EarthArXiv Preprint

An interconnected palaeo-subglacial lake system in the central Barents Sea

Mariana Esteves, Denise C. Riither, Monica C. M. Winsborrow, Stephen J. Livingstone, Calvin

Shackleton, Karin Andreassen, Wei-Li Hong, Jochen Knies

Please note that this manuscript was previously submitted to Boreas in 2018 and
underwent the peer-review process. The reviewers’ comments were addressed and
the appropriate changes were made in the text and figures, prior to the manuscript
submission being withdrawn from the journal by the main author as additional
time was required to complete the sulphate and chloride analyses.

This EarthArXiv preprint manuscript (version 1) is therefore non-peer reviewed,
although it includes the changes suggested during the last peer-review process.

Subsequent versions of this preprint manuscript may thus contain slightly
different content once this manuscript is resubmitted.




o

O 00 N O u»

10
11
12
13
14
15
16
17
18
19
20
21

22

23
24
25
26
27
28
29
30
31
32
33

This is a non-peer reviewed EarthArXiv preprint

An interconnected palaeo-subglacial lake system in the central Barents Sea

Mariana Esteves*, Denise C. Riither, Monica C. M. Winsborrow, Stephen J. Livingstone, Calvin

Shackleton, Karin Andreassen, Wei-Li Hong, Jochen Knies

Drainage of meltwater beneath an ice sheet influences ice-flow dynamics. To better predict ice
sheet behaviour, it is crucial to understand subglacial hydrological processes. Subglacial lakes
are important components of the subglacial hydrological system, with many observed and
predicted at the beds of contemporary and palaeo-ice sheets. The technical and logistical
challenges of studying subglacial lakes in Antarctica and Greenland have motivated recent
efforts to reliably identify often more accessible palaco-subglacial lakes, which serve as
valuable geological analogues. In this paper, we present a suite of sediment records from an
interconnected basin and channel system in the central Barents Sea, inferred to represent a
palaeo-subglacial lake system based on glacial geomorphological mapping. We observe clear
lithological differences between cores extracted within and outside the basins. Cores from
within the basins are characterised by winnowed till or rain-out till overlain by high- to low-
energy sediment deposits, consistent with irregular flushing of meltwater followed by ice
proximal conditions. We identify varying degrees of hydrological activity between basins, with
those well-connected by meltwater channels characterised by winnowed till, while the more
marginal basins are associated with thick rain-out till deposits. This work provides the first
geomorphological and sedimentological record of a dynamic and active palaeo-subglacial lake

system in the central Barents Sea.
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1. Introduction

The presence and distribution of meltwater at the ice-bed interface has a primary control on the
dynamics and behaviour of the overlying ice sheet (Bell, 2008), through its influence on basal
frictional resistance and subglacial sediment strength (e.g. Alley et al., 1986; Engelhardt and
Kamb, 1997; Tulaczyk et al., 2000). In addition, increased subglacial water pressures can
promote ice velocity accelerations (Zwally et al., 2002; Vaughan et al., 2013), and channelised
drainage configurations associated with lower water pressures, can promote ice flow
decelerations (e.g. Rothlisberger, 1972; Alley et al.,, 1994; Bougamont et al., 2003;
Bartholomew et al., 2010; Andrews et al., 2014). The volume of subglacial meltwater and its
distribution beneath an ice sheet can undergo rapid changes both spatially and temporally,

triggering significant changes in ice sheet dynamics.

Subglacial lakes are important components of the hydrological network and have the potential
to store and drain large volumes of freshwater on decadal to centennial timescales (Wingham
et al., 2006; Fricker and Scambos, 2009; Palmer et al., 2013, Siegert et al., 2014). Lake drainage
events have been directly linked to transient downstream ice velocity accelerations during the
period of lake discharge (Stearns et al., 2008). Since the first subglacial lake was identified in
Antarctica from airborne radio-echo sounding data (Robin et al. 1970; Oswald and Robin,
1973), we now understand these to be relatively common features, forming part of a complex
subglacial hydrological network of over 380 subglacial lakes and extensive interconnected
channelised systems beneath the Antarctic Ice Sheet (Kapitsa et al., 1996; Siegert, 2005;
Wingham et al., 2006; Fricker et al., 2007; Smith, 2009; Wright and Siegert, 2012). Several
subglacial lakes have been identified beneath the Greenland Ice Sheet (e.g. Palmer et al., 2013),
and subglacial hydraulic potential modelling (Livingstone et al., 2013a,b; Shackleton et al.,
2018) indicates the potential for thousands more subglacial lakes to exist/have existed beneath

contemporary- and palaeo-ice sheets.

Given the influence of meltwater on ice sheet behaviour, improving our knowledge of how
subglacial hydrological networks are organised and behave over long and short timescales
represents a key research priority. However, accessing contemporary meltwater channels and
subglacial basins, as well as the sediments therein, remain a logistical challenge, and while there
have been several attempts to core contemporary subglacial lakes, such as Lake Whillans (e.g.

Hodson et al., 2016), our understanding of these environments has largely relied on theoretical
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or indirect geophysical data (e.g. Livingstone et al., 2012). For this reason, geomorphic and
sedimentary archives from palaco-settings are important for providing wider spatial and

temporal perspectives on subglacial hydrology.

Palaeo-subglacial lakes are difficult to identify in the geological record due to their uncertain
geomorphological and sedimentological expressions, as well as difficulties in distinguishing
between proglacial and subglacial sediments (e.g. Livingstone et al., 2012, 2015). Bentley et al.
(2011) and Livingstone et al. (2012) also present a comprehensive diagnostic criteria,
highlighting many of the dominant processes occurring within a subglacial lake. This includes
reorganisation and deposition of sediments from processes such as melt-out from basal debris-
rich ice, subaqueous debris/turbidity-flows (i.e. underflows), suspension settling from

overflows, ice-grounding events, flushing events, and periodic infilling/drainage events.

Recent work combining geophysical, geomorphological and sedimentological data outlines a
distinctive landsystem suggested to be indicative of an active subglacial lake environment. This
consists of flat spots or basins, interpreted as former subglacial lakes connected by subglacial
meltwater channels that were incised during lake drainage (e.g. Livingstone et al., 2016;
Simkins et al., 2017; Kuhn et al., 2017). Furthermore, low-chloride pore water concentrations
of sediment in a basin in Pine Island Bay, Antarctica have been used to indicate deposition in a
freshwater subglacial lake setting (Kuhn et al., 2017). This inference is supported by a
distinctive sediment facies, including the presence of structureless silty clay, which indicates

deposition in an enclosed, low-energy lacustrine environment (Kuhn et al., 2017).

In this paper, we examine an area in the central Barents Sea which contains a complex system
of basins interconnected by small channels incised into the seafloor (figs. 1-3). There is
extensive evidence for subglacial meltwater activity in this area (Bjarnadottir et al., 2014, 2017;
Esteves et al., 2017; Newton and Huuse, 2017), and previous work has postulated that palaeo-
subglacial lakes occupied these interlinked basins (Esteves et al., 2017). In this paper, we
combine results from five sediment cores with previously published and new glacial
geomorphological mapping of an interconnected basin and channel system on Thor
Iversenbanken, central Barents Sea (figs. 2 and 3). We strengthen the argument that area hosted
palaeo-subglacial lakes during the last deglaciation based on the glacial geomorphology and
clear differences in the sedimentological record between cores collected from within the basins,
and on the adjacent bank. This work is the first sedimentological study of palaeo-subglacial

lakes in the Barents Sea.
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2. Background
2.1. Geological/oceanographic setting

The Barents Sea is a large epi-continental sea, characterised by shallow banks (100-200 mbsl)
and deeper troughs (300-500 mbsl; fig. 1). The Quaternary sediments within the Barents Sea
overlie Mesozoic and early Cenozoic bedrock and are generally thin (<10-15 m) due to
extensive erosion during successive glaciations (Elverhei et al., 1993). The geology
subcropping the unlithified sediments within and around the study area on the northwestern
flanks of Thor Iversenbanken is predominantly Early Cretaceous with some smaller areas of
mid- to late-Cretaceous, late-Jurassic to early-Cretaceous, and early- to mid-Triassic bedrocks
(Sigmond, 1992). South of the area, are large early Permian salt deposits and Palaeocene rocks

(Sigmond, 1992).

The Arctic Polar Front crosses the Barents Sea between 74°-75° and is the intersection between
warm, saline North Atlantic waters and the cooler, low-salinity Arctic waters (Loeng, 1991;
Pfirman et al., 2013). These currents are funnelled by bathymetric features and in the central
Barents Sea, the Arctic Polar Front coincides with the 200 m contour line. The Barents Sea
experiences high bottom water currents, with maximum velocities reaching 25-30 cm/s at water
depths of 270 m (Loeng, 1983). In particular, high velocities occur along the Polar Front, which
passes over the study area. This promotes the winnowing and erosion of shallow banks due to
strong currents and the influence of tidal and storm activity, as observed on Spitsbergenbanken
(Elverhei et al., 1989). For this reason, preservation and sedimentation of Holocene material is

limited, with low accumulation rates of 2-5 cm/ka (Elverhei et al., 1989; Vorren et al., 1989).

2.2. Glaciological setting

Throughout the Cenozoic, the Barents Sea experienced multiple glaciations (Elverhei and
Solheim, 1983; Vorren et al., 1988; Vorren and Laberg, 1997), the most recent of which peaked
during the Late Weichselian (~18-21 cal. ka BP) when the marine-based Barents Sea Ice Sheet
(BSIS) extended to the western and northern continental shelf breaks, coalescing with the
Fennoscandian Ice Sheet to the south (Landvik et al., 1998; Svendsen et al., 2004; Hughes et
al., 2016; Patton et al. 2015, 2016). The BSIS is a good palaeo-analogue for the West Antarctic
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Ice Sheet, since they are both marine based ice sheets, overlying sedimentary bedrock and were

of similar sizes during Last Glacial Maximum (LGM; Andreassen and Winsborrow, 2009).

The BSIS had several ice streams that occupied the cross-shelf troughs during the LGM and
subsequent deglaciation, the largest of which was the Bjerngyrenna Ice Stream, with an
estimated maximum catchment area in excess of 350,000 km? (Vorren and Laberg, 1997;
Andreassen et al., 2004; Winsborrow et al., 2010a; Andreassen et al., 2014). This catchment
encompassed several major ice-tributaries, among them ice flowing from Storbankrenna and
Sentralbankrenna (Bjarnadéttir et al., 2014, Esteves et al., 2017; Newton and Huuse et al., 2017;

Patton et al., 2017), the latter of which was adjacent to our study area (fig.1).

Both empirical and modelling studies indicate rapid periods of ice retreat with intermittent
margin still-stands, as the BSIS deglaciated from its maximum extent at the continental shelf
break (e.g. Andreassen et al., 2008, 2014; Winsborrow et al., 2010a; Bjarnadéttir et al., 2014,
Patton et al., 2017). The Bjerneyrenna Ice Stream had retreated from the shelf edge in the
southwestern Barents Sea by 17.1 cal. ka BP (Riither et al., 2011) and deglaciation in the central
Barents Sea occurred between 16-14 cal. ka BP (Salvigsen, 1981; Winsborrow et al., 2010a;
Hughes et al., 2016). In the central Barents Sea, the mouth of Sentralbankrenna, (~70 km west
from our study site) is suggested to have been fully deglaciated by 13.9 cal. ka BP (Rise et al.,
2016) and Sentraldjupet, in the southeastern Barents Sea, by 15.1 cal. ka BP (Polyak et al.,
1995). However, despite a good understanding of how the ice streams retreated, chronological
control on deglaciation in the central Barents Sea remains poor, largely due to the scarcity of

available dateable material.

3. Datasets and methods

The study area is located on the northwestern flank of Thor Iversenbanken, central Barents Sea,
at a water depth ranging from 190-340 mbsl (figs. 1 and 2). Here, several basin-like depressions
were observed and suggested through geomorphological studies to have hosted palaeo-
subglacial lakes (Esteves et al., 2017). Five sediment gravity cores were collected during a
CAGE (Centre for Arctic Gas Hydrate, Environment and Climate) research cruise on-board the
R/V Helmer Hanssen in 2015 and analysed in order to get a better understanding and overview
of the different depositional environments and in particular the subglacial hydrological setting,

within this study area. Cores 1222, 1225, and 1230 were collected from the deepest parts of the
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lower, middle, and upper basins respectively, whereas core 1228 was taken from the margin of
the middle basin, and core 1221 from the lee-side of the adjacent bank area (fig. 2; table 1).
Core extraction sites were decided based on chirp profiles collected prior to coring, as well as

the glacial geomorphological mapping of the area (fig. 2; Esteves et al., 2017).

The gravity cores were collected using a 3 m long barrel, with an inner diameter of 10.2 cm.
Once on-board, cores were split, described and measured for the undrained shear strength using
the fall cone test (Hansbo, 1957). A total of 204 samples were taken at 10 cm intervals plus
intervals of interest for water content measurements, grain-size analysis and for picking of
foraminifera. In addition to this, a further 64 samples for measurements of chloride and sulphate
concentrations were taken at every 10 cm interval as soon as the cores were split and stored at
-20°c. In early 2017 pore water was extracted through centrifuging (4000 rpm for 20 minutes)
and filtering with 0.2 pm inline syringes before being stored under 4°c. Concentrations of
sulphate and chloride were analysed in 2018 using a Dionex ICS-1100 Ion Chromatograph with
a Dionex AS-DV autosampler and a Dionex lonPac AS23 column (eluent: 4.5 mM Na2C0O3/0.8
mM NaHCO3, flow: 1ml/min) at the Geological Survey of Norway. The relative standard
deviations from repeated measurements of different laboratory standards are better than 0.5%
for concentrations above 0.1 mM and better than 1.8% for concentrations above 0.02 mM. We
assume that while some minor alteration as a result of evaporation during core storage may

have occurred that the results still preserve the original signals.

Sufficient material for radiocarbon dating was found at two depths (30-31 cm in core 1221 and
10-11 ecm in core 1230), which was performed at Poznan Radiocarbon laboratory, Poland (Table
2). The age calibration for our own as well as cited radiocarbon dates was run using Calib 7.1.
Software (Stuiver and Reimer, 2017) with the application of the Marinel3 calibration curve
(Reimer et al., 2013) and a regional correction of AR=71+21 with respect to the global mean
marine reservoir age (Mangerud et al., 2006). The samples presented here contained very low
quantities of carbon (0.13 mgC for the sample in core 1221, and 0.2 mgC for the sample in core

1230) and thus, should be considered carefully.

Grain size analyses on standard sedimentological size fractions (Friedman and Sanders, 1978)
were performed on 102 samples using a Beckman Coulter LS 13 320 Particle Size Analyzer.
Clasts larger than 2 mm were counted from x-radiographs at 2 cm intervals using the Grobe

(1987) method. The core halves were subsequently x-rayed with a Geotek MSCL-XCT x-ray
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imaging system. High-resolution photographs were taken with an Avaatech X-ray Fluorescence

(XRF) core scanner.

Glacial geomorphological mapping was undertaken by Esteves et al. (2017) with some further
carried out using high-resolution (5 m) multibeam bathymetric data, provided by the
MAREANO Programme (www.mareano.no). Detailed mapping and visualisation of glacial
landforms was undertaken using Esri ArcMap v10.1 and QPS Fledermaus. Chirp data was
collected during the 2015 CAGE research cruise, using X-STAR Full Spectrum Sonar chirp
subbottom profiler, which is a hull mounted chirp system, operating at 4 kHz with a shot rate

of 1 second. Chirp data have been analysed and visualised using the Kingdom software 8.8.

4. Results
4.1. Glacial geomorphology

Located on the northwestern flank of Thor Iversenbanken (fig. 1), the study area lies between
three large arcuate recessional moraines on Thor Iversenbanken (fig.2) and a deeper trough,
Sentralbankrenna that displays large grounding-zone wedges and mega-scale glacial lineations
to the west (fig. 3). This area is located close to a postulated shear margin between slower
moving bank ice on Thor Iversenbanken, and a fast-flowing ice stream in Sentralbankrenna
(Bjarnadottir et al., 2014, 2017; Esteves et al., 2017; Newton and Huuse, 2017). Several
meltwater channels and tunnel valley incised into the seafloor breach ice marginal deposits in
the area, which comprise of recessional moraines (figs. 2 and 3), indicating that these channels

were active during the later-phases of local deglaciation.

The tunnel valley has an undulating long-profile, which shallows towards its mouth, and is ~32
m deep, ~50 km long, and ~310 m wide (fig. 3A; Bjarnadottir et al., 2017; Esteves et al., 2017;
Newton and Huuse, 2017). All of the meltwater channels are orientated SE-NW, towards the
trough, and terminate west of the slope break, where a small channel runs southwards, parallel
to the trough. Previous studies have proposed the tunnel valley formed subglacially and
gradually over time, whilst experiencing occasional outburst floods possibly originating from
palaeo-subglacial lake drainage events (Bjarnadoéttir et al., 2017; Esteves et al., 2017; Newton
and Huuse, 2017). A proglacial origin for the channels is excluded given the marine-terminating

ice margin and their undulating long profile.
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Upstream of the tunnel valley are three basin-like depressions that have numerous channels
leading into and out of them, forming an interconnected hydrological network (figs. 2 and 3;
Esteves et al., 2017). These basins are separated by bathymetric highs (10-15 m) and are <20
m deep, ~2-4 km long, ~1-1.5 km wide, and occur at water depths between 300-310 mbsl. These
bathymetric highs may have provided a pinning point for the ice margin during its overall retreat
over the area. The minimum water volume capacities for the upper, middle, and lower basins
are estimated to be 0.0002 km?, 0.0019 km? and 0.0013 km?, respectively, with the combined
water volume capacities approximately 0.0034 km? (fig. 3C). These water volumes capacities
are similar to those calculated for the palaeco-subglacial lakes observed in the Ross Sea,
Antarctica (Simkins et al., 2017). However, while post-glacial sedimentation is relatively low
in the Barents Sea, uncertainties relating to the exact water volume capacities of the basins are

likely to occur as they might have experienced some open-marine Holocene sediment infill.

The chirp penetration in the area is generally low with only shallow sedimentary units (~2-10
m) visible within the basins (fig. 2C and D). The thickest unit (~10 m) in the profile crossing
the middle basin (fig. 2C) appears to have at least two subsurface reflections. However, due to
the low penetration of the subsurface chirp dataset, the exact thicknesses, spatial distribution,
and internal architecture of the sediments within the basins, channels and esker remain difficult
to ascertain (fig. 2C and D). Furthermore, the chirp data does not penetrate into the bathymetric
highs between the basins, providing uncertainties if these are bedrock or glacigenic material
formed during sediment deposition during late-stage ice margin retreat or whether they were

formed subglacially during an earlier stage of deglaciation or LGM.

These basins are interlinked by meltwater channels incised into the seafloor and eventually join
downstream forming the tunnel valley that leads into Sentralbankrenna. The lower and middle
basins have considerably more channels leading into and out of the basins, unlike the upper
basin, which has one small channel crossing the basin at its northwestern corner (figs. 2A and
3). Only three areas with eskers are observed (figs. 2A and 3B). These eskers are located around
the lower basin and are orientated in a SE-NW direction parallel to the channels. They are

between 550-1000 m in length, 40-45 m wide, and 2-4 m height (figs. 2A and 3B).

4.2. Lithostratigraphy
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Using a combination of observed facies and physical properties, we defined three primary
lithological units (fig. 4A-E). Each of these units represents a major glacial environment or
process. The results and interpretations of these units are presented in order of oldest (unit 3) to
youngest (unit 1). The distinctions based on lithological characteristics, shear strength, water
content, and lower unit boundaries are detailed in table 3, with further descriptions of the units

below.

4.2.1. Unit 3 — Dark grey consolidated diamict
Results

Unit 3 is observed in all of the sediment cores and consists of consolidated, very dark-to-dark
grey, predominantly structureless diamict (fig. 4). Based on clast and water content as well as
variations in lithostratigraphy, this unit is divided into three subunits: subunit 3a, present in core
1221; subunit 3b, present in cores 1222 and 1225; and subunit 3c present in cores 1228 and
1230 (fig. 4). Subunit 3a has a homogeneous silty matrix with low sand content and relatively
low water content (on average ~12%), and shear strengths ranging between 6.8-21 kPa. It is
crudely stratified over a 5 cm interval occurring at a depth around 45-50 cm (figs. 4A and 5A).
Subunit 3b is composed of sandy-mud and sandy-silt and has a high clast count and large clasts
(figs. 4B and C, and 5B). The water content is very low (on average ~5%), shear strengths range
from 6-37.5 kPa and the sand content in the matrix increases up-unit (fig. 4B and C). Subunit
3c is characterised by relatively low clast content with patches of sandy-mud and sandy-silt,
and has a low water content (on average ~12 %), with shear strengths ranging from 6.8-27.5
kPa (figs. 4D and E, and 5C). Chloride and sulphate concentrations remain within the normal

ranges for marine sediments within all of the cores.
Interpretation

Based on its predominantly massive character, heterogeneity of grain sizes, and increased shear
strength we interpret unit 3 to represent subglacial diamict (e.g. Powell and Alley, 1997; O
Cofaigh et al., 2007). The structureless part of subunit 3a is characteristic of a subglacial traction
till (e.g. Evans, 2006), and the crude stratification present within a small section of this subunit
may have occurred due to ice-bed decoupling (Piotrowski et al., 2006) or the occurrence of
local brittle deformation possibly due to a reactivated cold glacial bed (Hooke and Iverson,

1995; Piotrowski et al., 2006). An alternative interpretation for subunit 3a, is that it represents

10
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amass flow deposit formed at the ice margin of a subglacial lake cavity through the deformation
of till and rain-out of sediment near the influx point, similarly to that observed by McCabe and
O Cofaigh (1994). However, we favour the former explanation. The high clast content in
subunit 3b, together with its low water content, is consistent with a winnowed till origin in an
environment with high bottom currents promoting the removal of finer sediment. This
interpretation is also consistent with the up-unit increase of sand content in the matrix. Based
on its relatively homogeneous, massive sandy-mud to sandy-silt matrix, with several patches of
sandy-mud and interspersed clasts, subunit 3c is interpreted as a rain-out till, a diamicton
deposited by a combination of rain-out, current re-working and flow remobilization. (e.g. Evans

and Pudsey, 2002).

4.2.2. Unit 2 — dark olive-brown to dark grey partly laminated sequences
Results

Unit 2 is observed in all of the cores and consists of partly laminated dark grey to dark olive-
brown sandy-mud/silt to silt (figs. 4 A-E). The shear strength is relatively low (on average
ranging between 4.6-7.75 kPa; table 3), with locally higher values correlating with increased
sand content. Based on differences in lithology and structures, this unit is divided into three
subunits (table 3). Subunit 2a is present in cores 1221 and 1222 and consists of a laminated
sandy-silt interval that transitions up-core into a homogeneous silt matrix with rare dropstones.
It has a low shear strength and high water content (7.75 kPa and 20.64 % respectively).
Sufficient bulk foraminifera for radiocarbon dating were collected from the silt laminations in

core 1221, returning a calibrated age estimate of 39.7 cal. ka BP (table 2; fig. 4A).

Subunits 2b and 2c are present in all but core 1221 and consist of up-core fining sequences from
sandy-silt to silt, and in some cores from sandy-mud to sandy-silt. The subunits are generally
coarser in cores 1228 and 1230 compared to cores 1222 and 1225 (fig. 4). Subunits 2b and 2¢
have clear erosional bases and contain plane parallel and ripple laminations. The water content
in subunits 2b and 2c is moderately high (on average 21.58 % and 16.52 % respectively).
Subunit 2¢ shows no signs of biological activity, whilst in the upper parts of subunit 2b shell

fragments, burrows and hydrotrollites are visible (fig. 4).

11
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Interpretation

Subunit 2a can be distinguished based on its relatively low shear strength, occurrence of
laminations and layering, as well as the presence of occasional dropstones, which are all
consistent with a glaciomarine origin (e.g. Powell and Domack, 1995; fig. SD). However, the
date from the lower laminated interval returned an age of 39.7 cal. ka BP in core 1221. If correct,
this would suggest a pre-LGM age for this unit. Exceptionally high shear strength immediately
above the laminations in subunit 2a may represent grounding of ice during the LGM and
subsequent homogenous silt would then correspond to deglaciation material deposited post-
LGM. However, we find this scenario unlikely given the poor preservation potential of previous
deglacial sediments. We instead suggest that all of subunit 2a was deposited during final

deglaciation encompassing reworked biological material thus yielding a non-in situ age.

Subunits 2b and 2c¢ share many of characteristics typical of glaciomarine sediments (e.g. Powell
and Domack, 1995), however, the observed laminations and up-core fining sequences indicate
two episodes of rapid transition from high to low energy sediment environments (fig. SE and
F). The sediment facies could either represent variations in bottom current strength or
incomplete Bouma sequences Ta to Te (formed by turbidite deposits; cf. Bouma, 1962; fig. SE
and F|). The Bouma units are as follows: Ta) massive to normally graded structures; Tb) planar
parallel laminations; Tc) Ripples and wavy lamination; Td) upper parallel lamination; Te)
homogeneous to laminated (Bouma, 1962). These characteristics can be observed within units
2c¢ and 2b with varying degrees of completeness may suggest that the depositional setting was
confined, possibly in a cavity under perennial sea-ice, an ice shelf or in a subglacial lake.
Alternatively, these sedimentary units may be indicative of two high- to low-energy deposition
sequences within a subglacial lake close to the ice margin and later ice-proximal to the ice
margin. We favour this interpretation of the units based on the combination of sedimentological
and geochemical results, which indicate that there was no freshening of the sediment pore water
and grain size distributions indicate up-core fining sequences with some coarser laminations
within. Small quantities of shell fragments, burrows and hydrotrollites towards the top of
subunit 2b indicate an important environmental transition into glaciomarine (subunit 2a) and

later open marine conditions (unit 1; fig. 4).

4.2.3. Unit 1 — Relatively homogeneous sandy-mud
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Results

Unit 1 is the shallowest unit in all of the cores and gradually transitions from a dark grey to
olive grey/greenish-brown, sandy-mud to sandy-silt sediment (figs. 4 A-E). Unit 1 has low shear
strength (on average 5.17 kPa), relatively high water content (on average 20.30%) and low clast
content (fig. 4). This unit shows abundant signs of biological activity such as shell fragments,
burrows, as well as hydrotrollite layers and nodules (figs. 4 B-E, and 5 G). It is well preserved
in the cores from inside the basins; the thickest units are in the deepest cores (48 cm and 80 cm
in cores 1222 and 1225 respectively) and the shallower cores reveal thinner units (10 cm, 27
cm and 17 cm in cores 1221, 1228 and 1230 respectively; figs. 4 A-E). Sufficient bulk
foraminifera were obtained from unit 1 in core 1230, providing a calibrated radiocarbon age

estimate of 1165 cal. years BP (table 2).
Interpretation

Unit 1 represents open marine Holocene sedimentation. This is supported by a radiocarbon age
of 1165 cal years BP in core 1230. Water depth plays an important role in Holocene deposition
within the Barents Sea with little to no deposition on bank areas shallower than 300 m and
deposition of biogenic and winnowed material in areas deeper than 300 m (Elverhei et al. 1989).
This trend can be recognised in our cores, with the shallowest core location (bank area — core
1221) having the thinnest unit and the deeper cores (lower and middle basins — cores 1222 and

1225) showing the thickest and better preserved units (fig. 4).

5. Discussion

Using a combination of glacial geomorphological and sedimentological datasets, we propose
that this area hosted palaco-subglacial lakes and that differences in the hydrological regime and
depositional environments can be observed. The following sections integrate both datasets to
discuss indications for palaeco-subglacial lakes and the style of hydrological regimes within
these, prior to elaborating on a possible model of palaco-subglacial formation on Thor

Iversenbanken.

5.1. Indications for the presence of palaeo-subglacial lakes on Thor Iversenbanken
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The glacial geomorphology of Thor Iversenbanken reveals three main basins connected by
meltwater channels incised into the seafloor, which converge downstream of the basins into a
large dendritic channel system and tunnel valley (figs. 2 and 3; Esteves et al., 2017). Based on
the morphology and size of the basins, in combination with the extensive channel system, we
suggest that shallow, transient subglacial lakes may have been present. Similarly to palaeo-
subglacial lakes identified in Canada (Livingstone et al., 2016) and on the Antarctic continental
shelf (Kuhn et al., 2017; Simkins et al., 2017), these palaco-subglacial lakes may have
undergone periodic drainage through a channelised system. Hydraulic potential modelling of
the subglacial drainage routing in the Barents Sea further supports the presence of extensive

subglacial meltwater in this region (Shackleton et al., 2018; fig. 6A).

Core 1221, collected in the bank area (fig. 2), displays a deglacial sedimentary record (e.g.
Elverhei et al., 1989; Vorren et al., 1989), consisting of a transition from subglacial traction till
(subunit 3a; fig. 4A), into a classic glaciomarine deposit (subunit 2a), to open-marine deposits
typical for shallow bank areas (unit 1; fig. 4A). In contrast, cores collected from within and at
the margin of the basins (cores 1222, 1225, 1228, 1230) contained subunits less characteristic

of the typical deglacial sediment sequences.

Common to all cores from the basins is the presence of two high- to low-energy depositional
sequences (subunits 2c and 2b; figs. 4B-E and 5E and F). The coarser nature of sequences in
the upper basin (core 1230) may be due to its position more proximal to the grounding line, and
thus influx point, of the subglacial lake cavity (figs. 2 and 3). We suggest that these subunits
formed by turbidity flows originating from sediment-laden subglacial meltwater inflowing from
subglacial channel(s) at the subglacial lake margin (fig. 6B and C). The differences observed
between the sediment cores may relate to the presence of multiple or migrating influx point(s)
along the subglacial lake cavity grounding line, as well as an interlinked palaeo-subglacial lake
system. Underflows, in the form of debris or turbidity flows, are suggested to be a common
depositional process within subglacial lakes (Bentley et al., 2011; Livingstone et al., 2012) and
have been observed in other palaco-subglacial lake records (e.g. Munro-Stasiuk, 2003;

Christoffersen et al., 2008; Hodgson et al., 2009; Hodson et al., 2016; Kuhn et al., 2017).

Massive sandy-mud and sandy-silt inclusions in subunit 3c, together with occasional larger
clasts, can be explained through a combination of rain-out from sediment-laden basal ice from
the ceiling of a subglacial lake cavity and deposition from meltwater-derived underflows (fig.

6A), processes considered common in subglacial lakes (Siegert, 2000; Bentley et al., 2011;
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Livingstone et al., 2012, 2015). Rain-out from the sediment-laden basal ice ceiling is likely to
have been a significant process in this subglacial lake system, with the coarser patches and
layers of sandy sediment such as those observed in core 1230 (figs. 4E and 5C), originating
from proximity to the influx point of sediment laden (e.g. similar to that observed by Powell
and Molnia, 1989, and O Cofaigh, 2007). There are few variations in shear strength in subunit
3¢ and this, in combination with its relatively homogeneous sedimentary structure, suggests
that ice grounding events either did not occur in this basin or were not preserved in the
sedimentary record. On the contrary, the coarse and consolidated nature of the winnowed till
(subunit 3b) indicates that the pre-existing diamict has been winnowed by high bottom currents

and may have experienced near-ice grounding events (fig. 4A).

While the presence of two high- to low-energy sequences (subunits 2¢ and 2b) might represent
common drainage events within the basins and the presence of rain-out till (subunit 3¢) indicates
deposition from sediment-rich basal ice within closed subglacial-lake environments, the
chloride pore water measurements do not indicate any freshwater signal (figs. 4A-E). The
concentrations observed within all of the cores were of similar concentrations to seawater and
so, we suggest that the sediments within these basins may have been deposited either within a

subglacial lake near the ice margin or under an ice shelf cavity/proximal to the ice margin.

5.2 Hydrological variations within the subglacial lakes

Due to the size of these basins and their close proximity, it is unlikely that there were great
differences in the overall level of hydrological activity, which we define here as the amount of
meltwater draining into and out of these systems. However, differing levels of hydrological
activity between the lower and upper basins were observed both in the glacial geomorphological
and sedimentological records. The differences between these basins may also relate to

switching of flow routing within this system.

Small meltwater channels link all of the basins together, indicating channelised drainage
through this interconnected subglacial lake system. However, as aforementioned there are
considerably more meltwater channels connecting into the middle and lower basin (figs. 2 and
3), suggesting greater hydrological activity within these palaeo-subglacial lakes. Alternatively
the presence of several channels can also indicate migrating meltwater routing flow paths,

caused due to variations in the meltwater input. The sedimentary records from the lower and
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middle basins also support increased hydrological activity and faster water currents, with the
presence of clast-rich, winnowed till (subunit 3b). The winnowed till is considerably coarser
than the rain-out till from the upper and margin of the middle basin cores, supporting

sedimentation in an environment with fast water currents and periodic lake drainages.

The glacial geomorphology of the upper basin indicates more stable hydrological conditions
with a singular feeder channel leading into it (fig. 3A and C). In support of this the sediments
show little evidence for hydrological activity, but instead comprise a thick diamicton deposited
by a combination of rain-out, current re-working and flow remobilization (fig. 4E). The core
collected from the margin of the middle basin (core 1228) also displays a less hydrologically
active depositional environment in contrast to the core from inside the middle basin (core 1225).
We suggest that the sediments in this marginal area, similarly to the upper basin, may have
either been better preserved due to the small ridges (~6 m high) downstream of the core
extraction site or due to the fact that fast water velocities in the middle basin did not extend to

its margin (fig. 3A).

It is important to take into consideration that while it is possible that the upper basin sedimentary
record (core 1230) represents a less hydrologically active and marginal subglacial lake
depositional setting, fast water currents may have also passed through this basin. Similar
environments have been observed in West Antarctica, where a sediment record from Subglacial
Lake Whillans, did not present much sedimentological variation, even though observations
show that this subglacial lake undergoes floods, and cyclic periods of filling/drainage, as well
as being part of an extensive and active subglacial hydrological system (Fricker et al., 2007;

Hodson et al., 2016).

5. 3. Model for subglacial lake formation and activity on Thor Iversenbanken during the last

glaciation

Subglacial hydraulic potential modelling in the Barents Sea suggests that the overlying ice
geometry was favourable for the formation of subglacial lakes and focussed drainage routing
through Thor Iversenbanken during the LGM (Shackleton et al., 2018). The formation of these
subglacial lakes will have been influenced by their location in relation to: 1) the bank directly
upstream, which allowed for a cavity to open on its lee-side; 2) the bathymetric highs, ridges,

and banks surrounding the basins forming as areas of higher basal stress, which allowed for
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areas of low basal shear stress to form in between, enabling water to pond (e.g. Sergienko and
Hindmarsh, 2013; Livingstone et al., 2016); and 3) their proximity to the shear margin, which
would have promoted the generation of meltwater along this shear zone (e.g. Hulbe and
Fahnestock, 2004; Perol et al., 2015). However, while this study cannot provide an exact time
for channel and subglacial lake formation, we suggest that this palaco-subglacial lake system
may have been located close to the ice margin and active during the later-stages of deglaciation
over Thor Iversenbanken. We favour this interpretation due to the observation of channels
breaching of ice marginal deposits in the area and also the normal level of chloride

concentrations in the sediment pore waters (figs. 2-4).

Shallow and transient subglacial lakes are likely to have formed within the small basins behind
the ridges, periodically draining downstream through the channels cut into the sediment (figs.
2,3 and 6A). Our observations are consistent other recent palaco-subglacial lake discoveries in
Canada and Antarctica (e.g. Livingstone et al., 2016; Kuhn et al., 2017; Simkins et al., 2017).
These studies have shown that the lakes periodically drained and likely experienced cyclic
filling and drainage events, similar to the cycles observed in contemporary subglacial lakes (e.g.

Wingham et al., 2006; Smith et al., 2009; Palmer et al., 2013).

Meltwater at the bed of an ice mass can significantly alter the overlying ice flow velocity and
dynamics (Gray et al., 2005; Fricker et al., 2007; Fricker and Scambos, 2009; Winsborrow et
al., 2010b). Given the prominent location of these channels and basins at the margin between
slow-flowing ice on Thor Iversenbanken and the Sentralbankrenna Ice Stream, it is likely they
played a significant role in the ice flow dynamics of the ice stream. While the location of these
palaeo-subglacial lakes is not near or at the onset zone of an ice stream, they may have drained
into Sentralbankrenna prior to ice margin retreat of the ice stream further north-east, and would
therefore have enhanced ice streaming by lubricating the bed and promoting sediment
deformation (e.g. Bell, 2007; Winsborrow et al., 2010b). Changes in the water volumes draining
into the trough will have promoted instabilities in Sentralbankrenna Ice Stream, potentially
influencing ice stream flow switching farther downstream, such as those observed in
Bjerneyrenna (Piasecka et al 2016) and in the southwestern Barents Sea (Winsborrow et al.,

2012).

It is uncertain whether the palaeo-subglacial lakes in the study area experienced full drainage,
where the ice then reconnected with the ground. However, the presence of clast-rich, winnowed

till with higher shear strengths (figs. 4B-C and 5B) in combination with the presence of
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numerous channels and tunnel valleys (figs. 2 and 3), strongly suggests that the study area
underwent filling and partial drainage events (fig. 6A). During the rising limb of a drainage
event, as subglacial meltwater entered the lake, the lake bed would have been winnowed and
the deposition of finer materials inhibited. Whereas during the falling limb of a drainage events,
water velocities would have decreased, allowing for the deposition of finer sediments. We
suggest that the upper basin may have had calmer, less active hydrological conditions, enabling
the deposition of a thick diamicton formed by the rain-out of sediment from the ice ceiling (fig.

6A).

While this area is likely to have been located near the ice margin and therefore influenced by
marine waters and potentially tides, the sediments in subunit 2c¢ are likely to have been
deposited within a subglacial lake cavity. The sediment record indicates variation in
hydrological activity within the basins, with a reorganisation of meltwater routing enabling the
deposition of high- to low-energy depositional units (subunits 2b and 2c; fig. SE and F). These
were likely formed by turbidity flows originating from sediment-laden subglacial meltwater
inflowing from subglacial channel(s) at the subglacial lake margin (fig. 6B), however there are
uncertainties relating to the timing and exact position of the subglacial channel influx point(s)
of meltwater draining into the lakes. The depositional environment of subunit 2b is more
uncertain, although it likely represents deposition beneath an open-subglacial lake/ice shelf
cavity at the grounding-zone of the ice margin (fig. 6C). This subunit, along with the
glaciomarine subunit 2a, may have been influenced through the suspension settling of
sediments from meltwater overflows and meltwater plumes (fig. 6B-D; e.g. Bentley et al., 2011;
Livingstone et al., 2012; Dowdeswell et al., 2015), depositing the proximal to distal record we
observe. The uppermost units we observed are characteristic of open-marine sedimentation (fig.

GE).

6. Conclusions

. On the northwestern flank of Thor Iversenbanken, central Barents Sea, three small
basins are interpreted to have hosted palaeo-subglacial lakes interconnected by a
network of meltwater channels.

. A suite of gravity cores were collected from the palaeo-subglacial lake basins and

adjacent bank area.
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. This study represents the first sedimentological evidence of palaeo-subglacial lake
activity in the Barents Sea.

. The sediment record together with the geomorphological evidence, show clear
indications for the presence of meltwater and differing levels of hydrological activity
within the palaco-subglacial lakes.

. The hydrologically active subglacial lakes are characterised by winnowed till associated
with the presence of increased meltwater and switching of flow routing in the basin,
during drainage events.

. The less hydrologically active subglacial lake is characterised by the preservation and
deposition of a relatively homogeneous, massive diamict that represents rain-out of
sediment from basal ice.

. The palaeo-subglacial lakes experienced a change in hydrological regime, characterised
by the deposition of high- to low-energy sediment sequences with up-core fining. These
successions are similar within all the basins. However, in the less hydrologically active
subglacial lakes they are considerably coarser, indicating deposition nearer to the influx
point at ice margin of the subglacial lake.

. These palaco-subglacial lakes were likely formed along a shear margin zone between
Sentralbankrenna Ice Stream and the slower bank area ice on Thor Iversenbanken, but
proximal to the ice margin of Thor Iversenbanken.

. While these palaco-subglacial lakes are likely to have been relatively shallow (<20 m),
they were transient and hydrologically dynamic features within the subglacial
hydrological system on Thor Iversenbanken and may have significantly influenced the

ice flow velocities of Sentralbankrenna Ice Stream.
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Figures and tables

r lversen-
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Figure 1. Map of the central Barents Sea showing the location of the study area, marine border
between Norway and Russia, ice flow directions of BSIS, as well as, the Storbanken ice divide
(Bondevik et al., 1995; Ottesen et al., 2005) and its modelled extent over
Sentralbanken/Spitsbergenbanken (Patton et al., 2015). Empirically based confirmed ice
margin positions (Riither et al., 2012; Andreassen et al., 2014; Bjarnadottir et al., 2014; Esteves
et al., 2017). Inset map shows the BSIS ice margin extents during the LGM (Svendsen et al.,
2004), and 17- and 16-cal ka BP (Winsborrow et al., 2010; Hughes et al., 2016), as well as the
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574  full extent of the ice divide. The Bathymetric Chart of the Arctic Ocean (IBCAO) version 3.0.
575  was used for the background bathymetry (Jakobsson et al., 2012).

576
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anne X e %
"o : : T N
577 .0 KM _1Km | <« Approximate location of core site|

578  Figure 2. Overview of study area on northwestern flank of Thor Iversenbanken. A) Glacial
579  geomorphological mapping (modified from Esteves et al., 2017) and location of the gravity
580 core sites. B) High resolution bathymetry of the palaeco-subglacial basins on Thor
581  Iversenbanken with the location of chirp lines and gravity core collection site. C) Cross profile
582  of the middle basin. D) Long profile of the southern basin. Multibeam bathymetry: ©
583  Kartverket.
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Figure 3. Interconnected palaeco-subglacial lake system. A) Meltwater channels connect all

three basins before forming dendritic system and large tunnel valley that leads into the trough,
Sentralbankrenna, where large mega-scale glacial lineations (MSGL) can be observed. Inset
profile shows cross sectional profile of the tunnel valley. B) Close-up of the lower basin with
the inflow and outflow channels and eskers. Inset profile shows cross section of an esker and
the channel that evolves into the tunnel valley. C) Inflow and outflow channels for the upper
and middle basin, as well as the volume capacities (km?) for the mapped basin extents for all
three basins (for the full mapping of basins and other glacial landforms, cf. figure 2A).
Multibeam bathymetry: © Kartverket.
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Figure 4. Overview of all cores and their sedimentological, physical and geochemical
properties, from left to right: high-resolution photograph, x-radiograph, lithology, interpreted
units, shear strength, water content, clast counts, grain size mode, chloride (black dots) and

sulphide (solid line) pore water concentrations, and representative grain size diameter
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frequency distributions for each unit (Wentworth grain-size classifications are used and denoted
above; SD = Standard deviation of phi; N = number of samples per unit). A) Core 1221,
recovered from the lee-side of the bank area. B) Core 1222, recovered from inside the southern
basin directly upstream of the tunnel valley. C) Core 1225, recovered from inside the middle
basin. D) Core 1228, recovered from the margin of the middle basin. E) Core 1230, recovered
from inside the northern basin in the area. Inset map shows core locations and their
interpretation as either bank, active subglacial lake or calm/marginal subglacial lake. SGL —

subglacial lake. Multibeam bathymetry: © Kartverket.
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Figure 5. High resolution photographs and x-radiographs of the key facies and features for each
of the units. A) Subunit 3a displays a relatively homogenous matrix with clasts interspersed
and a small crudely stratified section. B) Subunit 3b is a clast supported matrix. C) Subunit 3¢

is characterised by its relatively homogenous, massive matrix with several patches of sandy
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mud and interspersed clasts. D) Subunit 2a has a laminated sandy-silt interval that transitions
up-core to a homogenous silt matrix, interspersed with occasional clasts. E) Subunit 2b is the
second and shallowest high- to low-energy deposition sequence, composed of several sandy
mud/silt laminations at the base and shell fragments and hydrotrollites at the top of the unit. F)
Subunit 2¢ has an up-core fining sequence with coarse stratifications at the base of the unit and
laminations within the fining transition. G) Unit 1 shows increased bioturbation, burrows and

hydrotrollites.
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Figure 6. Simplified conceptual model showing the overall reconstructed subglacial processes
occurring within subglacial lakes on Thor Iversenbanken, with a particular focus on the
depositional environments for units 1-3 inside the basin (cores 1222 and 1228), at the margin
(cores 1225 and 1230), and on the lee-side of the bank (core 1221). A) Unit 3 was deposited
within a closed subglacial lake cavity under active subglacial hydrological conditions that
experienced infilling and drainage events. Insets show the different processes occurring at each
of the areas and the related subunits. B) Unit 2¢ represents high to low energy deposition from
meltwater plumes and suspension settling within a closed subglacial lake close to the ice
margin. C) Unit 2b represents the second high to low energy depositional environment similar
to subunit 2¢, however with an increased presence of primary productivity indicating an open
subglacial lake or ice shelf cavity near the ice margin that is influenced by seawater. D) Unit
2a represents typical ice-proximal to —distal deposition of glaciomarine sediments with some

interspersed clasts from iceberg rain-out. E) Unit 1 represents open marine sedimentation.
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637  Table 1. Overview of sediment gravity cores in this study. Basins shown in figures 2 and 3.

Referred

Water

Location in

Core ID to in this La&tgde Lon(%;ude Depth Rei:)l:')ery ;.:Ilsitti'g:}ntl(;
study as (m) (c.f. fig. 2)
CAGE15-5-1221-GC 1221 73°36.590° 34°41.446° 253 0.72 Bank area
CAGE15-5-1222-GC 1222 73°37.042° 34°36.065° 310 1.41 Lower basin
CAGE15-5-1225-GC 1225 73°38.048”  34°40.612° 305 1.85 Middle basin
CAGE15-5-1228-GC 1228 73°38.107°  34°42.156° 291 0.94 Middle basin margin
CAGE15-5-1230-GC 1230 73°38.918”  34°43.722° 300 1.4 Upper basin

638

639  Table 2. The uncorrected and calibrated radiocarbon dates (mean probability; 1o range; 2o

640  range) presented in this study.

Core name Litho-

and sample  facies Material Radiocarbon  Calibrated 1o 26 Lab
depth unit age (14CBP)  age (cal BP) range range ID
1221
30-31 cm 2 foraﬁllﬁllzfera 35700+1200 39679 3481505898 3461895333 9I())(;Z2-4
1230
10-11 cm ! fora?nlﬂll;fera 1670+35 1165 11121266- 11%:?576— 91;23.5
641
642
643
644
645
646
647
648
649
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650 Table 3. Overview of the units based on their lithology, physical properties and observed
651  structures.
Unit Sul.)- U nit Lithological Shear Water Lower unit Depositional
(colour) unit  Cores  thickness characteristics Strength  content boundaries environment
(fig.) (cm) av. (kPa) av. (%)
1 Gradational
(Dark Silt to sandy-silt or (1221 12’2522’
grey to . All sandy-mud. Erosional .
olive (fig. 10-79.5 Shell fragments, 5.17 20.30 (1228) Open marine
grey/gre  5G) cores hydrotrollites and I .
en- burrows. bgffga?;
brown) (1230)
Laminations of silty Irregular
2a 1201 and sandy-silt to boundary
(fig. 1222’ 19-27 homogeneous silt. 7.75 20.64 (loaded; 1221)  Glaciomarine
5D) No indications of Erosional
shells or burrows. (1222)
Muddy sand and
2 sandy-mud to silt Open
g(ll')ei;/r:i) b 1222; %I;({sgﬁadgzﬁ; Erosional subglacial
dark  (fig. g;g 28.5-59 sequence. 4.64 21.58 %ﬁiﬁ;&fﬁg Cav“rgafgf; ice
olive- 5E) 123 0’ Coarse laminations (1225: 1228)  influenced by
brown) at the base. ’ marine waters
Shell fragments, '
and hydrotrollites.
Subglacial
Sandy-mud/ sandy- lake
silt to sandy-silt/silt. Change from
2 1222; Up-core fining Erosional active to calm
1225; sequence. (1228; 1230), .
(fig. ’ 5.5-37 S I 5.94 16.52 . hydrological
SF) 1228; Lamlqatlons W'lt.hln gradational conditions.
1230 the fining transition. (1222; 1225) Indications for
No indications of meltwater
shells or burrows. plumes
3a Matrix supported .
(fig. 1221 34 diamict with some 1231 1287 Base of core tf;c'ilg(iict‘fﬁ
5A) crude stratification. )
Massive matrix- .
3b ) Subglacial
(fig. 1222; 9.5-21 . clgst supported 11.27 5.72 Base of core lake.
3 1225 diamict with several . .
5B) Winnowed till.
(Very large clasts.
dark to Massive matrix
dark supported diamict
grey) 3 with few large Subglacial
(fig. 22 46735 clasts. 1234 1563  Bascofcore . [
50) 1230 Several Rain-out till.
layers/patches of
sandy-mud and
sandy-silt.
652
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