Sentralbankrenna Ice Stream, providing abundant meltwater to facilitate basal sliding in this region.
Additionally, cyclic filling and draining of subglacial lakes is inferred as a source of periodic water
injection into downstream subglacial drainage systems, with the potential for regulating basal
lubrication and subglacial sediment shear strengths, contributing to ice flow variability in

Sentralbankrenna.

This thesis also shows that subglacial hydrology impacted grounding line dynamics, sediment
delivery to the ice margin, and the proglacial environment. The hydraulic potential modelling
(Paper 1) predicts the locations of freshwater and sediment delivery to the evolving FIS and BSIS
ice margin, and the migration of drainage routes and outlets as the ice sheets developed. Meltwater
outlets are important controls on proglacial landscape evolution, contributing to the building and
instability of sediments on the continental slope (Lucchi et al., 2012), while also influencing local
ocean circulation (Slater et al., 2015). The modelling indicates where sediments and freshwater
may have been focussed as the ice sheet retreated, with the largest inputs expected along the
Norwegian Channel, in northern Bjerngyrenna, the White Sea, and Baltic Sea (Paper 1; Fig. 8).

Ice marginal geomorphology in outer-Storfjordrenna (Paper 2) indicates that subglacial meltwater
outlets delivered freshwater and sediments to the ice margin, and distinct patterns of iceberg calving
may have been influenced by outlet locations particularly to the north of the former ice margin as
it was grounded in outer-Storfjordrenna. Freshwater fluxes at modern sub-marine ice margins are
shown to influence ice margin mass loss through convective-driven melting and undercutting of
the calving face (Jenkins, 2011; Chauché¢ et al., 2014). Sediment delivery over the grounding line
and settling out of ice marginal meltwater plumes deposited distinct ice proximal fans at the
northern and southern flanks of grounding zone deposits (Paper 2; Fig. 4). These landforms are
characteristic of meltwater-dominated marine-terminating ice streams, and add to a growing body
of evidence for ice stream margin stillstands in this region during deglaciation, with grounding line
dynamics and deposition heavily influenced by subglacial meltwater (Bjarnadottir et al., 2013;
Esteves et al., 2017).
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3.4 Future work

The work presented in this thesis highlights the importance of subglacial hydrology beneath the
LGM ice sheets across Fennoscandia and the Barents Sea. However, analysing composite
geomorphological records formed by meltwater processes that occur at contrasting temporal and
spatial scales requires a greater understanding of the formation mechanisms of landforms. Also,
given the low preservation potential of subglacial lakes in the landform record, modelling
approaches to predicting subglacial lake locations at both deglaciated and modern ice beds might
be the most efficient way to locate potential sites for further study. A key output of the hydraulic
potential modelling work are maps of persistently predicted locations for subglacial lakes beneath
the evolving ice sheets (Paper 1, Fig. 3). These sites are widespread across Fennoscandia and the
northern Barents Sea, and are useful targets for future investigations in search of geomorphological

and sedimentological evidence of palaco-subglacial lakes.

While the deglaciated beds of former ice streams are comparatively well-studied, further
geophysical investigation of inter-ice stream regions and shallower banks is required to fully
determine the role that upstream hydrology plays in regulating surrounding and downstream ice
dynamics. Increased data collection in the Barents Sea region has already revealed abundant
meltwater features where they were previously thought to be absent (Clark and Walder, 1994),
highlighting the importance of geomorphic mapping studies based on high-resolution geophysical
datasets. Some meltwater landforms are beyond the resolution of existing digital elevation models
in data-poor regions, and further mapping will help to reconstruct a more complete overview of the
palaeo-ice sheet system. Additionally, subsurface profiles over key landforms in the central Barents
Sea region would help to resolve the formation of more complex, composite landforms such as the
braided tunnel valley systems, and landforms with limited geomorphological expression on the

seabed such as subglacial lakes.

Despite the observed correlation between increases in meltwater input and increases in ice flow
speed at contemporary ice sheets (Sole et al., 2011; Stearns et al., 2008), the mechanisms behind
switches in subglacial drainage mode and feedbacks on ice dynamics are still largely unknown
(Greenwood et al., 2016a). Observations at contemporary ice sheets and glaciers are therefore
crucial to understanding diurnal, seasonal, and decadal development of subglacial drainage. On
longer timescales, subglacial hydrological modelling fully-coupled to an evolving ice beds are
required to fully understand the influence of meltwater on basal sliding, improving simulations of
palaeo-ice advance and retreat over the Barents Sea and Fennoscandia, as well as improving
forecast models of contemporary ice sheet response to changes in climate. The abundance of
undisturbed evidence for glacial and meltwater processes makes the central Barents Sea an ideal

case-study for empirical testing of model results.
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Subglacial hydrology modulates how ice sheets flow, respond to climate, and deliver meltwater, sedi-
ment and nutrients to proglacial and marine environments. Here, we investigate the development of
subglacial lakes and drainage networks beneath the Fennoscandian and Barents Sea ice sheets over the
Late Weichselian. Utilizing an established coupled climate/ice flow model, we calculate high-resolution,
spatio-temporal changes in subglacial hydraulic potential from ice sheet build-up (~37 ka BP) to com-
plete deglaciation (~10 ka BP). Our analysis predicts up to 3500 potential subglacial lakes, the largest of
which was 658 krnz, and over 70% of which had surface areas <10 kmz, comparable with subglacial lake-
size distributions beneath the Antarctic Ice Sheet. Asynchronous evolution of the Fennoscandian Ice
Sheet into the flatter relief of northeast Europe affected patterns of subglacial drainage, with up to
100km® more water impounded within subglacial lakes during ice build-up compared to retreat.
Furthermore, we observe frequent fill/drain cycles within clusters of subglacial lakes at the onset zones
and margins of ice streams that would have affected their dynamics. Our results resonate with mapping
of large subglacial channel networks indicative of high-discharge meltwater drainage through the Gulf of
Bothnia and central Barents Sea. By tracking the migration of meltwater drainage outlets during
deglaciation, we constrain locations most susceptible to focussed discharge, including the western
continental shelf-break where subglacial sediment delivery led to the development of major trough-
mouth fans. Maps of hydraulic potential minima that persist throughout the Late Weichselian reveal
potential sites for preserved subglacial lake sediments, thereby defining useful targets for further field-
investigation.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

englacial ice, leading to enhanced deformation (Arnold and Sharp,
2002; Bell et al., 2014). Subglacial water availability also plays a key

The presence and behaviour of water at the interface between
an ice mass and its substrate exerts a fundamental control over
many aspects of ice sheet behaviour. Lubrication of the ice-bed
interface and subglacial sediment shear strengths are regulated
by subglacial water pressure, driving ice flow variability over
diurnal and seasonal time-scales (Alley, 1989; Boulton et al., 2001;
Weertman, 1972). Refreezing of meltwater at the bed and the
resultant release of latent heat also warms and softens basal and

* Corresponding author.
E-mail address: calvin.s.shackleton@uit.no (C. Shackleton).

https://doi.org/10.1016/j.quascirev.2018.10.007
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role in regulating ice flow, by controlling the distribution of high
traction zones (sticky spots) via basal freeze-on (Sergienko and
Hulbe, 2011; Trommelen et al., 2014; Winsborrow et al., 2016),
and water piracy between neighbouring catchments
(Anandakrishnan and Alley, 1997; Carter et al., 2013; Lindback et al.,
2015). Furthermore, freshwater fluxes exiting sub-marine ice
margins directly modulate the rate of mass loss beneath ice shelves
and at calving faces through convective-driven melting (Chauché
et al, 2014; Jenkins, 2011; Xu et al., 2012). Critically though,
changes in ice sheet geometry also strongly influence subglacial
hydrological behaviour; even minor changes in ice thickness in
areas of low relief can lead to rerouting of basal water flow
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(Vaughan et al., 2008).

Subglacial lakes are an important component of the subglacial
drainage system, and have been studied extensively despite their
extreme inaccessibility (Wright and Siegert, 2012). Geophysical and
modelling investigations of subglacial lakes and hydrology beneath
contemporary ice sheets (Carter et al., 2017; Dowdeswell and
Siegert, 2003; Fricker et al., 2007; Hubbard et al., 2004; Lindback
et al,, 2015; Wingham et al.,, 2006), along with modelling and
sedimentary/geomorphic studies of palaeo-subglacial lakes
(Christoffersen et al., 2008; Esteves et al., In Review; Livingstone
et al,, 20134, 2016; Kuhn et al., 2017), has led to improved under-
standing of their formation, longevity and influence on ice sheet
dynamics. Episodic filling and drainage of subglacial lakes (e.g.
Winberry et al., 2009) has been directly linked to accelerations in
ice stream velocity (Carter et al., 2013; Stearns et al., 2008) and
modifications to background stick-slip cycles in Antarctica
(Siegfried et al., 2016). Moreover, internally modulated filling/
drainage cycles (Smith et al., 2017; Stearns et al., 2008; Wingham
et al., 2006) reveals that subglacial hydrology impacts on ice ve-
locity and mass balance independently of climate forcing. Hence, it
is important to consider the mechanisms driving long and short-
term behaviour of subglacial lakes and their influence on basal
drainage when assessing the current and future stability of ice
masses globally.

Palaeo-ice sheets provide an opportunity to investigate the
evolution of subglacial hydrological processes over millennial time
scales. The Eurasian Ice Sheet Complex (EISC) was the third largest
ice mass globally after the Antarctic and the North American ice
sheets during the last glaciation, and was comprised of the Celtic
Ice Sheet (CIS), the Fennoscandian Ice Sheet (FIS) and the Barents
Sea Ice Sheet (BSIS). During the Last Glacial Maximum (LGM), the
margins of the EISC reached the continental shelf break along most
of the northern and western borders of the Barents Sea, Norway,
and the British Isles (Fig. 1). In this study, we focus on the Fenno-
scandian and Barents Sea sectors of the EISC: independent ice sheet
centres which contrasted in their glaciologic, geographic and
topographic setting. The majority of the BSIS was grounded below
sea level, thereby providing a useful palaeo-analogue for the

marine-based West Antarctic Ice Sheet. Conversely, the FIS was
largely terrestrial-based, draining ice from the Scandes Mountains
to its eastern and southern margins, though with substantial ma-
rine terminating-sectors and outlets off the present-day Norwegian
and Danish coasts.

Shreve's (1972) subglacial hydraulic potential analysis has been
widely applied to infer basal water storage and drainage charac-
teristics beneath both contemporary and palaeo-ice sheets and
glaciers, at timescales ranging from days to tens of thousands of
years (Alley, 1989; Banwell et al., 2013, 2012; Chu et al., 2016; Le
Brocq et al., 2009; Lindback et al., 2015; Livingstone et al., 2013a,
2013b; Pattyn, 2008; Sharp et al., 1993; Siegert, 2000; Siegert et al.,
2007; Smith et al., 2017; Tulaczyk et al., 2000; Vaughan et al., 2008;
Wright et al., 2008; Arnold and Sharp, 2002; Evatt et al., 2006;
Gudlaugsson et al., 2017; Patton et al., 2017a). In this study, we use
modelled ice sheet surfaces (Patton et al., 2016, 2017a) and asso-
ciated isostatic perturbations to reconstruct and investigate the
temporal and spatial evolution of potential subglacial drainage
routes and subglacial lakes beneath the FIS and BSIS during the
build-up to, and retreat from, the LGM. Furthermore, through
combined examination of the empirical record, we analyse the
potential impacts associated with water routing and storage
beneath the ice sheets during deglaciation.

2. Methods
2.1. Model output and data

Patton et al. (2016; 2017a) present a first-order thermo-
mechanical model reconstruction of the evolving EISC throughout
the Late Weichselian, constrained and validated against a diverse
suite of empirical data (Patton et al., 2017a) and independent glacial
isostatic adjustment modelling (Auriac et al., 2016). The ice-flow
model is fully described in Hubbard (2006) and consists of a first-
order approximation of the Stokes equations, which include lon-
gitudinal stress gradients that become increasingly important
across steep relief and basal conditions that drive fast-flow
(Hubbard, 2000). For the Eurasian domain, the 3D model was

Fig. 1. The Fennoscandian and Barents Sea sectors of the Eurasian Ice Sheet complex. Last Glacial Maximum (LGM) ice extent is drawn in white (Patton et al., 2017a), major troughs
are named and the flow directions of their associated palaeo-ice streams are indicated with arrows. Present-day lakes are drawn in blue. Lt. = Lithuania; Lv. = Latvia; Ee. = Estonia;
HT = Hinlopen Trough; KvT = Kviteya trough; FVT = Franz Victoria Trough; SF = Storfjordrenna; DR = Djuprenna; VF/TD = Vestfjorden/Traenadjupet.
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applied to a finite-difference grid based on the GEBCO_2014 GRID
filtered to a resolution of 10 km, with isostatic loading imple-
mented using an elastic lithosphere/relaxed asthenosphere scheme
(Le Meur and Huybrechts, 1996). The first order rheology has been
validated against ISMIP-HOM benchmark experiments (Pattyn
et al., 2008) and used to successfully reconstruct palaeo-ice
sheets across Iceland, Britain and Patagonia (Hubbard et al., 2005,
2006; 2009; Kuchar et al., 2012; Patton et al., 2013a, 2013b; 2017b).
Surface mass balance is determined by a positive degree-day
scheme, with both temperature and precipitation adjusting to the
evolving ice sheet surface according to prescribed lapse rates
derived from multiple regression analyses of modern meteorolog-
ical observations. Perturbations in climate forcing are scaled
against the NGRIP 8'80 ice-core record (Andersen et al., 2004) and
sea level forcing applied from a global eustatic reconstruction
(Waelbroeck et al., 2002). In this study, we develop the analysis
presented by Patton et al. (2017a), and use modelled ice sheet ge-
ometry and isostatic adjustments based on output from their
model, applied to a resampled (500 m) and filtered GEBCO_2014
Grid (version 20150318, www.gebco.net), to calculate subglacial
hydraulic potential over the Late Weichselian glaciation.

2.2. Hydraulic potential calculation

The flow of water at the bed of glaciers and ice sheets is driven
by gradients in hydraulic pressure potential (¢), which according to
Shreve (1972) is a function of the elevation potential and water
pressure:

¢ = pwgzp + Fpig(zs - ), (1)

Where py, is the density of water (1000 kg m~3); g is the accelera-
tion due to gravity (9.81 ms~2); z, is the bed elevation; p; is the
density of ice (917 kg m3); z is the height of the ice sheet surface.
The flotation factor (F) is the ratio between subglacial water pres-
sure and the ice overburden pressure, and varies temporally and
spatially according to meltwater inputs, drainage system character,
basal ice temperature, and the underlying substrate (Andrews et al.,
2014; Clarke, 2005).

Boreholes drilled to the bed of the Greenland Ice Sheet reveal a
range of subglacial water pressures generally above 90% of the ice
overburden pressure. Spatially and temporally averaged (over at
least a full melt season) measurements within boreholes of
94.8—96.7% (Doyle et al, 2018); 88—94%; 82—92%; ~100%
(Meierbachtol et al., 2013); 85—94% (Thomsen et al., 1991); and
80—110% (Wright et al., 2016) of the overburden are reported, with
a mean value of 92.41%. Based on this we adopt an F-value of 0.925,
while recognizing that this is a generalisation of the relationship
between ice overburden pressure and mean, long-term subglacial
water pressure. Banwell et al. (2013) suggest, based on the rela-
tionship between modelled run-off and measured proglacial
discharge in Greenland, that a value of 0.925 is realistic when
averaged over a full melt season. Likewise, Lindback et al. (2015)
use values ranging from 0.5 to 1.1 to investigate hydrological sen-
sitivities but find a value of 0.925 to be optimal for part of the
western sector of the Greenland Ice Sheet.

Equation (1) implicitly demonstrates that ice surface slopes
exert ~10-times stronger control on subglacial water flow than
basal topography. However, ice sheet surface slopes are generally
low and basal slopes can exceed that of the surface by an order of
magnitude, and therefore remain a strong influence on the routing
and storage of subglacial water, particularly in regions charac-
terised by rugged basal topography. Flow routing tools in the
ArcHydro toolbox for ArcGIS 10.5 assume that the steepest gradient
in hydraulic potential constrains water flow direction at a given

point in eight possible directions. The flow direction of each cell is
combined to yield optimal hydrological flowpaths and thereby the
predicted drainage network. This method is suitable for the pre-
diction of arborescent channel networks, as the flow routing tools
calculate the most efficient path to route water from areas of high to
low hydraulic potential. Potential subglacial lake locations are
identified by filling local minima in modelled hydraulic potential to
their spill point. Subglacial lakes with an area <2 km? are filtered
out from the analysis to reduce the impact of interpolation artefacts
on results. The capacity for water storage at the bed at each time
slice is calculated using the volume to which hydraulic potential
requires adjusting to remove the hydraulic potential minima and
hence, maximum subglacial lake volume is estimated under the
assumption of bank-full conditions. Modelled subglacial drainage
maps are generated for discrete time slices at 100-year intervals
from 37 to 10 ka BP, and the persistence of hydraulic features is
determined by tracking and collating the locations of modelled
drainage features through time.

2.3. Methodological and data limitations

Equation (1) couples subglacial water routing to modelled ice
sheet thickness and surface gradients in a generalised manner, and
furthermore, this approach ignores the reciprocal impact of sub-
glacial water on ice flow. Basal water flow and pressure varies in
time and space in response to a multitude of factors including ice
sheet characteristics, the nature of the substrate, and meltwater
delivery, all of which impact on basal lubrication (Christoffersen
et al., 2018; Johnson and Fastook, 2002) and ice flow (Iken, 1981).
Also, subglacial water pressure is likely to be much lower close to
the ice margin where ice is thinner, and our chosen value for the
flotation factor is less representative in this sector where chan-
nelized systems may dominate, leading to less reliable predictions
of subglacial drainage (Gulley et al.,, 2012). Meierbachtol et al.
(2013) find that conduit pressures of less than 70% of the ice
overburden pressure are limited to <10 km from the ice margin,
and that subglacial pressures increase to the overburden pressure
(i.e. F approaches 1) further into the interior as ice thickness and
hydrostatic pressure increases.

Furthermore, coupling feedbacks between the base of the ice
sheet and subglacial drainage system are not accounted for, such as
lack of basal friction and ice surface flattening over subglacial lakes,
and local fluctuations in thermal regime and melt rate. The drainage
features modelled in this study are therefore described as potential
subglacial routes and lakes and should be considered representative
of large-scale patterns of basal drainage. Additionally, conditions
that determine subglacial drainage system morphology are absent
from this method, including underlying geology, water supply, and
sediment load. Limitations for the approach also include the reli-
ability of modelled ice sheet output for calculating hydraulic po-
tential, and interpolation errors in the topography data. An analysis
of subglacial lake predictions for an LGM timeslice and the associ-
ated GEBCO_2014 source data used for hydraulic potential calcula-
tions is presented in Table S1. Furthermore, the digital elevation
model (DEM) used for our calculations contains post-glacial sedi-
ments and erosion surfaces along with present-day lakes, all of
which introduce potential sources of error. Some of these errors can
be mitigated by applying a 3 x 3 gaussian filter to the bed DEM and
by masking out present-day lakes where appropriate.

2.4. Model sensitivity
A suite of sensitivity experiments was conducted to assess the

relative importance of the key parameters influencing the total
areal extent of predicted subglacial lakes and the degree to which
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their spatial extents intersect with the optimum experiment
(Table 1). To test the sensitivity of subglacial lakes to changes in
water pressure, an experiment using the LGM ice sheet surface (21
ka BP) was conducted, varying the flotation factor (F) using values
0.7, 0.8, 0.925 and 1.0. Model sensitivity to bed roughness was also
assessed through varying degrees of bed filtering; the unfiltered
GEBCO_2014 DEM, and the results of 1, 2, and 3 passes of a 3 x 3
gaussian filter were used to yield progressive bed smoothing before
the hydraulic potential calculation was applied. Sensitivity to
modelled basal temperatures was assessed by masking subglacial
lake predictions in areas of the bed below —1.5, —0.75, and 0°C
(relative to the pressure melting point) and comparing to the op-
timum experiment without a basal temperature filter. To assess
predicted subglacial lake sensitivity to uncertainties in ice model
physics, the hydraulic potential analysis was applied under
different LGM ice thicknesses, generated using a range of defor-
mation/viscosity (Ag) parameters (Patton et al., 2016). This empir-
ical flow enhancement coefficient is a conventional adaption of
Glen's flow law, used to encompass the effects of crystal anisotropy
and impurities on bulk ice deformation (Cuffey and Paterson, 2010).
The most significant result of modifying strain rates is that softer ice
tends to flow faster, resulting in a lower aspect ratio ice sheet and
shallower long-profiles of glaciers, while stiffer ice produces
thicker glaciers and ice sheets with steeper profiles.

3. Results
3.1. Subglacial drainage routing

The modelled subglacial drainage system is organised into linear
or dendritic channel networks, which flow in radial patterns from
the main ice sheet accumulation centres (Fig. 2a—i). Alongside this
radial pattern, topographic features direct large drainage systems
along major troughs or around subglacial obstacles. The most
extensive subglacial drainage catchments are constrained by their
surrounding and underlying topography, and are concentrated
beneath palaeo-ice streams such as those occupying the Baltic,
Bjerngyrenna and St. Anna troughs (Figs. 1 and 2). Linear drainage
systems close to the ice margins mostly ignore even large-scale
topographic features, such as the mountains of Novaya Zemlya,
the southern tip of Finland, and present northern coastline of
Estonia (Fig. 2d—g) during modelled ice maximum conditions.
Extensive and well-connected drainage systems are predicted with
increased frequency under ice maximum conditions (Fig. 2c—g),
while the dominance of smaller, linear drainage systems is com-
mon when ice sheets are smaller and thinner (Fig. 2a,b,h,i).

Some drainage systems are insensitive to fluctuations in ice
sheet geometry and remain stable through time. For example, once
established, the drainage routes and outlets predicted under the ice
streams flowing over the mid-Norwegian shelf (Fig. 1), Hinlopen
trough (Fig. 1: HT), and Kviteya trough east of Svalbard (Fig. 1: KvT)
remain stable and persist throughout the latter stages of the
glaciation (Fig. 2b—g). The present-day Baltic Sea and Gulf of
Bothnia host the longest potential drainage network from source to
outlet, attaining lengths over 1600 km, and draining the subglacial
environment of fast-flowing ice in the Baltic Sea (Fig. 2a—i). This
extensive catchment is already active by 30 ka BP and drains sub-
glacial water from terrestrial Sweden and Finland (Fig. 2a). During
the modelled build up to LGM conditions, outlet locations remain
relatively stable, draining into north-east and coastal Poland at
maximum southern ice margin extents (Fig. 2c—f), and shifting
northwards to drain into the southern Baltic Sea basin and on into
the Gulf of Bothnia as the ice stream retreats (Fig. 2g—i).

In the Barents Sea, ice accumulation centres over the islands of
Svalbard and Franz Josef Land result in radial drainage during initial

ice build-up (Fig. 2a), which is partly funnelled by Storfjordrenna,
Bjerneyrenna, the Franz Victoria Trough, St. Anna Trough, and the
surrounding more intricate topographic channels. The modelled ice
centres merge and shift southwards towards the central Barents
Sea as the ice sheet grows, causing a 90-degree shift in flow di-
rection, shown in the transition between Fig. 2a and b and Fig. 2c
and d. Bjerngyrenna hosts the most expansive and hydraulically
well-connected drainage system, with a marine-terminating
catchment extending from the continental shelf edge into central
parts of the Barents Sea (Fig. 2e—g), more than 900 km from source
to outlet. As the BSIS retreats through Bjerneyrenna, drainage
routes and outlets migrate eastwards in connection with the
shifting ice domes (Fig. 2g and h). The Bjerngyrenna, Storfjordrenna
and north Norwegian Coast Parallel trough catchments experience
considerable shifts in marine-terminating drainage outlet locations
with changing ice sheet geometry. During ice maximum conditions
beginning around 24 ka BP, these three vast catchments drain
directly into the Polar North Atlantic, focussed along the western
Barents Sea shelf break (Fig. 2c). This ends abruptly following the
retreat of the ice margin from the shelf break (after 17 ka BP), after
which the outlets are more distributed, draining into the much
shallower western Barents Sea (Fig. 2g) and ultimately draining
into the central and south-eastern Barents Sea following the break-
up of the Fennoscandian-Barents Sea ice saddle (Fig. 2h).

3.2. Potential subglacial lakes

Local hydraulic potential minima, indicative of potential sub-
glacial lakes, are widespread across the beds of the FIS and BSIS.
Many subglacial lake locations are regularly predicted in regions of
high relief, such as western Novaya Zemlya, Franz Josef Land,
Svalbard, the Norwegian coast and across central Scandinavia
(Fig. 2a—i; 3a,b). Furthermore, relatively large clusters of subglacial
lakes tend to be predicted under thick ice and in inner ice sheet
regions, including the central and northern Barents Sea, central
Sweden and Finland, the Baltic, and in the Gulf of Bothnia (Fig. 2). In
these central areas, predicted subglacial lake locations follow the
shifting ice domes, especially in the Barents Sea, where easterly
migration is accompanied by an increase in the number and size of
region occupied by subglacial lakes in the east of the Barents Sea. As
ice thickens between the FIS and BSIS, subglacial lakes are pre-
dicted with increased frequency in the southern Barents Sea,
especially beneath the thickest ice towards the central sectors
(Fig. 2a—g). Subglacial lakes nearer the ice margins are more likely
to be found where topography is particularly pronounced, for
example, close to the present-day coastlines of northwest Norway
and western Novaya Zemlya, and around Svalbard and Franz Josef
Land (Fig. 2).

Fig. 3 maps subglacial lake persistence, measured as the dura-
tion of their presence as a percentage of the total time that each
location was ice covered. Many remain stable in the northern
Barents Sea (Fig. 3a), Gulf of Bothnia, Baltic Sea and over central
Scandinavia and coastal Norway (Fig. 3b), with larger and deeper
subglacial lakes commonly persisting for over 80% of the time that
ice was present. Our results show that subglacial lakes are more
persistent in areas of rugged topography such as Franz Josef Land,
Svalbard, and the western Norwegian fjords (Fig. 3a, b), and in the
stoss sides of major ice-bed topographic obstacles, for example,
along the western coast of Novaya Zemlya (Fig. 3a) and the north
Estonian coast (Fig. 3b); such topographically-controlled lakes are
particularly resilient to changes in ice sheet geometry. Widespread
occurrence of potential subglacial lake locations is also predicted in
less topographically influenced areas, for example in the relatively
flat areas of the northern Barents Sea, surrounding Sen-
tralbankrenna (Fig. 3a), and particularly large examples in the Gulf
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30.0 ka B.P. Number of SGL 1134

Total SGL surf. area: 13,200 km*
& Subglacial Bed covered by SGL: 1.1 %
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Fig. 2. Subglacial hydrological evolution of the FIS and BSIS, as snapshots of hydrology in the build up to the LGM (a-c), during the LGM (d-f) and during ice retreat (g-i). The
Strahler stream order method of calculating downstream connectivity was applied to the predicted water routes and stream width is proportional to this. Subglacial topography is
coloured in greyscale, and ice-sheet surface slope is indicated by contours at 400 m intervals. The coastline evolves in response to changes in isostatic loading and fluctuations in
eustatic sea level; the present-day coastline is shown to aid spatial reference. Subglacial lakes and drainage routing in the Norwegian Channel at 22.7 ka BP were calculated in
conjunction with simulated ice covering the British Isles. SGL = Subglacial lake; Lt. = Lithuania; Lv. = Latvia; Ee. = Estonia.
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Fig. 2. (continued).
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Fig. 3. Subglacial lake persistency shows the percentage of time that subglacial lakes formed while ice covered in (a) the Barents Sea and (b) Fennoscandia. The surface area of the
different persistency classes is also plotted. The omitted category of 1-10% persistency covers surface areas of 22,166 km? over Fennoscandia, and 17,869 km? for the Barents Sea
region. BIS = Baltic Ice Stream; NC = Norwegian Channel; Dr= Djuprenna; FVT = Franz Victoria Trough; KvT = Kvitgya trough; SF = Storfjordrenna; Vf/Td = Vestfjorden/

Traenadjupet.

of Bothnia (Fig. 3b). Some areas lack subglacial lakes, including the
relatively shallow areas of Spitsbergenbanken and Murmansk-
banken (Fig. 3a), and in the floors of several large troughs including
Bjerneyrenna, the Franz Victoria Trough, Sentraldjupet, and the
Norwegian Channel (Fig. 3a, b).

The number of predicted subglacial lakes increases as the ice
sheet builds up to its LGM extent (Fig. 4a), with the highest lake
count of 3449 (>2 km?) occurring at 22.9 ka BP, followed by stepped
decreases in lake numbers. A temporary increase in both the
number of subglacial lakes (Fig. 4a) and volume of water stored
within them (Fig. 4b) at the FIS bed occurs immediately before 15
ka BP, following a short re-advance phase and ice surface flattening
in the Baltic Sea during overall deglaciation. Fewer lakes are pre-
dicted at the bed of the BSIS, peaking later than that of the FIS, with
a lingering plateau in lake numbers and water storage through

deglaciation (Fig. 4a, b). The relative proportion of the FIS subglacial
environment covered by lakes increases from 0.4% around 10 ka BP
to a peak of 1.3% at 22.9 ka BP. During the lead-up to, and
throughout ice-maximum conditions around 24 ka BP, bed
coverage by subglacial lakes increases (Fig. 4c) and broadly follows
the fluctuating areal extent of the FIS. The BSIS had less of its bed
occupied by potential subglacial lakes (Fig. 4c), between 0.1 and
0.4% and with only minor fluctuations over the course of the
glaciation. Estimated amounts of water stored within subglacial
lakes at the bed of the FIS are much greater during ice build-up than
during retreat (Fig. 5), with >100 km?> difference for the same ice
sheet areal extent. Storage of water at the bed of the BSIS (Fig. 5)
peaks twice during ice build-up around 34 ka BP and 26 ka BP with
more linear reductions and minor oscillations in water storage
capacity throughout retreat.
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Fig. 3. (continued).

An analysis of the relative importance of key parameters influ-
encing the hydraulic potential modelling (maps
Fig. S1) reveals that the greatest sensitivity and
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subglacial lake coverage is in response to changes in the flotation
criterion (Table 1), with an approximately 168,900 km? difference
in total subglacial lake area between the lowest and highest F-value
perturbations. Despite a relatively high range in total subglacial
lake area, the spatial correspondence (percentage of subglacial lake
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Fig. 4. (a) Total number of potential subglacial lakes, (b) estimated total volumes of water stored within subglacial lakes, and (c) the percentage of the bed occupied by subglacial
lakes, for the BSIS, FIS, and combined from 37—10 ka BP.
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Fig. 5. Estimated total volume of water stored within subglacial lakes beneath the FIS
and BSIS plotted against ice sheet areal extent. Points are coloured chronologically. A
small number of timeslices with total water storage volumes greater than 100 km? for
the BSIS are omitted in order to better present the overall trends in the data.

area intersecting with the optimum results) between the sensitivity
results and optimum experiment remains high, especially for lower
F-values. Additionally, the tendency for drainage routes to remain
separate, and not merge close to the ice margins (e.g. in
Bjerneyrenna, Fig. 2e) is a symptom of the prescribed high value for
the flotation criterion, and therefore increased importance of the
ice surface on drainage routing, coupled with steep surface slopes
close to the margin.

Subglacial lakes are less sensitive to small-scale perturbations in
bed roughness and basal temperatures, with total area differences

Table 1

of 27,500 km? and 25,400 km? respectively between the highest
and lowest sensitivity parameters. Spatial correspondence between
subglacial lakes is consistently high between the different bed
roughness sensitivity parameters, however, much lower spatial
correspondence occurs when results below the pressure melting
point are masked out (Table 1). Perturbations in ice flow (defor-
mation/viscosity) parameters yield the smallest spatial extent dif-
ferences at 12,100 km?, and strong spatial correspondence with the
optimum experiment suggests that the locations of predicted
subglacial lakes remains consistent despite ice surface fluctuations.
Based on the mostly high spatial correspondence between the
optimum experiment and the sensitivity analysis results, we sug-
gest that the locations of predicted subglacial lakes are robust, and
that differences in areal coverage are largely driven by fluctuations
in the sizes of individual subglacial lakes. Large, deep subglacial
lakes are likely to be consistently predicted despite the various
perturbations, and will dominate the trends in lake metrics.

4. Discussion

Based on the estimation of subglacial hydraulic potential
beneath the Fennoscandian and Barents Sea ice sheets, we recon-
struct the evolution of subglacial drainage pathways and potential
subglacial lake locations through the Late Weichselian. Our re-
constructions find potential subglacial lakes to be abundant
beneath the former ice sheets, and here the influences on their
distribution are discussed and comparison made with empirical
evidence for past subglacial hydrology. Finally, we discuss the po-
tential implications that the drainage reconstructions have on ice
flow dynamics and beyond the ice margin.

4.1. Influences on subglacial lakes and their distribution

Hydraulic potential gradients are driven by the interplay be-
tween bed topography and modelled ice sheet thickness and sur-
face slope. Throughout the glaciation the relationship between, and
relative importance of, these drivers change primarily due to fluc-
tuations in ice thickness, ice-divide and margin positions, and
surface slopes. Stepped decreases in subglacial lake numbers
beneath the FIS during deglaciation (Fig. 4a) are driven by inter-
mittent ice margin retreat/stability, and retreat from areas of high
basal roughness (Patton et al., 2017a), which are common across its
former bed. The sharp fall in the number of potential subglacial
lakes at 18 ka BP, followed by an increase approaching 15 ka BP
(Fig. 4a), occurs due to margin retreat in the Baltic and overall

Total potential subglacial lake area occupying the bed under an LGM (21 ka BP) timeslice following perturbations in the flotation factor (F), bed filtering

Bf), bed temperature masks below the pressure melting point (Bt) and ice flow enhancement factor perturbations (Ap). *optimum experiment.
p p g p p P p

Sensitivity parameter

Total subglacial lake area (km?)

Area intersecting with optimum (%)

F=0.7
F=038
F=0.925*
F=1

Bfx 0

Bfx 1*

Bf x 2

Bfx 3

Bt = no mask*
Bt < -1.5°C
Bt < -0.75°C
Bt<0°C
Ao=5
Ao=25
Aog=50"
Ao=75

177,902 88
108,269 92
36,303 100
9018 42
57,793 97
36,303 100
32,935 92
30,315 86
36,303 100
20,202 58
17,601 51
10,891 31
48,144 76
39,279 91
36,303 100
36,026 94
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thinning, followed by a re-advance phase and ice thickening
(Fig. 2). Beneath the BSIS, late ice-dome migration into more
topographically rugged eastern sectors of the Barents Sea, and thick
ice flowing towards and over the mountains of Novaya Zemlya
(Fig. 2) drive the later peak and plateau in subglacial lake numbers
(Fig. 4a).

Lake-area frequency distribution for the combined FIS and BSIS
throughout their build-up and retreat (Fig. 6a) shows that the
majority of predicted subglacial lakes are smaller than 10 km? with
modal size between 4.3 and 6.8 km?, similar to those predicted
under LGM configurations of the Antarctic Ice Sheet (AIS)
(Livingstone et al., 2013b), and those geophysically detected
beneath the contemporary AIS (Wright and Siegert, 2012). FIS bed
coverage by subglacial lakes is generally above 1% during the LGM
(Fig. 4c), and the peak of 1.3% at 22.9 ka BP is comparable to 1.2% of
the bed area predicted beneath the present-day Greenland Ice
Sheet (Livingstone et al., 2013b). Higher numbers and a greater
portion of the bed covered by lakes beneath the FIS again are likely
driven by a higher subglacial bed roughness when compared to the
BSIS, which had large portions underlain by relatively smooth bed
(Fig. 1). Moreover, the flat surface of present-day lakes in the DEM
precludes the prediction of subglacial lakes in these basins, and so
in reality the percentage of the ice bed occupied by subglacial lakes
for the FIS is likely to have been considerably greater given the
abundance of present-day lakes (covering >100,000 km?; www.
ngdc.noaa.gov) across Fennoscandia (Fig. 3b).

The differences in potential subglacial lake coverage between
the FIS and BSIS could also be explained by the post-glacial draping
of marine sediments and sparse coverage and accuracy of bathy-
metric data in the Barents Sea, compared to the resolution,
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Fig. 6. (a) Subglacial lake size-frequency histogram for all lakes predicted through the
Late Weichselian glaciation. (b) Total subglacial lake area plotted against ice sheet area.

accuracy, and density of terrestrial data that cover the former FIS
bed. However, the large, smooth troughs characteristic of the
Barents Sea were inherited from earlier glaciations and underwent
intense erosion during the lead-up to the LGM, and therefore were
glacially smoothed prior to the inferred period of meltwater ac-
tivity. Present sedimentation rates in the Barents Sea are generally
lowat c. 2=5cm ka~}, increasing to 15—20 cm ka~! in near coastal
areas (Elverhei et al., 1989). Predicted subglacial lake numbers
could potentially be higher with the provision of more accurate
bathymetric and terrestrial data, although the total water storage
capacity of subglacial lakes at the bed is unlikely to be significantly
affected by DEM resolution or Holocene sediment draping.

For comparable ice sheet dimensions the volume of water stored
within subglacial lakes at the bed of the FIS is up to twice as much
(>100 km? greater) during ice build-up than during retreat (Fig. 5).
This occurs despite a uniform relationship between ice-sheet area
and the area of the bed occupied by lakes (Fig. 6b). However, sub-
glacial lakes inherited from previous ice sheet configurations could
persist through changes in ice-sheet geometry due to the positive
feedback effect of ice-surface flattening above subglacial lakes
reinforcing their stability (Livingstone et al., 2013b). This effect is
not captured in our approach due to the absence of dynamic ice-
hydrological coupling within the ice-sheet model, and so the
disparity between water volumes stored within subglacial lakes
beneath the advancing and retreating FIS is likely to have been
lower. Nevertheless, the migration of FIS ice domes into the flatter
sectors of eastern Fennoscandia led to lower volumes of water
storage during deglaciation. It is also likely that subglacial lakes
were deeper and more abundant during ice build-up, as the steeper
surface slopes of a retreating ice sheet promote shallower, less
stable subglacial lakes, with the potential for impacting on the rate
of ice retreat through hydraulically driven modulation of ice
velocties.

4.2. Affinity with the empirical record

The geomorphological record of subglacial hydrology is influ-
enced by the geology of the former ice-bed, and is likely to be
biased towards the most erosive and persistent hydraulic activity.
The preservation potential for evidence of subglacial lakes is low,
especially for small, fast-circulation lakes which exist only on short
time scales and account for a large proportion of the predicted
subglacial lakes in this study (Fig. 3a, b). However, recent work
identifying the geomorphological and sedimentological records of
subglacial lakes and downstream landforms such as meltwater
channels and eskers has successfully reconstructed former hy-
draulic conditions (Kuhn et al., 2017; Livingstone et al., 2015, 2012;
Livingstone and Clark, 2016; Simkins et al., 2017), in particular
those related to rapid, high-discharge drainage events. In the
Barents Sea and Fennoscandia recent empirial studies (Bjarnadéttir
et al., 2014; Esteves et al., 2017, In Review; Greenwood et al., 2016,
2017) enable the assessment of our predicted routing and lake lo-
cations against the palaeo-record of subglacial meltwater activity.

Our analysis reveals that the Gulf of Bothnia was a focal point for
the routing and storage of subglacial meltwater over much of the
last glaciation; a result that resonates strongly with the empirical
record. Large, persistent subglacial lakes are predicted in the north-
western and southern Gulf of Bothnia (Fig. 3b), along with water
routing through the area throughout ice occupancy (Fig. 2a—i).
Between the predicted subglacial lakes (Fig. 7a), a suite of subglacial
meltwater landforms are observed, including eskers and meltwater
channels up to 4 km wide (Clason et al., 2016; Greenwood et al.,
2017, 2016). High energy and high discharge meltwater systems
are invoked to explain the observed channel features (Greenwood
et al., 2016), and a large, periodically draining subglacial lake
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Fig. 7. Potential subglacial lakes predicted in this study compared to published mapping of subglacial meltwater geomorphology in (a) the Gulf of Bothnia (Greenwood et al., 2017,
2016) and (b) the central Barents Sea (Bjarnadottir et al., 2017; Esteves et al., In Review, 2017). The outline of the bathymetric dataset upon which the mapping in the Gulf of Bothnia
is based is drawn in white. Ice stream flow direction arrows are drawn based on the published reconstructions of ice flow.

proposed upstream of the drainage features (Greenwood et al.,
2017) is supported by our results (Fig. 7a). A source of periodic or
steady water injections to the clearly dynamic subglacial hydraulic
system through this area is provided by the high number of sub-
glacial lakes predicted here (Fig. 7a). Further, sudden large inputs of
water to the drainage systems might lead to hydraulic overcapacity,
initiating the formation of R-channels which infill with sediments
to leave behind eskers following the decreases in discharge asso-
ciated with complete drainage of a subglacial lake or termination of
a flood event. The large number of eskers across Fennoscandia
(Stroeven et al., 2016) may be related to the propensity of the
landscape for subglacial lake formation as a source of time-varying
meltwater fluxes. Compatibly, eskers are associated to the areas
downstream of subglacial lakes beneath the North American
palaeo-ice sheet (Livingstone et al., 2016).

Geomorphological and sedimentological investigations in the
central Barents Sea also reveal several clusters of interconnected
palaeo-subglacial lakes, meltwater channels, and eskers
(Bjarnadéttir et al., 2017; Esteves et al., 2017, In Review). We predict
subglacial lakes in several sites of mapped basins that are upstream
of, and interlinking, large meltwater channels that feed into the
Sentralbankrenna Ice Stream bed (Fig. 7b). It is suggested that the
subglacial hydrology of this region was characterised by fill/drain
cycles and periodic outburst flooding from hypothesised subglacial
lakes (Bjarnadottir et al., 2017; Esteves et al., 2017; In Review),
compatible with the clusters of lakes predicted in this study. The
lower number of times subglacial lakes are predicted at sites in the
central Barents Sea compared to those in the Gulf of Bothnia (Fig. 7)
tentatively suggests that their stability was susceptible to fluctua-
tions in the configuration of overlying ice. Wider analysis of the
association between meltwater geomorphology and predicted
lakes gives confidence to reconstructions of subglacial hydrology
and its impacts on ice flow. Inversely, sites of persistent subglacial
lakes (Fig. 3a, b; Fig. 7a,b) are also more likely to contain geomor-
phological evidence of hydraulic activity and might make good

candidates for geophysical/sedimentological surveys in search of
palaeo-subglacial lakes.

4.3. Impacts of subglacial hydrology on ice dynamics

Subglacial lakes have been detected at the onset of ice streams
in Antarctica (Bell et al., 2007; Fricker et al., 2007), and directly
influence ice flow velocities through drainage events (Stearns et al.,
2008) which can occur periodically due to natural instability (Evatt
et al., 2006; Pattyn, 2008; Wingham et al., 2006). Hydraulically
connected clusters of subglacial lakes modify basal stick-slip
behaviour, and are associated with hydrologically-induced sticky-
spots and effective pressure modulation through regulation of
meltwater supply to the bed (Siegfried et al., 2016; Smith et al.,
2017). A large number of both persistent and short-lived subgla-
cial lakes are predicted at the onset of and draining into the beds of
Fennoscandian and Barents Sea ice streams, including those occu-
pying the Franz Victoria Trough, Sentralbankrenna, Djuprenna
(Fig. 3a), Vestfjorden/Traenadjupet, and the Baltic (Fig. 3b).
Although our approach lacks coupling between subglacial melt-
water and ice dynamics, the abundance of predicted subglacial
lakes connected to these modelled ice streams show the potential
for impacts on ice dynamics by regulating meltwater supply to the
bed, and clusters of predicted lake locations indicate the potential
for interconnected subglacial lake systems analogous to those
observed beneath contemporary ice sheets (Smith et al., 2017;
Wingham et al., 2006) and at deglaciated beds (Nitsche et al., 2013;
Simkins et al., 2017). Furthermore, a reduced capacity for water
storage at the bed of retreating ice sheets, as demonstrated here for
the FIS during deglaciation (Fig. 5), could limit the effect of periodic
modifications to ice-flow through subglacial lake filling and
draining. This would promote a more moderate response to
increasing/decreasing meltwater inputs and associated impacts on
ice flow.

Previous studies demonstrate that FIS flow, and consequently
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ice thickness, is highly sensitive to basal meltwater (Arnold and
Sharp, 2002; Clason et al., 2014; Gudlaugsson et al., 2017), and
predictions of large, highly persistent lakes in the rugged topog-
raphy of Fennoscandia and eastern Novaya Zemlya (Gudlaugsson
et al,, 2017) are in general agreement with our predictions. Our
results demonstrate a greater frequency of less-persistent subgla-
cial lakes especially in the Barents Sea and eastern Fennoscandia
(Fig. 3a, b) which are prone to drainage with small shifts in ice
geometry. Clason et al. (2016) suggest that ice flow and grounding
line retreat through the Bothnian Sea was influenced by surface
meltwater enhanced basal sliding, which is supported by evidence
for high-discharge subglacial meltwater conduits (Greenwood
et al., 2017, 2016). A propensity for subglacial lake formation in
the Gulf of Bothnia and surrounding areas (Fig. 4b) suggests that
surface meltwater penetrating to the bed could have been stored in
subglacial lakes and released on varying timescales, further
modulating the stability and dynamic activity of the ice stream.
Similarly, given the evidence for high-discharge subglacial melt-
water systems in the central Barents Sea (Bjarnadéttir et al., 2017;
Esteves et al., 2017), it is likely that ice flow of the Sentralbankrenna
Ice Stream, and the neighbouring Bjerngyrenna Ice Stream (Fig. 1),
would have been regulated by the filling and draining of the sub-
glacial lakes predicted in their onset zones (Fig. 7b). Evidence for
highly dynamic ice stream activity is recorded in the geo-
morphology of their former beds, with cross-cutting sets of mega-
scale glacial lineations indicating numerous switches in flow di-
rection during the LGM (Piasecka et al., 2016). Furthermore,
grounding zone wedges containing evidence for ice-marginal
subglacial meltwater discharge suggest cycles of ice margin
retreat, stability, and re-advance influenced by sustained basal
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hydrological activity during overall retreat (Bjarnadottir et al.,
2014; Esteves et al., 2017; Newton and Huuse, 2017).

The routing of water also has implications for the dynamics of
overlying ice, as shallow surface slopes render subglacial water
routing extremely sensitive to minor shifts in ice sheet geometry.
These areas are susceptible to rerouting of drainage towards or away
from individual catchments, with the potential for hydraulic regu-
lation of fast ice flow, as has been observed in present-day Antarctica
and Greenland (Anandakrishnan and Alley, 1997; Carter et al., 2013;
Lindback et al., 2015; Vaughan et al., 2008). Empirical based re-
constructions of ice stream dynamics in Bjgrngyrenna suggest
frequent major switches in ice flow directions during the LGM
(Piasecka et al., 2016) and surging behaviour during retreat
(Andreassen et al., 2014; Bjarnadottir et al., 2014) which, in combi-
nation with shifting ice divides, may have been driven by fluctuating
meltwater routing and lake fill/drain cycles given the high number of
subglacial lake clusters predicted at the onset of, and in the tribu-
taries to the former ice stream. This is supported by evidence for vast
subglacial meltwater networks and interlinked subglacial lakes
surrounding the Sentralbankrenna tributary ice stream
(Bjarnadottir et al.,, 2014; Esteves et al., 2017, In Review). Geomorphic
evidence is generally in agreement with our modelling results which
predict highly dynamic drainage systems with the potential for
upstream subglacial lakes feeding into drainage systems with sig-
nificant temporal and spatial variations in water routing.

4.4. Potential impacts beyond the ice margin

The locations of subglacial drainage outlets are transient and
migrate in response to changes in ice margin position, ice sheet

Arctic

Fig. 8. Subglacial catchment outlet migration between maximum ice extent conditions (22.7 ka BP) and 10 ka BP at 100-year intervals. The outlets are coloured according to the size
of their associated catchment on a logarithmic scale. Outlets for small catchments (<3000 km?) have been removed. The extents of major trough mouth fan deposits are shown in
red. BF = Bjerngyrenna Fan; NSF = North Sea Fan; SF = Storfjordrenna Fan. Ice margin extents are derived from the ice sheet model (Patton et al., 2017a).
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configuration and geometry, and shifts in proximity to/contact with
the oceans which, in turn, are influenced by eustatic sea-level
changes and ice stream discharge. Fig. 8 maps subglacial drainage
outlets, colour coded by catchment size, between maximum ice
extent at 22.7 ka BP and through to full deglaciation at 10 ka BP.
Given the large catchment size of some predicted subglacial
drainage systems (a maximum of 327,000 km? beneath the Baltic
Sea Ice Stream and 224,000 km? beneath the Bjerngyrenna Ice
Stream) it is likely that they were responsible for concentrated
sediment deposition and focussed inputs of cold, fresh water to the
oceans and Eurasian continent, especially during deglaciation.

Sudden drops in subglacial water storage capacity, for example
at 23 ka BP and 15 ka BP (Fig. 4b), result in over 100 km?> of fresh-
water input to the subglacial system fed from subglacial lakes
alone, which is subsequently routed towards the margins. Outlet
positions and subglacial catchment sizes are therefore important
when considering the influence of retreating ice sheets on progla-
cial landscape evolution and where glacially eroded sediments are
transported and deposited. Additionally, the estimated combined
volume of water stored within subglacial lakes at the beds of the FIS
and BSIS ranges from 36 to 462 km> (Fig. 4b), highlighting the
important function of subglacial lakes as both a perennial store and
source of freshwater, dependent on ice-sheet geometry. In com-
parison, estimated total volumes of water stored beneath the FIS
and BSIS (Fig. 5) are less than the ~1000 km> predicted beneath
LGM configurations of the North American Ice Sheet (Livingstone
et al., 2013a) and considerably less than the 9000—16,000 km>
estimated beneath the contemporary AIS (Wright and Siegert,
2012).

Nearly half of the total LGM ice sheet configuration terminated
in marine outlets (Fig. 8), which subsequently increased through
deglaciation. The strongest concentrations of meltwater and sedi-
ment delivery to marine-terminating sectors occurred at the con-
tinental shelf break west of Bjgrneyrenna, towards the
Bjerngyrenna Trough Mouth Fan (TMF; Fig. 8), the largest glacial
sediment depocentre in the Arctic (Vorren et al.,, 2011). Outlets
draining catchments approaching 300,000 km? are predicted
consistently here throughout ice margin retreat (Fig. 8), and these
would have been the primary source of sediments to the upper
slope, and potentially to enhanced deposition conducive to slope
failures (e.g. Lucchi et al., 2012, 2013), thereby influencing slope
stability. Furthermore, discharge of meltwater with a high con-
centration of suspended sediments may flow hyperpycnally along
the seabed and initiate turbidity currents (Piper and Normark,
2009), thereby directly contributing to both the quantity and ar-
chitecture of proglacial marine sediments accumulated within
TMFs.

The TMF associated with the neighbouring Storfjordrenna Ice
Stream contains well-documented sedimentological evidence for
intensive meltwater plume activity (Llopart et al., 2015). Distinct
meltwater signals between three hypothesised sub-ice stream
lobes here (Pedrosa et al., 2011) is supported by the outlet positions
and distinct migration paths predicted in this study (Fig. 8). Stable
drainage outlets of substantial size might also have contributed to
three partly merged sediment depocenters off the mid-Norwegian
Shelf (Fig. 8), although material from the most southern depocentre
(and largest catchment area outlets) has been removed by mass
slides in Storegga (Dahlgren et al., 2005). Where major catchments
outlet onto terrestrial regions, they contributed to the formation of
large proglacial lakes and river networks (Patton et al., 2017a).
Large catchment outlets in the Baltic leading up to the Younger
Dryas (11.7 ka BP) are also accordant with the initiation of and
precursors to the Baltic Ice Lake around 14.2 ka BP (Mangerud et al.,
2004).

5. Conclusions

Through the application of well-constrained ice sheet modelling
output, we demonstrate the abundance of potential sites for sub-
glacial lake formation and drainage pathways beneath the Fenno-
scandian and Barents Sea ice sheets through the Last Glacial
Maximum (37—10 ka BP). During peak glaciation c. 22.7 ka BP up to
3500 subglacial lake locations are predicted, accounting for
38,580 km? of the subglacial domain. Throughout deglaciation,
predicted subglacial lake locations resonate with recent geomor-
phological mapping, evidencing pronounced water fluxes beneath
both ice sheets, and indicating that subglacial meltwater played a
major role in governing dynamic and rapid ice-sheet retreat.
Several cluster-sites of potential subglacial lakes are predicted at
the onset of, and in the banks surrounding, the Bjgrneyrenna,
Franz-Victoria Trough, Baltic Sea, and Norwegian Coast Parallel
palaeo-ice streams, suggesting these ice-sheet catchments were
susceptible to hydraulic regulation. Lower volumes of water
impounded beneath the FIS during ice retreat demonstrates the
potential for shallower, unstable subglacial lakes under its
retreating ice geometry, with implications for the supply of melt-
water to the bed and impacts on ice flow surrounding, and
downstream of, major Fennoscandian subglacial lakes.

Transient model outputs reveal the migration paths of subglacial
catchment outlets, from which concentrations of sediments and
freshwater exited the ice sheet system. While the ice margin lay
adjacent to the continental shelf edge, these shifting outlets would
have contributed to the build-up and architecture of sediments
within the adjacent trough mouth fans, the most significant of
which lay beneath the Bjerngyrenna ice stream with a catchment
reach of >900 km. Subglacial lake persistency maps integrated over
the full Late Weichselian glaciation reveal multiple sites for long-
lived, and potentially preserved, subglacial lakes. These locations
represent key targets for further geophysical/sedimentological
investigations.
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Abstract

Processes occurring at the grounding-zone of marine terminating ice streams are crucial to
marginal stability, influencing ice discharge over the grounding-line, and thereby regulating
ice sheet mass balance. We present a high-resolution marine geophysical dataset over a ~30 x
40 km area from the former ice stream grounding-zone in Storfjordrenna, a large cross-shelf
trough in the western Barents Sea, south of Svalbard. Mapped ice marginal landforms on the
outer shelf include a large accumulation of grounding-zone deposits and a diverse population
of iceberg ploughmarks, which record the initial retreat and subsequent stabilization of the ice
margin during deglaciation of the Late Weichselian Storfjordrenna Ice Stream. Iceberg
ploughmark sets suggest diverse controls on iceberg calving locally, which likely led to the
production of multi-keeled, tabular icebergs at the southern sector of the former ice margin,
and large, single-keeled icebergs in the northern sector. Retreat of the palaeo-ice stream from
the continental shelf break was characterised by rapid ice margin break-up via large calving
events, evidenced by intensive iceberg scouring on the outer shelf. We suggest that earlier ice
stream retreat in the north of Storfjordrenna was facilitated by retrograde bed slopes on the
northern shelf. The retreating ice margin stabilized in outer-Storfjordrenna, where the southern
tip of Spitsbergen and underlying bedrock ridges provide lateral and basal pinning points. Ice-
proximal fans on the western flank indicate that subglacial meltwater conduits were active
during deglaciation, forming meltwater plumes at the ice margin. Along the length of the
former ice margin, key environmental parameters likely impacted ice margin stability and
grounding-zone deposition, and should be taken into consideration when reconstructing recent
changes or predicting future changes to the margins of contemporary ice streams.

1.0 Introduction

The greatest ice mass losses from both modern and palaeo-ice masses occur at ocean margins
(Pritchard et al., 2009), where ice streams and outlet glaciers interact with the ocean at the
transition between grounded and ungrounded ice: the grounding-zone (Stokes and Clark, 2001;
Rignot et al., 2011). This zone is a complex area where ice, water and sediments are transferred
into the marine environment via pushing, calving and melting (Powell et al., 1996). These
processes determine the rate of ice discharge across the grounding zone (Pattyn et al., 2006;



Schoof, 2007; Katz and Worster, 2010) and thus influence the stability of marine-terminating
ice margins. Fluctuations may be rapidly propagated upstream, with increases in calving rates
triggering ice acceleration, dynamically driven thinning, and enhanced margin retreat (Howat
etal., 2007; Nick et al., 2009). The grounding-zone is sensitive to internal glaciological factors,
ice dynamics and geometry (Bassis and Jacobs, 2013), marginal glacier hydrology and local
sedimentary processes (Powell and Alley, 1997), as well as external environmental factors,
such as water depth, bed slope and climatic changes including atmospheric and oceanic
temperatures (Moon and Joughin, 2008; Sole et al., 2008). Elucidating the relative importance
and magnitude of grounding-zone processes in different settings remains a key challenge to
understanding and eventually predicting grounding-zone behaviour.

Investigating the grounding-zones of palaco-ice streams can provide important insights into
long-term grounding-zone behaviour. Accumulations of glacigenic sediments create
geomorphological features of distinct size, geometry, and sedimentary structure controlled by
depositional, hydrological and glaciological processes occuring at marine ice margins during
retreat (Powell, 1990; Ottesen and Dowdeswell, 2006). When ice margins remain stable at a
location for some time, the build-up of sediments deposited at the grounding-zone form a range
of ice marginal landforms, depending on the dominant mode of deposition. Grounding-zone
wedges (GZW), ice-proximal fans, and moraines are observed across glaciated and deglaciated
regions (e.g. Powell and Alley, 1997; Horgan et al., 2013; Batchelor and Dowdeswell, 2015),
and are used to reconstruct the locations of, and processes occuring at, marine-terminating ice
margins. Beyond the ice margin, the keels of icebergs scour seafloor sediments to leave behind
iceberg ploughmarks, which are common features in the foreground of contemporary and
palaeo marine-terminating outlet glaciers and ice streams (Lien et al., 1989; Dowdeswell et al.,
1993; Dowdeswell and Bamber, 2007; Ottesen et al., 2008; Livingstone et al., 2013;
Andreassen et al.,, 2014; Dowdeswell and Hogan, 2014). Here we present a detailed
geomorphic study of grounding-zone landforms of the Storfjordrenna palaco-Ice Stream, a
major outlet of the marine-based Barents Sea Ice Sheet (BSIS) (Fig. 1), using high-resolution
multibeam bathymetry data, shallow acoustic subsurface Chirp sub-bottom profiles, and 2D
seismic profiles to reconstruct calving and grounding-line activity during ice retreat from the
continental shelf break through outer-Storfjordrenna.

2.0 Study area

The Storfjordrenna cross-shelf trough is located south of the Svalbard Archipelago in the
western Barents Sea, and is up to 420 m deep, 250 km long and 125 km wide at the continental
shelf break (Fig. 1a). A trough-mouth fan (TMF) extends westwards from the mouth of the
trough, spanning 35,000 km? and comprised of 115,000 km? of sediments, delivered to the
shelf break by ice streams operating in Storfjordrenna over multiple glaciations (Vorren and
Laberg, 1997). During the most recent, Late Weichselian glaciation, the Storfjordrenna Ice
Stream was grounded at the continental shelf edge (Laberg and Vorren, 1996; Vorren and
Laberg, 1997, Pedrosa et al., 2011; Lucchi et al., 2013) and had a drainage basin estimated to



60,000 km? (Batchelor and Dowdeswell, 2014), with ice feeding in from the north over
Spitsbergen, the islands of Edgeeya, Hopen, Bjerneya, and the submerged divide along
Spitsbergenbanken (Fig. 1) (Landvik et al., 1998; Dowdeswell et al., 2005; Dowdeswell et al.,
2010a; Ingolfsson and Landvik, 2013). The vast drainage catchment of the Storfjordrenna
Palaeo-Ice Stream spans both terrestrial and shallow to deep marine settings in the Barents Sea,
and the ice stream would have been one of the largest ice catchments of the Barents Sea and
Svalbard ice sheets, sensitive to climatic and oceanographic changes (Howat et al., 2010).

Relative glaciofluvial sediment volumes observed in cores from the TMF suggest that the
northern parts of the ice stream retreated from the shelf break earlier, and the southern sector
remained grounded at the shelf break for longer (Pedrosa et al., 2011). Dated foraminifera
within hemipelagic sediments in a sediment core (JM02-460-PC) taken over 60 km east from
the shelf edge in outer-Storfjordrenna (Fig. 1a), indicate that retreat from the shelf edge began
before ca 19.6 cal ka BP (Rasmussen et al. 2007) (Table 1 details radiocarbon dates). Core
IM02-460-PC was recovered from the northern parts of the trough, suggesting that the date
relates to the early retreat of the northern sector of the ice stream. Bivalve shell fragments found
in a core in the inner part of the trough (Fig. 1a) suggest that central Storfjordrenna, over 150
km upstream of the shelf edge, was ice free before ca. 13.9 cal ka BP (Table 1; Lacka et al.,
2015). Little is known about the dynamics of the Storfjordrenna Palaeo-Ice Stream and how it
deglaciated through the outer trough. The geomorphological features presented here provide
insights into the deglaciation of the Storfjordrenna Ice Stream, and contribute to increasing
evidence for the geomorphological signatures of marine-terminating palaeo-ice streams.

Core/Locati Uncorrecte 2¢ Range Median Source Lat. Long. Material dated
on d Age (years Probability CN) S)
MC yrs B.P.) Age (yrs
B.P.) B.P.)
JM02-460-PC 16,750£110 19,278- 19,608 Rasmussen 76.05 15.73 Neogloboquadfina
19,938 et al. (2007) R
hemipelagic
sediment deposits
above till
JM09-020-GC  12,570+60 13,780- 13,947 Lackaetal. 7631 19.70 Bivalve shell beneath
14.114 (2015) the upper surface of
’ the subglacial till
horizon
JM10-10-GC  10,960+44 12,121- 12,375 Rasmussen Biva}lve within
12,562 and Georeferenced Lt o
Th glacimarine and
omsen diamictic deposits
(2014)
Edgeya 10,770£110 11,535- 12,025 Landviket 77.98 22.98 MJfa truncata within
(Bléafjorddale 12,489 al. (1992) silty marine sands
n)

Table 1: Minimum ages of deglaciation surrounding Storfjordrenna, from radiocarbon
AMS dating of sediment cores.



3.0 Materials and methods

We utilize high-resolution swath bathymetry data for geomorphological mapping, covering
1600 km? and spanning water depths 300 to 400 m below sea level. Data was collected using
a hull-mounted Kongsberg Simrad 30 kHz EM300 multibeam echosounder during two
research cruises onboard the R/V Helmer Hanssen in the summers of 2013 and 2014, in outer-
Storfjordrenna (Fig. 1b). The bathymetry data was processed in Neptune and gridded in IVS
Fledermaus v7 to a horizontal resolution of 15 x 15 m. The Fledermaus software was used to
visualize and interpret the data, and landforms were mapped manually in Esri ArcGIS v.10.
Two 2D seismic lines were acquired during both research cruises using a Generator-Injector
(GI) airgun operating in harmonic mode with total volume of 30 in, to generate seismic shots
with a shot rate of 3 s. A hydrophone cable (16 m long, single-channel streamer) was used to
record the reflected seismic signal. Seismic lines were processed in the DelphSeismic software
and visualized and interpreted using Petrel v.2014.1.

Subsurface profiles were acquired in Storfjordrenna using a hull-mounted Edgetech 3300 —
HM CHIRP sub-bottom sediment profiler, with 4 x 4 transducer array operating at 4 kW and
transmitting an FM pulse, linearly swept over a full spectrum frequency range (1.5 kHz to 9
kHz over 40 ms). Data were processed, viewed and interpreted in the Kingdom Suite v.8.8
software. The velocity of sound waves in seawater is presumed to be 1500 m s™! and due to the
relatively shallow nature of the sedimentary features, this velocity is also assumed for
subsurface travel of waves. With this assumption we obtain a minimum estimate for the
thickness of sedimentary units. Table 1 summarises the '“C ages referred to in the text and in
figure 1. All dates were recalibrated using Calib 7.1 (Stuiver and Reimer, 1993) and the
MARINE13 calibration curves (Reimer et al., 2013). A AR value of 105+£24 was applied for
local effects on the global reservoir correction in the Arctic (Mangerud et al., 2006).

4.0 Results and interpretation

The bathymetric and subsurface data reveal a complex network of interlinked
geomorphological features, which are categorized based on similarities in form, geometry, size,
and composition. Here we describe and interpret a large, trough-transverse sedimentary ridge
(Figs. 2 and 3; Section 4.1) and an assortment of seafloor grooves (Fig. 4a), which are split into
single grooves (Section 4.2) and sets of parallel grooves (Section 4.3).

4.1 Sedimentary wedges and fans: grounding-zone deposits

4.1.1 Observations

The multibeam swath bathymetry shows a 43 km long slope break, 60 km east of the
continental shelf edge and orientated approximately north-south, perpendicular to the
orientation of the trough and to the direction of former ice flow (Figs. 2 and 3). Shallow
acoustic and 2D seismic profiles across the break in slope reveal a uniform, acoustically
transparent sedimentary unit with some low-amplitude seaward-dipping reflections but
otherwise very few internal reflectors (Figs. 2b-e; 3b,c). Sediment packages with a similar
acoustically transparent signature have been described in the neighbouring Kveithola trough



(Rebesco et al.,2011; Bjarnadéttir et al.,2013) and elsewhere in the Barents Sea (Hogan et al.,
2010; Andreassen et al., 2014; Bjarnadottir et al., 2014), and are referred to as an acoustically
transparent sediment body (ATB). Forty Chirp sub-bottom profiles and two 2D seismic profiles
were utilised to map the western margin of the ATB, and the eastern extent (Fig. 2a) is
interpolated between the two seismic profiles (Fig. 3b,c), and three Chirp sub-bottom profiles
with sufficient penetration to image observable features.

The ATB has a convex western termination and thickens towards the east, forming an
approximate wedge shape up to 120 m thick in the north and up to 25 m thick in the south (Fig.
3b,c). Based on the available sub-surface data, we estimate that it spans a minimum area of
1152 km? and extends up to 30 km in the east-west orientation of the trough. In the north, the
seafloor west of the ATB is 15 to 20 m deeper than surrounding areas (Fig. 3a), and Pedrosa et
al. (2011) show that the depression becomes shallower towards the west, terminating at a ridge
on the shelf edge. The ATB margin therefore terminates on a retrograde bed in the north. A
buried acoustic reflector is observed in Chirp sub-bottom profiles at the western edge of the
ATB (Fig. 2b-e), which varies along its length from being relatively smooth (Fig. 2e), to
containing sharp undulations (buried grooves: Fig. 2b,d).

Both the bathymetric and acoustic datasets show clear differences in the form and surface
morphology of the western edge of the ATB along its length, with a large protruding fan in the
north, smaller overlapping fans characterising the southern edge (Fig. 2a), and a lack of fan
shaped accumulations in between. The large fan in the north of the area has a smooth seafloor
surface (Fig. 2b), and is situated in the deepest water depths (up to 400 m) along the ATB
margin. Shallow acoustic profiles reveal an undulating reflector beneath the fan, which can be
traced for approximately 9 km beneath the ATB (Fig. 2b). On 2D seismic data a high amplitude
reflector marks the base of the ATB in the north (Fig. 3b), and from SW to NE this surface
deepens towards the middle, before shallowing steeply towards the eastern margin of the ATB.
Below the eastern end of the high amplitude reflector is a repeating pattern of phase reversed
reflections that become increasingly steeper with depth, labelled ‘multiple’ on Figure 3b. To
the east, the basal reflector contains three large ridges 30 to 75 m high (white arrows: Fig. 3b),
the highest of which coincides with the approximate eastern extent of the ATB. The western
margin of the southern sector of the ATB comprises four coalescing smaller fans (average
widths of 3.3 km) spaced approximately 3 km apart, that are otherwise similar in planform to
the large fan in the north (Fig. 2a). The ATB long profile here contains a small step (Fig. 3¢)
and the buried reflector is relatively smooth (Figs. 2e, 3c).

4.1.2 Interpretation

The trough-transverse ATB with wedge-shaped cross section (Figs. 2b-e, 3b,c) is consistent
with descriptions of grounding-zone deposits (GZD), formed through accumulation of
sediments at the grounding-zones of marine-terminating ice streams (Powell 1990; Powell and
Alley, 1997; Ottesen and Dowdeswell, 2006; Koch and Isbell, 2013). We suggest that the
observed ATB is an intermediate feature on a continuum of described grounding-zone features
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formed depending on the relative abundance of subglacial meltwater, between end-member
features ‘Morainal Banks’ characterised by ice-proximal fans on their ice-distal edge, and
‘Grounding-Zone Wedges’ characterised by asymmetric geometry and homogenous, fine-
grained sediments (Powell and Alley, 1997: Batchelor and Dowdeswell, 2015). The GZD
described in this study exhibits characteristics of both ‘end-member’ landforms. We suggest a
build-up of material via line-sourced deposition of subglacial and englacial debris over the
grounding-line, accounting for the trough-transverse, asymmetric nature of deposited
sediments. At the same time, point sourced meltwater plumes and sediment gravity flows at
the palaeo-ice margin resulted in grounding-line proximal fans (e.g. Powell and Molnia, 1989;
Powell and Domack, 2002). The bulk of deposits in outer-Storfjordrenna are acoustically
transparent, reflecting the unsorted depositional processes at the former grounding-line, and
the limited number of faint dipping reflections in the northern parts of the GZD (Fig. 3b)
indicate sediment progradation associated with continuous delivery of sediments over the
grounding-line. The fanned morphology at the western flank of the GZD (Fig. 3a) is similar to
grounding-zone deposits described in Kveithola, to the south of Storfjordrenna (Rebesco et al.,
2011; Bjarnadottir et al., 2013).

Based on the large fan in the north and overlapping fans in the south, we suggest that a major
contributor to sediment accumulation was suspension settling from meltwater plumes
discharged from ice-margin subglacial meltwater outlets. Marginal outlet channels with high
discharge and velocity deliver considerable amounts of sediment over and beyond the
grounding-line to form fan-shaped accumulations (Powell, 1990; Powell and Alley, 1997), with
longer suspended sediment plumes associated to higher meltwater velocities and channel
discharge (Syvitski, 1989). The single-fan morphology of the northern parts of the GZD (Fig.
2a) suggests formation by a large meltwater conduit and its associated meltwater plume. Steps
in the long profile (Fig. 3a,b) might reflect periods of meltwater conduit inactivity and
associated reductions in sediment deposition, which in conjunction with continued ice margin
retreat eastwards would result in steps, following the eventual reactivation of the conduit, and
resumed sediment deposition.

The coalescing fans that comprise the western edge of the southern sector of the ATB are
interpreted to have been shaped by sedimentation from multiple or shifting point sources (i.e.
subglacial conduits), and associated changes in suspended sediment output from the margin. In
a similar manner to the deposits in the north, the seafloor morphology in the south is interpreted
to have formed through the deposition of suspended sediment as meltwater enters the ocean
and forms a plume upon exiting the subglacial environment. Basal water conduits are prone to
shifting location, and seasonal differences in meltwater input, shifting ice dynamics and
changing ice thickness affect glacier hydrology (e.g. Clark and Walder, 1994), all factors which
are prominent during deglaciation. Iceberg calving may have also played a role in conduit
switching on/off or shifting location, by exposing new faces of the ice front and altering ice
margin geometry (Syvitski, 1989). The fans may be smaller here than in the north due to lower



water velocities in the channels and therefore a reduced plume length, limiting the capacity to
carry suspended sediment far beyond the ice margin.

4.2 Curvilinear grooves: single-keeled iceberg ploughmarks

4.2.1 Observations

Large curvilinear grooves are observed in the northern parts of the trough, clustered
immediately west and south of the large sedimentary fan (Fig. 4a). East-west trending grooves
in the north (Fig. 4b) are no more than 2 m deep (Fig. 4c) with lengths reaching at least 7.6 km
(most extend beyond the available bathymetric data). Cross cutting is common, making it
difficult to assess the full extent of some landforms, and the majority of grooves are flanked on
either side by small berms (Fig. 4b-g). Correlation between grooves observed in bathymetric
data and grooves observed in subsurface data (Fig. 4b,d), suggests that the grooves visible on
the seafloor extend beneath the GZD. A deeper and wider population of northeast-southwest
oriented curvilinear grooves are clustered immediately beyond the southern flank of the large
ice-proximal fan (Fig. 4e-g), and mostly terminate where the seafloor shallows to the west (Fig.
4e). The grooves are 1 to 12 m in height from trough to peak and up to 9 km in length, though
many are overprinted by an east-west trending set of two parallel grooves, can result in
underestimation of groove lengths (Fig. 4¢). Subsurface data shows that at least one of the
grooves has been partially buried by the GZD (Fig. 4g), indicating that this, and potentially
others, initiate beneath the deposits.

To the far north of the bathymetric data some linear features with similar orientations to the
curvilinear grooves are observed, but they resemble streamlined ridges rather than grooves.
The ridges are found in the deepest water depths of the available bathymetric data (up to 400
m), in a small area absent of seafloor grooves. The ridges are several metres high and over 8
km long, extending beyond the available bathymetry dataset (Fig. 4b). Two circular mounds
(Fig. 4a) overprint the ridges, which have previously interpreted as Gas-Hydrate Pingos (GHP)
(Serov et al., 2017). Additionally, curvilinear grooves with smaller widths and depths than
those described above are common throughout the survey area (Fig. 4a), typically <I m wide
and <2 m deep. The smaller grooves change direction often and by up to 180 degrees, regularly
cross-cutting each other and other geomorphic features, and generally have small berms on
either side. The small grooves are the only resolvable features that overlie the GZD.

4.2.2 Interpretation

Based on their curvilinear planform, flanking berms, and frequent cross-cutting, both the
shallower and the deeper/wider curvilinear grooves on the seafloor (Fig. 4a-g) are interpreted
as iceberg ploughmarks, formed through scouring of the seabed by the keel of large icebergs.
Similar features have been observed elsewhere in the Barents Sea (e.g. Andreassen et al., 2014),
in the Canadian Arctic (e.g. Maclean et al., 2010) and Antarctic (e.g. Graham et al., 2016) and
are interpreted as evidence of iceberg keel scour. The difference in depth between iceberg
ploughmarks to the west and to the south of the large fan (Fig. 4a) can be explained by the 15-
20 m difference in water depth (Fig. 3a), limiting iceberg keel scouring in the deeper waters.
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Furthermore, relatively high sediment infilling of seafloor features is expected in the north,
associated with the high rate of sediment delivery beyond the ice margin from the inferred large
subglacial meltwater outlets and their associated plumes.

Based on their high length to width ratio, the streamlined ridges to the far north of the
bathymetric dataset (Fig. 4b) are interpreted as mega-scale glacial lineations (MSGL), formed
subglacially at an earlier stage to other features discussed here, when the ice stream was
grounded at or close to the continental shelf break. MSGL occurrence in the deepest water
along the former margin suggests that lineations must be preserved because they are located
below the depth of iceberg grounding, limiting scouring of the seafloor and overprinting of the
surface, as observed in shallower areas of the dataset.

Smaller grooves with highly variable orientations are interpreted to have been formed through
iceberg keel scour from icebergs of a smaller scale to that previously described. Such features
are ubiquitous at the marine margins of both palaeo and contemporary ice streams and outlet
glaciers (e.g. Lien et al., 1989; Dowdeswell and Ottesen, 2013; Livingstone et al., 2013;
Esteves et al., 2017), and their highly variable orientations and sudden changes in direction are
attributed to changes in ocean currents and surface winds (Smith and Banke, 1983). The
termination of these features usually arises where a sudden increase in depth occurs and the
keel is no longer deep enough to be grounded, or when the iceberg has melted sufficiently
enough to cause the keel to become ungrounded (Dowdeswell and Bamber, 2007). As the only
grooved feature present on top of the GZD in the study area, smaller grooves indicate continued
calving of single-keeled icebergs subsequent to the deposition of grounding-zone sediments.

4.3 Sets of parallel curvilinear grooves: multi-keeled iceberg ploughmarks

4.3.1 Observations

Sets of parallel grooves are observed on the seafloor in the southern sectors of the bathymetric
dataset (Fig. 4a), clearly marking the seafloor beyond, and beneath the southern parts of the
GZD (Figs. 5 and 6). The sets have a wide range of widths, from 300 m to 4.6 km, and the
number of grooves per set is variable and not necessarily correlated to width. The GZD covers
the full eastern extent and origin of most groove sets, and some extend downstream beyond the
available bathymetric data (Fig. 4a). Lengths range from several km to a minimum of 22.3 km,
and the number of grooves in each set generally diminishes with increasing water depth. Kinks
within otherwise straight sets of grooves occur in the thinner sets (Fig. 5a) and some have large
berms on either one or both edges (Figs. 5a and 6a).

The largest of the groove sets (Set 1; Fig. 4a) has a consistent width of 4.6 km and is at least
21 km long, spanning water depths between 350 to 380 m (Fig. 6a,b), although the upstream
extent is covered by the GZD, and the downstream extent lies beyond the bathymetry data.
Subsurface data indicates that the grooves extend beneath the GZD a minimum of 3.6 km (Fig.
6¢,d). Ridges and grooves vary in height throughout set 1, between 0.5 m and 5 m from trough
to peak (Fig. 6b). The north-western flank is bordered by a berm up to 5 m high and 600 m
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wide (Fig. 6a). Cutting across the largest groove set at 90° is a narrower set (Set 2; Fig. 4a) up
to 2 km in width (Fig. 6¢), with an origin mostly not covered by the GZD, and most grooves
initiating away from the western edge. Set 2 has a berm only on its northern flank (Fig. 6a),
and originates with two parallel grooves 1.8 km in length extending from beneath the GZD,
before the initiation of 8 more grooves extending west-northwest for 11 km. Groove sets 1 and
2 overprint an array of older sets of predominantly east-west trending parallel grooves (Fig.
4a). Additionally, one set of grooves contains regularly spaced transverse ridges 1 to 2 m high,
with consistent spacing of approximately 500 m (Fig. 5a).

4.3.2 Interpretation

Sets of parallel, curvilinear grooves are interpreted to have formed through seabed scouring by
multi-keeled icebergs, based on their curvilinearity, kinks in their long profile, flanking berms,
and diminishing number of grooves per set with increasing depth. Large, tabular icebergs
calving off the ice stream terminus are interpreted to have a number of extruding keels at their
base, which scoured the seafloor as icebergs advanced westwards. Burial of ploughmarks by
material comprising the GZD suggests that scouring of the seafloor by the multi-keeled
icebergs occurred before the deposition of the GZD. The close spacing and organisation of
grooves into discrete sets indicates that they have been ploughed by large multi-keeled icebergs
rather than by many smaller, single-keeled icebergs trapped in multi-year sea ice. Such features
have been described in Antarctica (Lien et al., 1989; Dowdeswell and Bamber, 2007, Wise et
al., 2017), the Central Barents Sea (Andreassen et al., 2014; Bjarnadottir et al., 2014), the
northern Svalbard margin (Hogan et al., 2010) and the Canadian Arctic (MacLean et al., 2010).
Transverse ridges spanning several grooves (Fig. 5a) are interpreted as corrugation ridges,
formed by diurnal tidal forcing on grounded icebergs (Jakobsson et al., 2011; 2012).
Corrugation ridges with comparable widths, heights and spacings are described in Pine Island
Bay, West Antarctica (Jakobsson et al., 2011; Graham et al.,2013), and on the northern
Svalbard shelf (Bjarnadottir et al., 2014; Dowdeswell and Hogan, 2014).



5.0 Discussion

The grounding-line landform assemblage described and interpreted here from outer-
Storfjordrenna demonstrates clear differences in morphology between its north and south
sectors (Summarized in Table 2). The following sections discuss the significance of the
documented variations in the context of ice stream characteristics and margin retreat (Section
5.1), grounding-zone deposition and subglacial hydrology (Section 5.2), and iceberg calving
and seabed scouring (Section 5.3).

Northern sector Southern sector
Catchment area (Setting) Svalbard (Terrestrial) Barents Sea (Marine)
Bedslope East-dipping (retrograde slope) West-dipping (positive slope)
GZD western margin Large, single sedimentary fan Small, coalescing sedimentary fans
morphology
GZD max. thickness 120 m 25m
Iceberg calving Majority deep, single-keeled icebergs Majority large, multi-keeled icebergs
Topographic pinning Lateral (Spitsbergen) and basal Limited lateral (Spitsbergenbanken)
(bedrock ridges)

Water depth at ice margin Deeper (370 - 400 m) Shallower (364 - 370 m)

Table 2: Summary of the differences in geomorphological and environmental characteristics
between the northern and southern sectors of outer-Storfjordrenna.

5.1 Ice stream characteristics and margin retreat

The Storfjordrenna Ice Stream had a large and varied catchment, with the northern parts of the
trough fed by ice draining from terrestrial Svalbard through Storfjorden, and the southern parts
fed by ice draining the interior of the marine-based Barents Sea Ice Sheet and
Spitsbergenbanken (Fig. 1). Ice is therefore sourced from three different ice sheet settings: from
areas at relatively high bed altitude and stable ice sources over Svalbard; from the interior of
the ice sheet with low-lying bed and fluctuating ice domes; and from the relatively shallow and
topographically featureless Spitsbergenbanken closer to the ice sheet periphery. Ice source
areas dictate ice thicknesses and temperature regimes, and are influenced by different
topographic constraints, thereby contributing to the distinct crevasse spacing and distributions
across the former ice margin after the ice converged, and producing spatially clustered iceberg
keel scours. Previous studies propose that the Storfjordrenna Ice Stream was comprised of three
distinct ice stream lobes while grounded at the shelf break (Pedrosa et al., 2011; Lucchi et al.,
2013; Llopart et al., 2015), and our findings show that the ice stream also maintained distinct
lateral variations, at least in terms of iceberg production, during the initial stages of
deglaciation. We also interpret the differences in GZD morphology and iceberg scouring
between the north and south parts of outer Storfjordrenna to reflect variations in ice stream
characteristics across the trough (see sections 5.2 and 5.3).
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The initiation of deglaciation in Storfjordrenna is estimated at around 20 to 19 cal ka BP based
on the onset of hemipelagic sediment and ice rafted debris (IRD) concentration peaks in
sediment cores from the TMF and outer shelf (Rasmussen et al., 2007; Jessen et al., 2010).
Break-up of the ice margin from the shelf break via large calving events is evidenced by
overlapping sets of ploughmarks created by large, tabular icebergs. The subsequent burial of
ploughmark sets by the accumulation of grounding-zone sediments, and thin sediment drapes
over many of the seafloor features (Figs. 2b-e, 4d,g) indicate grounding-line stabilisation for
some time in outer-Storfjordrenna. Grounding-lines are commonly stabilized on pinning
points, such as increasingly narrow trough/fjord mouths and topographic highs under basal ice
(Thomas, 1979; Benn et al., 2007a; Jamieson et al., 2012). We propose that this was also the
case for outer Storfjordrenna where 3 ridges 30 to 75 m high are observed in seismic data at
the eastern edge of the GZD (Fig. 3b), providing basal pinning points. Furthermore, the
protruding southern tip of Spitsbergen provides a lateral pinning point for the ice stream while
it was grounded in outer-Storfjordrenna.

The relatively non-scoured upper surface of the GZD informs us that either calving was
minimal subsequent to margin stabilisation and GZD deposition, or that the ice margin was
floating, with ice already in buoyant equilibrium with the ocean water prior to calving, resulting
in no significant drop in height or seafloor scouring. A floating ice shelf would also extend the
calving margin well away from the grounding-line, preserving the surface of the GZD from
iceberg scouring. It is difficult to ascertain whether the former margin had a substantial floating
ice shelf, although GZW build-up at other ice margins is associated with a sub-shelf cavity
beneath floating ice (Batchelor and Dowdeswell, 2015). We tentatively suggest that the
Storfjordrenna Ice Stream margin was floating while the grounding-line was stabilised in outer-
Storfjordrenna, based on the non-scoured surface of the GZD and the asymmetric shape of
deposited sediments which suggest deposition within a sub-shelf cavity.

The break-up of the ice margin during initial retreat from the shelf break, and subsequent
margin stabilisation in outer-Storfjordrenna is documented by the intensive seafloor scouring
and accumulation of grounding-zone sediments. Retreat of the Storfjordrenna Ice Stream was
episodic in nature, at least from the continental shelf edge. This is supported by observations
of coarse-massive-IRD subfacies during deglaciation in cores from the TMF (Lucchi et al.,
2013), which suggests intermittent periods of intense calving activity and margin break-up.
Episodic ice retreat is also documented by a series of GZW in upstream Storfjorden, deposited
during the later stages of deglaciation between 15 to 10 cal ka B.P. (Nielsen and Rasmussen,
2018). Minimum deglacial dates in Storfjordrenna to the west and east of the GZD demonstrate
200 km ice margin retreat over approximately 7900 years, indicating relatively slow averaged
margin retreat rate of 0.025 km a-1 (Figure 1, Table 1; Rasmussen et al., 2007; Rasmussen and
Thomsen, 2014; Patton et al., 2015). Timescales of GZD sedimentation are largely unknown,
but given the large volume of sediments accumulated in outer Storfjordrenna, it is reasonable
to assume that the ice margin remained stable here for some time. This, together with the
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evidence for high magnitude and high frequency iceberg calving, is consistent with a
significant ice margin standstill following rapid ice margin break-up.

In addition to the proximal ice sources suggested by Pedrosa et al. (2011), we suggest a
topographic influence on earlier ice stream retreat in the north of the area. Long profiles along
the former ice stream bed (Fig. 7) show that retrograde bed slopes underlay the northern sectors
over much of its profile (Fig. 7b), whereas the bed of the southern lobe has a gentle upward-
sloping inland gradient (Fig. 7d). Cores from the outer-shelf indicate that sediment
accumulations since the deposition of glacial till are an order of magnitude lower than the 40
m elevation difference between the outer and outer-shelf (Rasmussen et al., 2007), ruling out a
post-ice retreat origin for the retrograde bedslope. Ice margins become more unstable with
increasing water depth, and margin retreat into deeper waters results in positive feedback,
whereby retreat is perpetuated until a seaward-dipping bed slope or pinning point is
encountered (Schoof, 2007; Jamieson et al., 2012). Retrograde bed-slopes beneath the northern
sectors of the Storfjordrenna Ice Stream and runaway margin retreat through outer-
Storfjordrenna may therefore have facilitated earlier retreat in the north. A relatively deeper ice
bed in the northern part of the outer trough (Fig. 1b) could result from a more dynamically
active and erosive ice stream here. Increased sediment fluxes and earlier ice margin
stabilisation in outer-Storfjordrenna for the northern sectors of the ice stream also fits well with
our observations, since the northern parts of the GZD are thicker than those farther south (Fig.
3b,c). The overdeepening in the north would promote early retreat from the shelf break, and
potentially to more frequent calving of deep-keeled icebergs compared to the tabular icebergs
calved from the southern sectors.

The occurrence of iceberg ploughmarks declines in water depths below 380 m (Fig. 4a),
indicating a depth limit of keel scouring, and therefore revealing an upper limit to potential
iceberg thicknesses. Assuming a eustatic sea level adjustment of 120 m lower than present day
and isostatic depression of approximately 80 m following the LGM (Auriac et al., 2016; Patton
etal., 2017), we estimate that icebergs calved from the ice stream margin when it was grounded
in outer-Storfjordrenna had keels approximately 340 m deep. Given that icebergs are generally
90% submerged below the sea surface, a rough estimate of iceberg and ice margin thicknesses
is 380 m. Multi-keeled iceberg ploughmarks continue beneath the GZD in several places (Fig.
6a,c,d), indicating that keel scouring occurred before the deposition of the GZD. We therefore
suggest that these ploughmarks formed during initial ice margin break-up and retreat from the
shelf edge, before the grounding-line stabilised in outer Storfjordrenna. The size of iceberg
ploughmark sets and intensity of scouring suggests that ice retreat from the shelf break was
characterised by rapid break-up of the ice margin and calving of large, tabular icebergs.

The geomorphology discussed herein is a record of two main phases of ice stream activity: ice
margin retreat from the shelf break, and grounding-zone stabilisation in outer-Storfjordrenna.
Ice margin retreat from the continental shelf break is documented in the large, multi-keeled
iceberg ploughmarks created by tabular icebergs calved as the ice margin underwent rapid
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break-up during early deglaciation. During this phase, we suggest that the bathymetric
differences between the northern and southern sectors of the former ice stream bed influenced
the asynchronous retreat. Subsequent to this initial retreat, the grounding-line stabilised and the
ice margin remained grounded in outer-Storfjordrenna for some time, with sediments
continuously being delivered and deposited at the grounding-zone, building up the GZD.
During this phase, we suggest that lateral and bed pinning from southern Spitsbergen and
underlying bedrock ridges were important factors determining the location of margin
stabilisation.

5.2 Grounding-zone deposition and subglacial hydrology

The large accumulation of grounding-zone deposited sediments described here is evidence of
the first major standstill in grounding-line retreat during the deglaciation of the Storfjordrenna
Ice Stream. The build-up of the majority of sediments via progradational, line-source
deposition of subglacial and englacial debris over the grounding-line leads to the overall
wedge-shaped cross section of deposited material (Figs. 2b-e, 3b,c). However, the fanned
morphology of the northern and southern parts of the grounding-zone deposit (Fig. 2a)
indicates additional point-sourced sedimentation from ice marginal meltwater conduits and
their associated meltwater plume. On a continuum of described grounding-zone landforms
(Powell and Alley, 1997) from the meltwater dominated deposition of ‘Morainal Banks’ to the
relative absence of meltwater-related deposition in ‘Grounding-Zone Wedges’ (Batchelor and
Dowdeswell, 2015), the GZD in outer-Storfjordrenna is an intermediate form with both
meltwater and non-meltwater related depositional signatures. In Kveithola, the neighbouring
trough to Storfjordrenna (Fig. 1a), a similar intermediate form of grounding-zone landform is
described (Bjarnadottir et al., 2013), where the sediments display characteristics of a GZW (i.e.
asymmetric, trough-transverse ridge of homogenous sediments) but include ice-proximal fans
on the western flank. In Kveithola this morphology is similarly interpreted to reflect combined
deposition from ice marginal meltwater plumes and line-sourced glacigenic deposition over the
grounding-line, indicating that similar grounding-zone processes were operating here to those
described in Storfjordrenna. Significant subglacial meltwater activity at the ice margin is
further supported by sedimentary data from the slope, where gullies and laminated sediment
sequences on the Storfjordrenna TMF are attributed to rapid sediment deposition from
subglacial meltwater plumes (Lucchi et al., 2012).

Subglacial drainage routing is primarily controlled by the geometry and thickness of overlying
ice, which directs subglacial water from areas of high pressure under thicker ice to areas of
lower pressure under thinner ice (Shreve, 1972). The occurrence of ice-proximal fans in the
north and south of Storfjordrenna and lack of evidence for meltwater-related deposition in
between (Fig. 2a) may therefore indicate thicker ice flowing in the centre of the trough.
Modelled subglacial drainage routing predicts margin outlets for large drainage basins in the
northern sector of Storfjordrenna consistently throughout deglaciation (cf. Figure 8 in
Shackleton et al., 2018), therefore supporting the focused drainage routing and large ice
marginal meltwater outlet and plume that we propose in the north. This also explains the
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difference in thickness of glacigenic diamicton in cores from the TMF, which varies from over
45 m in the northern sectors to 20 m in the southern sectors, despite longer ice margin residence
time at the shelf break in the south during the LGM (Lucchi et al., 2013). Several drainage
outlets in the south are also predicted by hydraulic potential modelling (Shackleton et al.,
2018), but only when the ice margin was stabilised in outer-Storfjordrenna. Predicted outlets
are also draining much smaller catchments, thereby supporting our reconstructions of lower-
velocity meltwater plumes here, with fluctuating levels of activity. Stable drainage outlets in
the north may be a consequence of a catchment comprised of more stable ice over Svalbard, in
contrast to the fluctuating catchments feeding the southern sector, especially as the Barents Sea
Ice Sheet underwent rapid deglaciation with associated fluctuations in ice flux, geometry and
thickness.

At the southern sector of the former ice margin, average spacings of 3 km between the four
overlapping fans (Fig. 3a) suggests that a singular, shifting meltwater outlet or several outlets
with plumes of 3 km spacing may have been active at the former ice margin. Comparably,
marginal meltwater outlets and suspended sediment plumes with the same average spacings of
3 km are observed at the margin of the Austfonna ice cap, northeast Svalbard, and have
remained stable for several decades (Dowdeswell et al., 2015). Subglacial outflow across the
former margin and the formation of meltwater plumes informs us that the pressure of subglacial
water must have been substantial, with potential implications for the stability of the grounding-
line. Lower effective pressures as a result of high-pressure basal water can facilitate increased
ice velocities (Alley, 1989), leading to increased flux of ice over the grounding-line, therefore
potentially increasing mass loss at the northern and southern sectors of the former margin in
Storfjordrenna. Additionally, large meltwater outlets at the margin can lead to localized retreat
of the ice front (Slater et al., 2015), forming embayments with laterally protruding ice either
side. This may have left more of the margin open for calving and ocean driven melting,
especially in the north where we infer a stable, high-discharge meltwater conduit.

5.3 Iceberg calving and seabed scouring

The extensive iceberg keel scouring in outer-Storfjordrenna (Fig. 4a) documents significant
calving activity during the initial stages of deglaciation, and furthermore records local
variations in calving characteristics between the northern (single-keeled icebergs) and southern
(multi-keeled icebergs) sectors of the ice stream. Although it is clear that the multi-keeled
ploughmarks were created before the deposition of the GZD, based on the burial of the
ploughmarks in the south, the relative timing of the calving of deep, single-keeled icebergs in
the north is uncertain and may not have occurred contemporaneously. An increased frequency
of iceberg calving is observed with increasing water depth, due to greater ice marginal
buoyancy (Benn et al., 2007b), and variations in calving characteristics between the north and
south might therefore be a consequence of the difference in water depth at the former ice
margin. This could promote a higher frequency of calving events, producing large, single-
keeled icebergs in the north where water was deeper, and a lower frequency of multi-keeled,
tabular icebergs calved in the south.
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Iceberg geometry is primarily determined by crevasses within glacial ice, which can be
advected passively to the terminus (Motyka et al., 2011) or develop in-situ due to stresses
exerted at the margin (Benn et al., 2007a). Tabular icebergs are associated to crevasse/rift
opening by glaciologically derived stresses rather than oceanic or atmospherically derived
forcing (Joughin and Macayeal, 2005). Hence, the calving of large tabular icebergs in the
southern sector of outer Storfjordrenna, might be linked to glaciologically controlled crevasse
formation and crevasse spacings set upstream of the grounding-zone. Higher strain rates lead
to deeper crevasses, and spatial disparities in ice velocity determine the strain rate, with greater
stress gradients leading to increased crevassing (Benn et al., 2007a), therefore controlling both
the rate and characteristics of iceberg calving. In Storfjordrenna, several hypothesised ice
stream lobes converge in central Storfjordrenna to flow towards the shelf break (Fig. 1), and
longitudinal stress gradients inherent in these separate ice stream lobes before they converged
would become even greater once converged, leading to large numbers of deep crevasses which
are advected to the margin. In addition, lateral pinning from the southern tip of Svalbard and
Spitsbergenbanken provides resistance through lateral drag, which would generate strong
velocity gradients, leading to higher strain rates and consequently more crevasses and calving
events. Similarly, basal pinning by bedrock ridges observed upstream of the inferred
grounding-line on subsurface datasets (Fig. 3b) might further spatial disparities in ice flow
velocity and facilitate increased crevassing. The clustering of large, single-keeled iceberg
ploughmarks in the north and multi-keeled, tabular icebergs in the south (Fig. 4a) might also
therefore reflect continued production of distinct strain-induced crevasses as the ice stream
lobes interacted upstream.

Subglacial meltwater drainage at the margin may also influence iceberg calving characteristics,
as undercutting and selective erosion of the ice margin is associated with marginal meltwater
outlets (Syvitski, 1989; Slater et al., 2015). The development of ice caves and undercut ice
protrusions in the Storfjordrenna Ice Stream margin associated with continued marginal
meltwater activity would have led to increased iceberg calving and embayments forming
especially in the north, potentially leaving a protruding ice face in the centre of the trough.
Additionally, channelised meltwater and freshwater plumes can influence local ocean
circulation, leading to convective cells upwelling cold, buoyant glacial meltwater at the surface,
and drawing in warmer seawater to the margin at depth, resulting in increased melting near the
grounding-line (Jenkins, 2011; Motyka et al., 2011; Chauch¢ et al., 2014; Kimura et al., 2014).
The convective cells may also have influenced the movement of icebergs and keel scour
orientation, which is generally the same direction as inferred palaeo-ice stream flow (Fig. 4a).
Furthermore, plume-driven submarine melting can undercut the submerged portion of the
calving front which may lead to submarine iceberg calving (Rignot et al., 2010) and/or more
rapid rates of calving (Motyka et al., 2003).

Sea ice and/or ice melange acts as a buffer to iceberg calving, providing longitudinal
backstress, whilst also preventing existing icebergs from floating away from the calving margin
(Amundson et al., 2010). Further, an ice melange may strengthen sufficiently to inhibit the
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overturning of large, unstable icebergs, providing a mechanism by which tabular and even non-
tabular icebergs may resist overturning. The influence of ice melange on calving and
subsequent seabed scour is well-evidenced at two localities in the neighbouring Bjerngyrenna
palaeo-ice stream bed (Andreassen et al., 2014; Bjarnadottir et al., 2014). Icebergs stuck fast
within an ice melange or multi-year sea ice are plausible in Storfjordrenna, given reconstructed
winter surface water temperatures 1°C above freezing for the south-eastern Svalbard margin
between 20 and 15 ka BP (Rasmussen et al., 2007). Compatibly, Lucchi et al. (2013) propose
that multi-year sea ice could explain occasional reductions in IRD on the Storfjordrenna TMF
during deglaciation. We suggest that break-up of an ice melange containing stuck-fast tabular
icebergs is a potential cause of the sudden initiation of multi-keeled iceberg ploughmark set 2
(Fig. 4a), and that melange-led drift of trapped icebergs might further explain the consistent
west-southwest direction of keel scour in this region.

6.0 Conclusions

Seabed and subsurface investigations of the former grounding-zone of the Storfjordrenna Ice
Stream reveal a trough-transverse wedge of sediments, with fans protruding from its western
edge. This is interpreted as a GZD, comprised of both line-sourced, glacigenic sediments and
point-sourced glacifluvial sediments deposited out of marginal meltwater plumes.
Additionally, curvilinear grooves in the seafloor indicate intensive scouring by the keels of
large icebergs. The geomorphology of outer-Storfjordrenna documents two main phases of ice
stream activity: ice margin retreat from the shelf break, and the subsequent stabilisation of the
retreating grounding-line. Partial burial of iceberg ploughmarks indicates that the scouring of
large sets of parallel grooves occurred during initial retreat of the ice margin through outer-
Storfjordrenna via rapid ice margin break-up. Earlier ice margin retreat in the north was
facilitated by retrograde bedslopes on the outer shelf and proximal ice sources over
Spitsbergen. We suggest that lateral and bed pinning points promoted ice margin stabilisation
at the southern tip of Spitsbergen.

The GZD we describe is evidence of the first ice margin standstill during overall deglaciation
of the Storfjordrenna Ice Stream. The fanned surface morphology of the GZD suggests that
subglacial meltwater outlets and plumes contributed to the build-up of grounding-zone
sediments here, indicating that subglacial conduits were active during retreat. Subglacial
drainage at the ice margin may have influenced the stability of the grounding-line through
regulating basal hydraulic pressure and the nature of iceberg calving by undercutting and
shaping the ice margin. Spatial clustering of single-keeled iceberg ploughmarks in the north
and multi-keeled iceberg ploughmarks at the southern sector of the former ice margin suggest
that iceberg calving at the northern sector was characterised by deep-drafted, single-keeled
icebergs, and the southern sectors by large, tabular icebergs. Greater water depths at the
northern sector of the ice margin likely contributed to differences in the character of calved
icebergs, the scouring of the seafloor by iceberg keels, and the preservation of older landforms.
Local environmental differences along the length of the former ice margin therefore had strong

16



impacts on ice margin stability and grounding-zone deposition, and may be relevant for
reconstructions of recently deglaciated ice margins and predicting changes to modern ice
margins.
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8.0 Figures

Figure 1: (a) Western Barents Sea with positions of reconstructed and modelled ice domes
(Andreassen et al., 2008; Patton et al., 2017) and palaco-ice stream flow directions (Ottesen et al.,
2005; Dowdeswell et al., 2010a; Pedrosa et al., 2011; Bjarnadéttir et al., 2013; Ing6lfsson and
Landvik, 2013; Andreassen et al., 2014; Patton et al., 2015). Core locations (red dots) show minimum
deglaciation age as median probability ages (cal ka BP) within +2¢. Full calibrated age ranges and
sources are given in table 1. The Last Glacial Maximum (LGM) ice extent maxima and most probable
margin limits during retreat at 19, 18 and 15 cal ka BP are also drawn, from the ice sheet margin
estimates presented by Hughes et al. (2015). Trough mouth Fan (TMF) deposits are also drawn. (b)
The bathymetry of outer-Storfjordrenna, with the bathymetric dataset presented in this study overlain
and palaeo-ice stream flow directions drawn.
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Figure 2: (a) Seafloor bathymetry at the western edge of an acoustically transparent body (ATB),
mapped using Chirp sub-bottom sediment profiles. (b-e) Chirp sub-bottom profiles along the ATB.
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Figure 3: (a) Seafloor bathymetry across the full extent of the acoustically transparent body (ATB),
with eastern extent and thickness mapped using 2D seismic profiles (b) in the north and (c) in the
south. Dotted white line shows the extent of the ATB, black arrows point to steps in the long profile,
and white arrows point to basal ridges.
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Figure 4: (a) Distribution of seafloor ridges and grooves, highlighting the locations of deep, single-
grooves and with numbered sets of parallel grooves. (b) Singular, east-west oriented grooves to the
north of the region, with (¢) cross profile showing water depth and groove dimensions, and (d) sub-
surface profile indicating buried grooves beneath the large fan. (e) Deep singular grooves to the south
of the large fan, with (f) cross profile showing water depth and groove dimensions, and (g) subsurface
profiles showing grooves buried by the large fan.
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Figure 5: (a) Sets of parallel seafloor grooves with (b) cross profile of two of the larger sets,
highlighting berms in between and at the edges of each set.
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Figure 6: (a) Large, cross cutting sets of parallel grooves with (b) cross profile of the largest set and
(c-d) sub-surface profiles showing that this set is buried by the grounding-zone deposits. (e) Cross
profile of a cross-cutting groove set.
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Figure 7: (a) Bathymetry of the outer-shelf from the International Bathymetric Chart of the Arctic
Ocean (IBCAO; Jakobsson et al., 2008) and the bathymetric dataset presented in this study. (b-d) Long
profiles from the continental shelf through outer-Storfjordrenna, showing retrograde bed slopes in the
north.
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