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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 new
marine geophysical data sets over a ~30940 km area from a 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. Published minimum ages of deglaciation in this region indicate that the deposits relate to the
deglaciation of the Late Weichselian Storfjordrenna Ice Stream, a major outlet of the Barents Sea–Svalbard Ice
Sheet. Sea-floor geomorphology records initial ice-stream retreat from the continental shelf break, and subsequent
stabilization of the ice margin in outer-Storfjordrenna. Clustering of distinct iceberg ploughmark sets suggests
locally diverse controls on iceberg calving, producing multi-keeled, tabular icebergs at the southern sector of the
former ice margin, and deep-drafted, single-keeled icebergs in the northern sector. Retreat of the palaeo-ice stream
from the continental shelf break was characterized by ice-margin break-up via large calving events, evidenced by
intensive iceberg scouring on the outer 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 of the grounding-zone deposits document subglacial meltwater conduit and meltwater
plume activity at the ice margin during deglaciation. Along the length of the former ice margin, key environmental
parameters probably 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 modern ice
streams.

Calvin S. Shackleton (calvin.s.shackleton@uit.no; c.shackleton91gmail.com), Monica C. M. Winsborrow and Karin
Andreassen, CAGE - Centre for Arctic Gas Hydrate, Environment and Climate, Department of Geosciences, UiT the
Arctic University of Norway, Tromsø 9037, Norway; Renata G. Lucchi, OGS-Istituto Nazionale di Oceanografia e di
GeofisicaSperimentale,BorgoGrottaGigante 42C, 34010Sgonico(TS), Italy;LiljaR.Bjarnad�ottir,GeologicalSurvey
of Norway (NGU), Leiv Erikssons vei 39, Trondheim 7040, Norway; received 30th December 2018, accepted 2nd
October 2019.

The greatest ice mass losses from both modern and
palaeo-ice masses occur at ocean margins (Pritchard
et al.2009),where ice streamsandoutlet glaciers interact
with the ocean at the transition between grounded and
ungrounded ice: the grounding zone (Stokes & 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 & Worster 2010) and thus
influence the stabilityofmarine-terminating icemargins.
Fluctuations may be rapidly propagated upstream, with
increases in calving rates triggering ice acceleration,
dynamically driven thinning, and enhanced margin
retreat (Howat et al. 2007; Nick et al. 2009). The
grounding zone is sensitive to internal glaciological
factors, ice dynamics and geometry (Bassis & Jacobs
2013), marginal glacier hydrology and local sedimentary
processes (Powell & Alley 1997), as well as external
environmental factors, such as water depth, bed slope
and climatic changes including atmospheric and oceanic
temperatures (Moon & 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 predict-
ing grounding-zone behaviour.

The grounding zones of palaeo-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
occurring at marine ice margins during retreat (Powell
1990; Ottesen & 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 & Alley
1997; Horgan et al. 2013; Batchelor & Dowdeswell
2015), and are used to reconstruct the locations of, and
processes occurring at, marine-terminating ice margins.
Beyond the ice margin, the keels of icebergs scour sea-
floor sediments to leave behind iceberg ploughmarks,
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which are common features in the foregroundof present-
day and palaeo marine-terminating outlet glaciers and
ice streams (Lien et al. 1989; Dowdeswell et al. 1993;
Dowdeswell & Bamber 2007; Ottesen et al. 2008;
Livingstone et al. 2013; Andreassen et al. 2014; Dow-
deswell & Hogan 2014). Here we present a detailed
geomorphic study of grounding-zone landforms of the
Storfjordrenna Palaeo-Ice Stream, a major outlet of the
marine-basedBarents Sea Ice Sheet (BSIS;Fig. 1), using
high-resolution multibeam bathymetry data, shallow
acoustic subsurface Chirp sub-bottom profiles, and 2D
seismic profiles. This forms the basis of a reconstruction
of calving and grounding-line activity during ice retreat
from the continental shelf break through outer-Storfjor-
drenna.

Study area

TheStorfjordrenna cross-shelf trough is located southof
theSvalbardArchipelago in thewesternBarentsSea,and
is up to 420 mdeep, 250 km longand125 kmwide at the
continental shelf break (Fig. 1A). A trough-mouth fan
(TMF) extendswestwards from themouth of the trough,
spanning 35 000 km2 and comprised of 115 000 km3 of
sediments, delivered to the shelf break by ice streams

operating in Storfjordrenna over multiple glaciations
(Vorren & Laberg 1997). During the most recent, Late
Weichselian glaciation, the Storfjordrenna Ice Stream
was grounded at the continental shelf edge (Laberg &
Vorren 1996; Vorren&Laberg 1997; Pedrosa et al. 2011;
Lucchi et al.2013) andhadadrainagebasin estimated to
60 000 km2 (Batchelor & Dowdeswell 2014), with ice
feeding in from the north over Spitsbergen, the islands of
Edgeøya, Hopen, Bjørnøya, and the submerged divide
along Spitsbergenbanken (Fig. 1) (Landvik et al. 1998;
Dowdeswell et al. 2010, 2015; Ing�olfsson & Landvik
2013). The vast drainage catchment of the Storfjor-
drenna 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 glacifluvial 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 remainedgroundedat 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

Fig. 1. A.WesternBarents Seawithpositionsof reconstructedandmodelled ice domes (Andreassen et al. 2008; Patton et al. 2017) andpalaeo-ice
stream flow directions (Ottesen et al. 2005; Dowdeswell et al. 2010; Pedrosa et al. 2011; Bjarnad�ottir et al. 2013; Ing�olfsson & Landvik 2013;
Andreassenet al.2014;Pattonet al.2015).Core locations (reddots) showminimumdeglaciationageasmedianprobabilityages (cal. kaBP)within
�2r. Full calibrated age ranges and sources are given inTable 1.TheLastGlacialMaximum(LGM) ice extentmaximaandmost probablemargin
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 (Jakobsson et al. 2008), with the bathymetric survey
presented in this study overlain and palaeo-ice stream flow directions drawn.
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outer-Storfjordrenna (Fig. 1A), indicate that retreat
from the shelf edge began before c. 19.6 cal ka BP
(Rasmussen et al. 2007) (Table 1 details radiocarbon
dates). Core JM02-460-PC was recovered from the
northern parts of the trough, suggesting that the date
relates to the early retreat of the northern sectorof 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 kmupstream of the shelf edge,
was ice free before c. 13.9 cal. ka BP (Table 1; Łazcka
et al. 2015). Little is known about the dynamics of the
Storfjordrenna Palaeo-Ice Stream and how it degla-
ciated 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 geomorpho-
logical signatures of marine-terminating palaeo-ice
streams.

Material and methods

We utilize high-resolution swath bathymetry data for
geomorphological mapping, covering 1600 km2 and
spanning water depths 300 to 400 m below sea level.
Data were collected using a hull-mounted Kongsberg
Simrad 30 kHz EM300 multibeam echo-sounder dur-
ing two research cruises onboard the R/V ‘Helmer
Hanssen’ in the summers of 2013 and 2014, in outer-
Storfjordrenna (Fig. 1B). The bathymetry data were
processed in Neptune and gridded in IVS Fledermaus
v.7 to a horizontal resolution of 15915 m. The
Fledermaus software was used to visualize and inter-
pret the data, and landforms were mapped manually in
Esri ArcGIS v.10. Two 2D seismic lines were acquired
during the research cruises using a Generator-Injector
(GI) airgun operating in harmonic mode with total
volume of 30 in3, 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 –HMCHIRP sub-
bottom sediment profiler, with 494 transducer array
operating at 4 kW and transmitting an FM pulse,
linearly swept over a full spectrum frequency range (1.5
to 9 kHz over 40 m). Data were processed, viewed and
interpreted in the Kingdom Suite v.8.8 software. The
velocity of sound waves is influenced by depth and
rheologyof the medium; however, we assume a standard
velocity of 1500 m s�1 through seawater. Due to the
relatively shallow nature of the sedimentary features, we
also assumeavelocityof 1500 ms�1 for subsurface travel
of waves. With this assumption we obtain a minimum
estimate for the thickness of sedimentary units. The
maximum penetration achieved by Chirp sub-bottom
sediment profiles is approximately 30 m. Table 1 sum-
marizes the 14C ages referred to in the text and in Fig. 1.
All dates were recalibrated using Calib 7.1 (Stuiver &
Reimer 1993) and the MARINE13 calibration curves
(Reimer et al. 2013). A DRvalue of 105�24 was applied
for local effects on the global reservoir correction in the
Arctic (Mangerud et al. 2006).

Results and interpretation

The bathymetric and subsurface data reveal a complex
networkof interlinkedgeomorphological 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, 3)
andanassortment of sea-floorgrooves (Figs 4, 5),which
are split into single grooves and sets of parallel grooves.

Sedimentary wedges and fans: grounding-zone deposits

Observations. – The bathymetric survey reveals a
43-km-long slope break, 60 km east of the continental
shelf edge and orientated approximately north–south

Table 1. Minimum ages of deglaciation surrounding Storfjordrenna, from radiocarbon AMS dating of sediment cores. Ages were recalibrated
using Calib 7.1 and theMARINE13 calibration curves (see references herein).

Core/location Uncorrected
age (14C years
BP)

2r range
(years
BP)

Median
probability age
(years BP)

Source Latitude
(°N)

Longitude
(°S)

Material dated + sample depth (below
surface)

JM02-460-PC 16 750�110 19 278–
19 938

19 608 Rasmussen
et al. (2007)

76.05 15.73 Neogloboquadrina pachyderma (at
460 cm) in hemipelagic sediment
deposits above till.

JM09-020-GC 12 570�60 13 780–
14 114

13 947 Łazcka et al.
(2015)

76.31 19.70 Bivalve shell (at 395.5 cm) beneath the
upper surface of the subglacial till
horizon.

JM10-10-GC 10 960�44 12 121–
12 562

12 375 Rasmussen&
Thomsen
(2014)

Georeferenced Bivalvewithinmixtureofglaciomarine
and diamictic deposits (385–386 cm).~77.40 ~20.10

Edgøya
(Bl�afjorddalen)

10 770�110 11 535–
12 489

12 025 Landvik
et al. (1992)

77.98 22.98 Mya truncatawithin silty marine
sands.
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(Figs 2, 3). Shallow acoustic and 2D seismic profiles
across the break in slope reveal a uniform, acoustically
transparent sedimentary unit with relatively few low-
amplitude seaward-dipping reflections (Figs 2B–E; 3B,
C). Sediment packages with similar acoustic properties
are referred to as an acoustically transparent sediment
body (ATB) (e.g. Elverhøi et al. 1983) and are described
in the neighbouring Kveithola trough (Rebesco et al.
2011; Bjarnad�ottir et al. 2013) and elsewhere in the
Barents Sea (Hogan et al. 2010; Andreassen et al. 2014;
Bjarnad�ottir et al. 2014). Forty Chirp sub-bottom pro-
files and two 2D seismic profileswere utilized tomap the
western margin of the ATB, and the eastern extent
(Fig. 2A) is interpolatedbetween the twoseismicprofiles

(Fig. 3B, C), and three Chirp sub-bottom profiles where
penetration was sufficient.

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 subsurface data, we estimate that it spans a
minimum area of 1152 km2 and extends up to 30 km in
the east–west orientation of the trough. In the north, the
sea floor 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

Fig. 2. A.Sea-floorbathymetryat thewestern edgeof anacoustically transparentbody (ATB),mappedusingChirp sub-bottomsedimentprofiles.
B–E. Chirp sub-bottom profiles along the ATB.
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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 undu-
lations (buried grooves: Fig. 2B, D).

Both thebathymetric andacoustic data sets showclear
differences in the form and surface morphology of the
ATB along its length, with a large protruding fan in the
north and smaller overlapping fans characterizing the
southern edge (Fig. 2A).The large fan in the northof the
area has a smooth sea-floor 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 reflectorbeneath the fan,which canbe 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 reflec-
tions that become increasingly steeper with depth,
labelled ‘multiple’ on Fig. 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 fourcoalescing smaller fans (averagewidthsof
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. 3C) and the buried reflector is relatively
smooth (Figs 2E, 3C).

Interpretation. – The trough-transverse ATB with
wedge-shaped cross-section (Figs 2B–E, 3B, C) is con-
sistent with descriptions of grounding-zone deposits
(GZD), formed through accumulation of sediments at
the grounding zones of marine-terminating ice streams
(Powell 1990; Powell & Alley 1997; Ottesen & Dowdes-
well 2006; Koch & Isbell 2013). We suggest that the
observedATB is an intermediate feature on a continuum
of described grounding-zone features formed depending
on the relative abundance of subglacial meltwater,
between end-member features ‘Morainal Banks’ char-
acterized by ice-proximal fans on their ice-distal edge,
and GZW, characterized by asymmetric geometry and
homogenous, fine-grained sediments (Powell & Alley
1997; Batchelor & 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 (Figs 2, 3).
Based on the large fan in the north and overlapping fans
in the south, we also suggest contributions to sediment
accumulation from suspension settling out of meltwater
plumesdischarged from ice-margin subglacialmeltwater
outlets. Point-sourced meltwater plumes and sediment
gravity flows at the palaeo-ice margin contribute to the
build-up of grounding-line proximal fans (e.g. Powell &
Molnia 1989; Powell & Domack 2002), and this fanned
morphology (Fig. 3A) is similar toGZDdescribed in the
neighbouring trough, Kveithola (Rebesco et al. 2011;
Bjarnad�ottir et al. 2013). Longer suspended sediment
plumes are associated with higher meltwater velocities
and channel discharge (Syvitski 1989), and the single-fan
morphologyof the northern parts of theGZD (Fig. 2A)
suggests formation by a singular meltwater conduit and
associated meltwater plume. Steps in the long profile
(Fig. 3A, B) might reflect periods of meltwater conduit
inactivity and associated reductions in sediment depo-
sition, which in conjunction with continued ice-margin

Fig. 3. A. Sea-floor bathymetry across the full extent of the acousti-
cally 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, andwhite arrows point to basal ridges.
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retreat eastwardswould result in steps, following conduit
reactivation and resumed deposition.

In contrast, the coalescing fans that comprise the
southern sector of the ATB are interpreted to have been
shaped by sedimentation frommultiple or shifting point
sources (i.e. subglacial conduits). Basal water conduits
areprone to shifting location, and seasonal differences in
meltwater input, shifting ice dynamics and changing ice
thickness influence glacier hydrology (e.g. Clark &
Walder 1994), all factors which are prominent during
deglaciation. Iceberg calvingmay have also played a role
in conduit switching on/off or shifting location, by

exposingnewfacesof the ice frontandaltering icemargin
geometry (Syvitski 1989). The fans may be smaller here
than in the north due to lower water velocities in the
channels and reducedplume length, limiting the capacity
to carry suspended sediment far beyond the ice margin.

Curvilinear grooves: single-keeled iceberg ploughmarks

Observations. – Large curvilinear grooves are observed
on the sea floor, particularly to the north of the
bathymetric survey area (Fig. 4A). East–west trending
grooves in thenorth (Fig. 4B)arenomore than2 mdeep

Fig. 4. A.Distributionof sea-floorridgesandgrooves,highlightingthe locationsofdeep, singlegroovesandwithnumberedsetsofparallelgrooves.
GHP = gas hydrate pingos. B. Singular, east–west orientated grooves to the north of the region, with (C) cross-profile showing water depth and
groovedimensions,and(D)subsurfaceprofile indicatingburiedgroovesbeneath the large fan.E.Deepsingulargrooves to the southof 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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(Fig. 4C) with lengths reaching at least 7.6 km (most
extend beyond survey area). Cross-cutting is common,
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) suggest that the grooves
visibleonthesea floorextendbeneath theGZD.Adeeper
andwider populationofnortheast–southwestorientated
curvilinear grooves is clustered immediately south of the
larger ice-proximal fan (Fig. 4E–G), and most of them
terminate where the sea floor 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 (Fig. 4E).
Subsurface data show that at least one of the grooves has
been partially buried by the GZD (Fig. 4G), indicating

that this and potentially other features initiate beneath
the deposits.

To the farnorthof thebathymetric surveyarea, several
linear features are observed with similar orientations to
thecurvilineargrooves,althoughresembling streamlined
ridges.Theridgesare found in thedeepestwaterdepthsof
the available bathymetric data (up to 400 m), in a small
area absent of sea-floor grooves. The ridges are several
metres high and over 8 km long, extending beyond the
survey area (Fig. 4B). Two circular mounds (Fig. 4A)
overprint the ridges, which have been previously inter-
preted as gas-hydrate pingos (Serov et al. 2017). Curvi-
linear grooveswith smallerwidths and depths than those
described aboveare common throughout the surveyarea
(Fig. 4A), typically <1 m wide and <2 m deep. The

Fig. 5. A. Sea-floor bathymetricmap presenting sets of parallel sea-floor grooves. Bathymetric profiles (B, E, F) andCHIRP sub-bottomprofiles
(C, D) show cross-profiles of groove sets on and beneath the sea floor.

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

Northern sector Southern sector

Catchment area (setting) Svalbard (terrestrial) Barents Sea (marine)
Bed slope East-dipping (retrograde slope) West-dipping (positive slope)
GZDwestern margin morphology Large, single sedimentary fan Small, coalescing sedimentary fans
GZDmax. thickness 120 m 25 m
Iceberg calving Majority deep, single-keeled icebergs Majority large, multi-keeled icebergs
Topographic pinning Lateral (Spitsbergen) and basal (bedrock ridges) Limited lateral (Spitsbergenbanken)
Water depth at ice margin Deeper (370–400 m) Shallower (364–370 m)
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smaller grooves change direction often and by up to 180
degrees, regularly cross-cutting each other and other
geomorphic features, generally with small berms on
either side. The small grooves are the only resolvable
features that overlie the GZD.

Interpretation. – Based on their curvilinear planform,
flanking berms, and frequent cross-cutting, both the
shallower and the deeper/wider curvilinear grooves
(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 CanadianArctic (e.g.MacLean et al. 2010)
and Antarctic (e.g. Graham et al. 2016) and are inter-
preted 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
the15–20 mdifference inwaterdepth (Fig. 3A), limiting
iceberg keel scouring in the deeper waters. Furthermore,
relatively high sediment infilling of sea-floor features is
expected in the north, associated with the high rate of
sediment delivery beyond the ice margin from the
inferred large subglacialmeltwateroutlet and associated
plume.

Based on their high length to width ratio, the stream-
lined ridges to the far north of the survey area (Fig. 4B)
are interpreted asmega-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.MSGLoccurrence 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 sea-floor
scouring and landform overprinting. Smaller grooves
with highly variable orientations are interpreted to have
been formed through iceberg keel scour from icebergs of
a smaller scale to thatpreviouslydescribed.Such features
areubiquitous at themarinemargins ofbothpalaeo- and
present-day ice streams and outlet glaciers (e.g. Lien
et al. 1989; Dowdeswell & 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&Banke1983).As theonlygrooved feature
present on top of the GZD, smaller grooves indicate
continuedcalvingof single-keeled icebergs subsequent to
the deposition of grounding-zone sediments.

Sets of parallel curvilinear grooves: multi-keeled iceberg
ploughmarks

Observations. – Sets of parallel grooves are observed on
the sea floor mainly in the south of the bathymetric
survey area (Figs 4A, 5), and are also traced beneath the
southern parts of the GZD on subsurface data (Fig. 5C,
D). The sets have awide range of widths, from 300 m to

4.6 km, and the numberof groovesper set is variable and
not necessarily correlated towidth. TheGZD covers the
full eastern extent and origin of most groove sets, and
some extend downstream beyond the survey area
(Fig. 4A). Lengths range from several km to aminimum
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 (Fig. 5A).

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. 5A,
F), although the upstream extent is covered by theGZD,
and the downstream extent lies beyond the bathymetric
survey area. Subsurface data indicate that the grooves
extendbeneath theGZDaminimumof3.6 km(Fig. 5C,
D). Ridges and grooves vary in height throughout Set 1,
between 0.5 and 5 m from trough to peak (Fig. 5F). The
northwestern flank is bordered by abermup to 5 mhigh
and 600 m wide (Fig. 5A). Cutting across the largest
groove set at 90° is a narrower set (Set 2; Fig. 4A) up to
2 km in width (Fig. 5E), with most grooves initiating
away from the GZD edge. Set 2 has a berm only on its
northern flank (Fig. 5A), and originates with two
parallel grooves1.8 kmin lengthextending frombeneath
the GZD, before the initiation of eight more grooves
extendingwest-northwest for 11 km.Groove sets 1 and2
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 approx-
imately 500 m (Fig. 5A).

Interpretation. – Sets of parallel, curvilinear grooves are
interpreted to have formed through seabed scouring by
multi-keeled icebergs,basedon 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 with
extruding keels at their base are interpreted to have
scoured the sea floor as they advancedwestwards. Burial
of ploughmarks by material comprising the GZD
indicates that sea-floor scouring occurred before the
deposition of the GZD. The close spacing and organi-
zationof grooves intodiscrete sets indicate that theyhave
been ploughed by largemulti-keeled icebergs rather than
bymany smaller, single-keeled icebergs trapped inmulti-
year sea ice. Such features have been described in
Antarctica (Lien et al. 1989; Dowdeswell & Bamber
2007; Wise et al. 2017), the Central Barents Sea
(Andreassen et al. 2014; Bjarnad�ottir et al. 2014), the
northern Svalbard margin (Hogan et al. 2010) and the
Canadian Arctic (MacLean et al. 2010). Transverse
ridges spanningseveral grooves (Fig. 5A)are interpreted
as corrugation ridges, formed by diurnal tidal forcing on
grounded icebergs (Jakobsson et al. 2011, 2012). Corru-
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gation ridges with comparable widths, heights and
spacings are described in Pine Island Bay, West Antarc-
tica (Jakobsson et al. 2011; Graham et al. 2013), and on
the northern Svalbard shelf (Bjarnad�ottir et al. 2014;
Dowdeswell & Hogan 2014).

Discussion

Thegrounding-line landformassemblagesdescribedand
interpreted in outer-Storfjordrenna demonstrate clear
differences in morphology between the northern and
southern sectors (summarized inTable 2). The following
sections discuss the significance of the documented
variations in the context of ice-stream characteristics
and margin retreat, grounding-zone deposition and
subglacial hydrology, and iceberg calving and seabed
scouring.

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 Storfjor-
den, 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 interiorof the ice sheetwith low-lying
bed and fluctuating ice domes; and from the relatively
shallow and topographically featureless Spitsbergen-
banken closer to the ice-sheet periphery. Contrasting ice
sources governing ice thicknesses and temperature
regimes could have regulated crevasse spacing and
distributions across the former ice margin after the ice
converged, producing the observed spatial clustering of
distinct iceberg scouring. 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 northern
and southern sectors of outer-Storfjordrenna to reflect
variations in ice stream characteristics across the trough.

Based on the onset of hemipelagic sediment and ice-
rafted debris (IRD) concentration peaks in sediment
cores from the TMF and outer shelf, the initiation of
deglaciation in Storfjordrenna is estimated at around 20
to 19 cal. ka BP through increased iceberg calving
(Rasmussen et al. 2007; Jessen et al. 2010). Break-up
of the ice margin via large calving events is supported
herebyoverlapping setsofploughmarkscreatedby large,
tabular icebergs. Observations of coarse-massive-IRD
subfacies during deglaciation in cores from the Storfjor-

drenna TMF (Lucchi et al. 2013) suggest intermittent
periods of intense calving activity.This, togetherwith the
evidence presented herein for high magnitude iceberg
calving events and subsequent grounding-line stabiliza-
tion indicates that retreat of the Storfjordrenna Ice
Stream was episodic in nature (cf. Dowdeswell et al.
2008), at least from the continental shelf edge. Episodic
ice retreat is also documented by a series of GZW in
upstream Storfjorden, deposited during the later stages
of deglaciation between 15 and 10 cal. ka BP (Nielsen &
Rasmussen 2018). Minimum deglacial dates in Storfjor-
drennato thewestandeastof theGZDimply200 kmice-
margin retreat over approximately 7900 years, indicat-
ing a relatively slow averaged margin retreat rate of
0.025 km a�1 (Fig. 1, Table 1; Rasmussen et al. 2007;
Rasmussen & Thomsen 2014; Patton et al. 2015). Time
scales ofGZDsedimentationareuncertain, butbasedon
similar large grounding-zone sediment accumulations in
other regions, it is reasonable to assume that the ice
margin inStorfjordrennaremainedstablehere forat least
several decades to centuries (Batchelor & Dowdeswell
2015).

Retreating grounding-lines are stabilized by pinning
points, such as increasingly narrow trough/fjordmouths
and topographic highs under basal ice (Thomas 1979;
Benn et al.2007a; Jamiesonet al.2012).Wepropose that
the three ridges 30 to 75 m high observed in seismic data
at the eastern edge of the GZD (Fig. 3B) provided basal
pinning points stabilizing the retreating Storfjordrenna
Ice Stream margin. Furthermore, the protruding south-
ern tip of Spitsbergen provides a lateral pinning point for
the ice stream while it was grounded in outer-Storfjor-
drenna. The relatively non-scoured upper surface of the
GZD suggests that either calving was minimal subse-
quent to margin stabilization 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 sea-
floor scouring. A floating ice shelf would also extend the
calving margin well away from the grounding-line,
preserving the surfaceof theGZDfromiceberg scouring.
It is difficult to determine whether the ice margin had a
substantial floating ice shelf, althoughGZWbuild-upsat
other reconstructed ice margins are associated with a
sub-shelf cavity beneath floating ice (Batchelor &
Dowdeswell 2015). We tentatively suggest that the
Storfjordrenna Ice Stream margin was floating while
the grounding-line was stabilized in outer-Storfjor-
drenna, based on the non-scoured surface of the GZD
and the asymmetric shape of deposited sediments, which
suggest deposition within a sub-shelf cavity.

Retrograde bed slopes underlaid the northern sectors
of the ice stream over much of the former bed, enhanced
bytheoverdeepenedsectorwestof theGZD(Fig. 1B). In
contrast, the bed of the southern lobe has a gentle
upward-sloping inland gradient. Cores from the outer
shelf indicate that sediment accumulations since the
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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 bed slope. Ice margins
become more unstable with increasing water depth, and
margin retreat into deeper waters results in positive
feedback,wherebyretreat is perpetuateduntil a seaward-
dipping bed slope or pinning point is encountered
(Schoof 2007; Jamieson et al. 2012). We suggest a
topographic influence on earlier ice-stream retreat in
the north of the area, in addition to the proximal ice
sources suggested by Pedrosa et al. (2011), where retro-
grade bed slopes facilitated runaway margin retreat
through outer-Storfjordrenna. 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 streamhere. Increased sediment fluxes and earlier ice-
margin stabilization in outer-Storfjordrenna for the
northern sectors of the ice stream also fits well with our
observations, as the northern parts of the GZD are
thicker than those farther south (Fig. 3B, C).

The occurrence of iceberg ploughmarks declines in
water depths below 380 m (Fig. 4A), indicating a depth
limit to keel scouring, and therefore revealing an upper
limit to potential iceberg thicknesses. Assuming a
eustatic sea level adjustment of 120 m lower thanpresent
day and isostatic depression of approximately 80 m
following the LGM (Peltier & Fairbanks 2006; Auriac
et al. 2016; Patton et al. 2017), we estimate that icebergs
calved from the ice-streammarginwhen it was grounded
in outer-Storfjordrenna had keels approximately 340 m
deep. Given that icebergs are generally 90% submerged
below the sea surface, a roughestimateof icebergand ice-
margin thickness is 380 m.

Thegeomorphologydiscussedherein isa recordof two
main phases of ice-stream activity: ice-margin retreat
fromthe shelf break,andgrounding-zone stabilization in
outer-Storfjordrenna. Ice-margin retreat from the con-
tinental shelf break is documented by large,multi-keeled
iceberg ploughmarks created by tabular icebergs calved
as the ice margin broke 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 and ice margin stabilized in outer-Storfjordrenna,
with sediments continuously being delivered and depos-
ited at the grounding zone, building up theGZD.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 stabilization.

Grounding-zone deposition and subglacial hydrology

The large accumulation of grounding-zone sediments
described here potentially evidences the first major

standstill in grounding-line retreat during the deglacia-
tion of the Storfjordrenna Ice Stream. The build-up of
themajorityof sediments viaprogradational, 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). How-
ever, the fanned morphology at the northern and
southern parts of the GZD (Fig. 2A) also indicates
point-sourced sedimentation out of ice-marginal melt-
water conduits and associated plumes. In Kveithola, the
neighbouring trough to Storfjordrenna (Fig. 1A), a
meltwater-influenced grounding-zone landform is
described and interpreted similarly (Bjarnad�ottir et al.
2013), indicating that comparable grounding-zone pro-
cesses were operating here to those described in Stor-
fjordrenna. Significant subglacial meltwater activity at
the ice margin is further supported by sedimentary data
from the continental 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
thegeometryand thicknessofoverlying ice,whichdirects
subglacial water from areas of high pressure under
thicker ice to areas of lower pressure under thinner ice
(Shreve1972). Theoccurrenceof ice-proximal fans in the
north and south of Storfjordrenna and lack of evidence
for meltwater-related deposition in between (Fig. 2A)
may therefore reflect thicker ice flowing in the centre of
the trough. Modelled subglacial drainage routing pre-
dicts margin outlets for large drainage basins in the
northern sector of Storfjordrenna consistently through-
out deglaciation (cf. Shackleton et al. 2018: fig. 8),
therefore supporting the focused drainage routing and
large ice-marginal meltwater outlet and plume that we
propose in the north. This also explains the difference in
thickness of glacigenic diamicton in cores fromtheTMF,
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). Furthermore, several drai-
nage outlets are predicted in the south by hydraulic
potential modelling (Shackleton et al. 2018), but only
when the ice margin was stabilized in outer-Storfjor-
drenna. Predicted outlets in the south also drainedmuch
smaller catchments, thereby supporting our reconstruc-
tions of lower-velocity meltwater plumes with fluctuat-
ing levels of activity. Stable drainage outlets in the north
maybe a consequence of a catchment comprised ofmore
stable ice over Svalbard, in contrast to the shifting
catchments feeding the southern sector,more susceptible
to fluctuations in ice flux, geometry and thickness
especially as the Barents Sea Ice Sheet deglaciated.

At the southern sector of the former ice margin,
average spacings of 3 km between the four overlapping
fans (Fig. 3A) suggest that a singular, shiftingmeltwater
outletor severaloutletswithplumesof3 kmspacingmay
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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 formermargin and the formationofmeltwater
plumes indicate 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, and
potentially increasing mass loss at the northern and
southern sectors of the former ice margin in Storfjor-
drenna. Additionally, large meltwater outlets at the
margin can lead to localized retreatof the ice front (Slater
et al. 2015), forming embaymentswith laterally protrud-
ing 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.

Iceberg calving and seabed scouring

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 south-
ern (multi-keeled icebergs) sectors of the ice stream.
Multi-keeled iceberg ploughmarks tracing beneath the
GZD (Fig. 5A, C,D) imply formation during initial ice-
margin break-up and retreat from the continental shelf
edge, before the grounding-line stabilized in outer-
Storfjordrenna. However, the relative timing of the
calving of deep, single-keeled icebergs in the north is
uncertain and may not have occurred contemporane-
ously. An increased frequency of iceberg calving is
associated with increasing water depth, due to greater
ice-marginal buoyancy (Benn et al. 2007b), and varia-
tions in calving characteristics between the north and
southmight therefore be a consequence of the difference
in water depth at the former ice margin. This could
promote a higher frequencyof calving events, producing
large, single-keeled icebergs in the northwherewaterwas
deeper, and a lower frequency of multi-keeled, tabular
icebergs calved in the south.

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 with crevasse/rift open-
ingbyglaciologicallyderived stresses rather thanoceanic
or atmospherically derived forcing (Joughin&Macayeal
2005). Hence, the calving of large tabular icebergs in the
southern sector of Storfjordrenna might be linked to

glaciologically controlled crevasse formation and cre-
vasse spacings set upstream of the grounding zone.
Furthermore, several hypothesized ice-stream lobes
converged in central Storfjordrenna to flow towards
the continental shelf edge (Fig. 1), and longitudinal
stress gradients inherent in these separate ice-stream
lobes before they converged would become even greater
once converged (Benn et al. 2007a), leading to large
numbers of deep crevasses advected to the margin.
Lateral pinning from the southern tip of Svalbard and
Spitsbergenbanken may also have provided resistance
through lateral drag, which would generate strong
velocity gradients, leading to higher strain rates and
consequently more crevasses and calving events. The
clustering of large, single-keeled iceberg ploughmarks in
the north andmulti-keeled, tabular icebergs in the south
(Fig. 4A)might also therefore reflect continued produc-
tion of distinct strain-induced crevasses as the ice-stream
lobes interacted upstream.

Subglacial meltwater drainage at the margin may also
influence iceberg calving characteristics, associatedwith
undercutting and selective erosionof the icemargin from
marginal meltwater outlets (Syvitski 1989; Slater et al.
2015). Development of ice caves and undercut ice
protrusions in the Storfjordrenna Ice Streamwould have
led to increased iceberg calving and embayments form-
ing, potentially leaving aprotruding ice face in the centre
of the trough. 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). Channelized meltwater
and freshwater plumes can influence local ocean circu-
lation, leading to convective cells upwelling cold, buoy-
ant glacial meltwater at the surface, and drawing in
warmer seawater to the margin at depth, leading to
increasedmelting near the grounding-line (Jenkins 2011;
Motyka et al. 2011; Chauch�e et al. 2014; Kimura et al.
2014). These convective cells may have influenced the
movement of icebergs and resulting keel scour orienta-
tion, which is generally the same direction as inferred
palaeo-ice stream flow (Fig. 4A).

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). An ice melange
may also strengthen sufficiently to inhibit the overturn-
ing of large, unstable icebergs, providing amechanismby
which icebergs may resist overturning. The influence of
ice melange on calving and subsequent seabed scour is
well evidenced at two localities in the neighbouring
Bjørnøyrenna Palaeo-Ice Stream bed (Andreassen et al.
2014;Bjarnad�ottiret al.2014). Icebergs stuck fastwithin
an ice melange or multi-year sea ice are also plausible in
Storfjordrenna, given reconstructedwinter surfacewater
temperatures 1 °C above freezing for the southeastern
Svalbard margin between 20 and 15 ka BP (Rasmussen
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et al. 2007). Compatibly, Lucchi et al. (2013) propose
that multi-year sea ice could explain occasional reduc-
tions in IRD on the Storfjordrenna TMF during
deglaciation.We suggest that break-upof an icemelange
containing stuck-fast tabular icebergs is apotential cause
of the sudden initiation of multi-keeled iceberg plough-
mark 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.

Conclusions

We present new geophysical data from a large glacial
trough, Storfjordrenna, which contain geomorpholog-
ical evidence for stabilization of the retreating Stor-
fjordrenna Ice Stream margin as it deglaciated from its
maximum extent at the continental shelf break. Seabed
and subsurface investigations of this former grounding
zone reveal a trough-transverse wedge of sediments,
with protruding sedimentary fans, interpreted as a
GZD comprised of both line-sourced, glacigenic sed-
iments and point-sourced glacifluvial sediments depos-
ited out of marginal meltwater plumes. Curvilinear
grooves on the sea floor indicate concentrated scour-
ing by the keels of large icebergs. The geomorphology
presented here contributes to an increased understand-
ing of Storfjordrenna Ice Stream glacial history,
documenting two main phases of ice-stream activity:
ice-margin retreat from the continental shelf break,
and a subsequent period of stabilization 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, through
ice-margin break-up into large, tabular icebergs. Ear-
lier ice margin retreat in the north was probably
facilitated by retrograde bed slopes on the outer shelf
and proximal ice sources over Spitsbergen, with
margin stabilization promoted by lateral and bed
pinning points at the southern tip of Spitsbergen.

Local environmental differences along the length of
the former ice margin had strong impacts on ice-
margin stability and grounding-zone deposition, and
may be relevant for reconstructions of recently
deglaciated ice margins and predicting changes to
present-day ice margins. The fanned surface morphol-
ogy of the GZD suggests that subglacial meltwater
outlets and plumes contributed to the build-up of
grounding-zone sediments here, indicating that melt-
water conduits were active during retreat. Subglacial
drainage at the ice margin may have influenced the
stability of the grounding-line through regulation of
basal hydraulic pressure, and influenced iceberg calv-
ing 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
characterized 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 probably contributed to differences in the
character of calved icebergs, the scouring of the sea
floor by iceberg keels, and the preservation of older
landforms.
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