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Major tunnel valleys and sedimentation
changes document extensive Early
Pleistoceneglaciations of theBarents Sea
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Sedimentary records of Early Pleistocene (~2.6–0.8 Ma) glaciations are sparse on shelves, yet trough
mouth fans on adjacent continental slopes provide a continuous record of ice-sheet and climate
development throughout the Quaternary. Here, we interpret high-quality 3D seismic reflection data
combined with borehole and chronostratigraphic information from a shelf-slope setting in the
southwestern Barents Sea to studymeltwater and sediment inputs to the deep ocean, focusing on the
onset of Pleistocene glaciations. Sandy deposits were brought to the slopes of the high-latitude Bear
Island Fan by a preglacial contourite-turbidite system from ⁓2.6–2.4 Ma. Muddy glacigenic debris
flows document the first shelf-edge glaciation at⁓2.4 Ma. From 1.78–0.78Ma, muddy turbidity-
current- and debris-flow-derived sediments were delivered from shelf to slope via six tunnel valleys
measuring up to 12 km in width and 200m in depth. These tunnel valleys and associated downslope
deposits formed during the 41-kyr climate cycles of the Early Pleistocene, and evidence abundant
channelized,meltwater discharges from these glaciations. Following themid-Pleistocene transition to
100-kyr cycles, a change in the style of glaciation is suggested by a change in landform and facies
associations consistent with a reducedmeltwater contribution. This study shows that the Norwegian-
Barents shelf was extensively glaciated in the Early Pleistocene, with a first shelf-edge glaciation
from ~2.4Ma.

A key driver of Pleistocene climate was astronomical configuration, with
obliquity (41-kyr cycles) dominating in the Early Pleistocene, and eccen-
tricity (100-kyr cycles) andprecession (23- and19-kyr cycles) dominating in
the Middle and Late Pleistocene1,2. The shift from obliquity-dominated to
eccentricity-dominated cycles occurred during the mid-Pleistocene transi-
tion (1.2–0.7Ma). Orbital forcing affected Pleistocene sedimentation3,4, in
particular via extensive ice sheets that covered and eroded mid- and high-
latitude shelves of both hemispheres5,6. Glaciomarine sediments have been
deposited to near 30° north and south in full glacials7,8.

Similar to contemporary icemasses, themajority of ice,meltwater, and
sediment discharged by these vast Pleistocene ice sheets was transported in
narrow zones of increased ice flow velocity, called ice streams. Ice streams
reshape subglacial surfaces through extensive deformation and erosion,
often carving shelf-crossing troughs such as Bjørnøyrenna in the Barents
Sea9 (Fig. 1a). Depending on their tectonic and glacial development,

glaciated shelves are repeatedly eroded through glacial cycles, making them
suboptimal locations for the preservation of sedimentary archives for cli-
mate and ice sheet reconstruction10. The erosional products from the shelves
are, however, deposited along the adjacent slopes, together with contourites
(the deposition of which is most active during deglacial and interglacial
periods11). On slopes beyond ice stream grounding lines, mass flows, and
megaslides build up through mouth fans12,13, such as the Bear Island Fan
(Fig. 1a). As a result of this focused sediment and meltwater delivery, gla-
ciated margins host the largest submarine slides on Earth14,15, for which
contourites can act as weak layers16,17. The failed sediments forming these
mass movements are mainly provided by ice streams and accumulate pre-
dominantly during glacial periods12,18.

The Arctic plays a crucial role in the Quaternary climate system, and
the effects of ongoing global warming are documented and predicted to be
most pronounced in the Arctic19. However, the origin and nature of the
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initial glacial period are not yet well studied, partly due to the hostile and
remote Arctic research environment, insufficient data, and the poor pre-
servation of glacial deposits. The aim of this contribution is, therefore, to
document the initiation and style of Early Pleistocene shelf-edge glaciations
in the Arctic based on integrated interpretation of extensive 3D seismic and
borehole data. The study is based on a new and unique dataset, including
four boreholes and 5754 km2 of high-quality 3D seismic reflection data
(Fig. 1b), allowing us to reconstruct sedimentary processes from the

Pliocene into the Pleistocene in high temporal and spatial resolution. Our
results provide detailed observations of the natural climatic and environ-
mental variability in the Barents Sea, focusing on meltwater and sediment
input to the deep Atlantic Ocean during the onset of glaciation on the
Barents Sea margin. The new paleoenvironmental reconstruction spans
from the Pliocene-Pleistocene transition to the mid-Pleistocene transition
and contributes to the overall understanding of the evolution of the Arctic
cryosphere.

Fig. 1 | Regional setting of the SWBarents Sea. aModeled ice-flow lines at the Last
Glacial Maximum (black lines; modified after Patton et al.28). Black box shows the
study area and location of (b). Borehole 7316/6-U-1 has Pleistocene glacio-fluvial
channel infill52. Bs: Bellsund fan, Hs: Hornsund fan, If: Isfjorden fan, Sb: Sju-
brebanken troughmouth fan, Sf: Storfjorden fan. b Study areawith relevant borehole
locations (white dots). The Senja Ridge (golden polygon), the extent of the 3D
seismic survey (black envelope), regional seismic section (red line), seismic profiles
(black lines and black numbers, with white numbers associated with the white

envelope, indicate figure locations), and areal extents of Figs. 5, 6, and 7 (white
stippled line) are indicated. Slope channels and glacial lineations on the present
seafloor are shown as insets. Shaded relief maps from mareano.no. c Uninterpreted
and interpreted seismic section across the study area, highlighting the Bear Island
Fan and the shelf edge on a regional scale. The Quaternary sediments of the SW
Barents Sea are thin on the shelf and thicken in the Bear Island Fan. Modified from
Lasabuda et al.20. Seismic data courtesy of TGS/Spectrum.
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Southwestern Barents Sea and Bear Island Fan—Stratigraphy
and processes
The Barents Sea was a terrestrial platform during most of the Cenozoic, with
spatiotemporal changes in its paleogeography20,21, including current basement
highs such as the Senja Ridge enclosing sediment traps (Fig. 1b, c). The
region was probably uplifted during the late Pliocene to Early Pleistocene,
leading tofluvial-glacifluvial erosionandsubsidenceof~300–400min theSW
Barents Sea22, with final submergence occurring as late as the Early
Pleistocene23–25.

The shelf of the Barents Seawas repeatedly eroded by ice sheets during
Pleistocene glaciations, and a large volume of the erosive products of these
glaciations was deposited in the Bear Island Fan at the mouth of the
BjørnøyrennaTrough, located in the southwestern part of theBarents Sea in
modern water depths from >400 to >3000m14,26,27 (Fig. 1a). The fan has an
extent of 215,000 km2 and is thus the largest submarine fan of glacial origin
on Earth. It was fed by paleo-ice streams with a drainage basin area esti-
mated at 576,000 km2,13 andwithmodeled ice-flowvelocities estimated to be
~400m/yr during the last glaciation28 (Fig. 1a).

The Quaternary stratigraphy of the SW Barents Sea margin can be
divided into three units and seven regionally correlatable reflections,
TeC–TeE/GI–GIII and R7–R1, respectively22,29,30 (Figs. 2, 3). The units
form thick prograding accumulations on the slopes (Figs. 1c, 4), while
sediment thicknesses decrease drastically on the shelf (Figs. 1c, 3, 4),
where pre-Quaternary sediments subcrop locally. The Bear Island Fan
contains deposits from megaslides and glacigenic debris flows14,27, and
the fan is underlain by contouritic deposits of the Bjørnøya Drift31. The
drift covers an area of ~1.8 × 104 km2, contains a sediment volume of
~5000 km3, and is inferred to have accumulated from the early Neogene
to the early Quaternary due to intensified paleo-ocean-circulation
controlled by tectonic events31. Shelf-edge glaciations in the Barents Sea
during the Middle and Late Pleistocene are well documented by glaci-
genic debris flows on the upper slope and mega-scale glacial lineations
on the shelf 32,33. In contrast, relatively little is known about the extent
and dynamics of ice sheets in the earliest Pleistocene, and thus their
deposits contain important information about these early Quaternary
glacials and their climatic drivers.

Intensification of sedimentation from Pliocene to Early Pleisto-
cene (5.3–2.4Ma)
The interpretation of high-quality three-dimensional (3D) seismic reflec-
tion data offers new insights into landform assemblages of the Quaternary
paleoenvironments, and allows for detailed studies of the glacial processes
prevailing at different stages of the Quaternary18,25,27,34. High-amplitude
continuous seismic reflections of both polarities are observed within the
~650m (650ms) thick GI unit of the lower stratigraphy of the Bear Island
Fan (Fig. 4), including the R7 reflection with an assigned age of 2.7Ma,
which marks its base30. The lowermost part of the GI unit belongs to the
Bjørnøya Drift31, whilst the top of the contourite package is truncated by an
unconformity (R6, with an assigned age of 1.78Ma30) and as such, its
internal reflections cannot be tracked onto the paleo-shelf (Fig. 4). Based on
well 7216/11-1S located on the paleo-slope of the study area, the Neogene
contourites (pre-R7) mainly consist of sand (63%), some silt (33%), and
minor amounts of clay (4%) (Fig. 5a). These contourite sands, built up of
sheets with a draping geometry and therefore lacking any characteristic
contouritemound signature, were deposited at rates of 0.01–0.1 m/kyr from
the middle Miocene to the onset of the Quaternary (Fig. 6a), matching the
rates of 0.02–0.31m/kyr estimated for the complete Bjørnøya Drift31.
Contourites are still present in early Quaternary units (e.g., 2.6Ma reflec-
tion), and theBjørnøyaDrift continued to growunder the influence of Early
Pleistocene glacimarine sedimentation. Similar sandy along-slope deposi-
tion in colder climates is reported from the Falkland contourite sand sheet,
which might be a modern analog to the Bjørnøya Drift35.

On the surface defined by the second phase-reversed reflection above
R7 (which has an assigned age of 2.6Ma30), we identify low-sinuosity
channels originating from the shelf edge and continuing down the slope
(Figs. 5b, 6b). The channels are 200–900m in width, traceable for up to
60 km (constrained downslope by the dataset), and characterized by low
root mean square (RMS) amplitude values compared to the surrounding
slope. Sedimentation rates within these channels are calculated to have been
up to1.5 m/kyr (Fig. 5b),while rates aremuch lower in areaswhere channels
are lacking (Fig. 5b). Growing salt structures and the Senja Ridge basement
high controlled sediment deposition on the paleo-slope (Fig. 1b, c), with
highest infill rates in salt corridors and salt basins (Fig. 5b). Turbidites

Fig. 2 | Seismic stratigraphy of the area around the shelf edge of the SW
Barents Sea. Seismic profile across the valleys on the shelf. Profile location is shown
as Profile 2 in Fig. 1b. Indicated are Early Pleistocene tunnel valley infill (orange),

Late Pleistocene tunnel valley infill (green), and R6 (red line). MPT:mid-Pleistocene
transition. Seismic data courtesy of TGS.
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detected on glacial fans are used as a proxy formeltwater delivery18,36–38, and
we interpret these channels to have been eroded by meltwater-fed turbidity
currents. As the 2.6Ma reflection is within the Bjørnøya Drift31, these
channels evidence that a contourite-turbidite system prevailed after the
onset of the Pleistocene. The muddy component within the Quaternary
deposits (post-R7) of theBjørnøyaDrift increased (sand: 30%, silt: 20%, clay:
49%) compared to the pre-R7 levels (sand: 63%, silt: 33%, clay: 4%). Such a
lithology is characteristic of channels along glaciated margins39,40. The
meltwater for the identified channels is hypothesized to have originated
from a proglacial fluvial system sourced from a terrestrial Barents Sea ice
sheet located some distance from the shelf edge, a paleogeographic con-
figuration also suggested byKnies et al.41. From 2.6 to 2.4Ma, the sediments
are thus likely delivered by glacifluvial systems from the terrestrial platform,
forming silty to sandy turbidites on the slope, while alongslope sedi-
mentation from contour currents also occurred. Such glaciomarine sedi-
mentation from channelized meltwater discharge for the Early to Middle
Pleistocene deposits of the Bear Island Fan is also hypothesized by Laberg
et al.27 based on 3D seismic reflection data.

Our 3D seismic interpretation is consistent with previous studies on
the lithology and origin of the sandy contourites of the Bjørnøya Drift31.
However, we additionally document channels in the uppermost part of the
drift, suggesting downslope sediment transport from the Barents Sea shelf
during the latest period of the Bjørnøya Drift deposition. The 3D seismic
reflection data interpretation reveals that the slope channels originate from
the terrestrial/marine continuation of a possible glacifluvial system from a
subaerial southwestern Barents Sea from 2.6 to 2.4Ma. The slope channels
identified here, therefore, indicate glacimarine conditions, which is also
supported by the findings of Laberg et al.27, thusmarking the onset of glacial

intensification on the SW Barents Sea shelf in the Early Pleistocene. How-
ever, our data donot reveal any evidence of shelf-edge glaciation at this time.

First shelf-edge glaciation from⁓2.4 to 1.8Ma
Debris-flow deposits represented by high-amplitude seismic reflections
(Fig. 4) with less continuity compared to the contourites and low RMS
amplitude values (Fig. 5c) are mapped in the package above the Bjørnøya
Drift (from 2.4Ma reflection) to the R6 (1.78Ma) reflection. The stacked
debris-flow deposits originate along the mapped length of the paleo-shelf
break (Fig. 6c), and reach sedimentation rates of up to 0.8m/kyr at ~20 km
distance from the shelf break. Their lithology is dominated by clay (86%),
while both silt (2%) and sand (5%) contents are much lower than in the
contourite-turbidite system from 2.6–2.4Ma. These debrite intervals
additionally include volcaniclastic rock fragments (7%; TGS Facies Map
Browser42), unique for the Neogene and Quaternary sequences of the fan
(Fig. 4). The increase in fine-grained material is consistent with an increase
in debris-flow activity, indicating a shift to a downslope dominated sedi-
ment supply, in contrast to the along-slope sedimentation that comprise the
Bjørnøya Drift. Debris flows on trough mouth fans are commonly inter-
preted to indicate a glacial origin with reduced meltwater contribution, and
an ice sheet at or close to the shelf edge12,38,43–45. With an estimated age of
⁓2.4Ma, we therefore propose that these debris flows indicate an Early
Pleistocene shelf-edge glaciation in the southwestern Barents Sea.

Glacially-influenced downslope deposits of Early Pleistocene to even
Miocene age in our study area have been suggested based on seismostrati-
graphic and borehole analyses in previous studies25,46. Full glacial conditions
with grounded ice reaching the shelf edge have been suggested at R5 time
(1.5Ma) based on seismic facies analysis29,32,33. Forsberg et al.47 and Butt

Fig. 3 | Seismicwell tie of the study area. R1–R7 are
chronostratigraphic reflections of the region (R7:
2.7 Ma). Reflections marked in red have been
interpreted in this study. The contourites of Neo-
gene to Early Pleistocene age (including the
Bjørnøya Drift) are shown in golden, and the top of
the BjørnøyaDrift is shown by the blue, pointed line.
Seismic data courtesy of TGS.
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et al.48 concluded that the Barents-Svalbard Ice Sheet reached the shelf break
during full glacial conditions from 1.7–1.6Ma onwards. Based on wide-
spreadmega-scale glacial lineations,Harishidayat et al.25 suggested extensive
Early Pleistocene glaciations in the SW Barents Sea. Our findings suggest
grounded ice at the shelf edge somewhere between 2.6 and 1.78Ma, likely as
early as⁓2.4Ma.

A first shelf-edge glaciation at⁓2.4Ma is consistent with polar Arctic
paleoenvironmental studies that show a shift into summers cooler than
today after ~2.2Ma49. There is also evidence of North American
continental-scale ice sheets extending southwards fromCanada at 2.4Ma50.
However, major glaciations of the Laurentide Ice Sheet did not occur before
ca. 1.3Ma50. In addition, analysis of sediment cores from the central Arctic
Ocean (LomonosovRidge) suggests fourmajor glaciations since 0.7Ma and
concludes large-scale northern Siberian glaciations began much later than
other Northern Hemisphere ice sheets51.

Large valleys on the shelf and muddy downslope deposition on
the fan (1.78–0.78Ma)
The Early Pleistocene stratigraphy of the paleo-shelf is characterized by
transparent sediment packages crosscut by several high-amplitude seismic
reflections with overall U-shaped morphologies, forming reverse-sloping
incised valleys (Figs. 2, 8). Six such valleys up to 12 km inwidth and200m in
depth are expressed on the shelf of the R6 surface, laterally limited by walls
dippingwith 2°–20° (~7° in average) (Figs. 7a, 8; Supplementary Fig. 1). The
lengths of the valleys vary from10 to30 km,which are theminimumlengths
as the valleys extend beyond the edge of the dataset. The valleys are straight

and parallel with an E–W to ENE–WSW orientation and are all strati-
graphically located above the R6 reflection (~1.78Ma) (Fig. 2). Their bases
are characterized by continuous, high-amplitude reflections that follow the
morphology of the oldest (first) valley expressed in the seismic data.
Streamlined landforms dominate the beds of the valleys, having the same
orientation as mega-scale glacial lineations outside of the valleys (Fig. 7a),
but with different geometries, with the landforms in the valleys having a
positive relief, forming ridges with heights of 10–30m and widths of
500–2000m (Fig. 8e). The reflections defining the bases of the valleys can be
tied to the R6, R5, and R4 reflections (Fig. 4), and their age can be con-
strained to 1.78–0.99Ma30. An additional set of valleys is observed between
R4 andR3 (ages 0.99–0.78Ma) in our dataset. All these valleys terminate on
the shelf before the paleo-shelf break, and such valleys have also been
identified in 2D seismic reflection profiles by Sættem et al.52 (Fig. 1a). The
geomorphology in the area from the end of the valleys to the shelf break is
dominated by curvilinear grooves (5–30m in depth; Fig. 8e) roughly fol-
lowing the valley orientation for the last 30–40 km towards the shelf break
(Figs. 7a, 8). These curvilinear grooves differ from the glacial lineations, as
the elongated landforms have depths of <10m (Fig. 8e).

On the shelf, the seismic unit between R6 andR5 has a high-amplitude
chaotic to homogenous seismic facies (Fig. 2) with sedimentation rates of
0.1–0.2m/kyr (Fig. 4), whilst the packages from R5 to R3 are characterized
by a low-amplitude homogenous seismic facies (Fig. 2), with sedimentation
ratesof 0.3–0.7m/kyr (Fig. 4). Tying these reflections (R5,R4, andR3) to the
slope, they each form ~100m-thick prograding units that consist of high-
amplitude seismic reflections (Fig. 4). The lithology of these deposits is

Fig. 4 | Stratigraphy of the Bear Island Fan. Sedimentation rate plot from the
margin30 and two wells located within the study area. Lithology from TGS Facies
Map Browser42. Shown are R1–R7 reflections (black), reflections interpreted in this
study (red), top and base of the Bjørnøya Drift (blue stippled lines31), mid-Eocene
reflection (gold), and Top Paleocene reflection (pink). Profile location is shown as
black line (Profile 4) in Fig. 1b. The plot “Sedimentation margin” shows the result

from the compilation of Alexandropoulou et al.30. Blue bar shows the Bjørnøya
Contourite Drift mapped by Rydningen et al.31, and the stippled line associated to R7
indicates from what time the contourite gets weakened by turbidites. Con: Con-
tourite, GDF: Deposits of glacigenic debris flows, Int: Intraglacial reflection, MPT:
mid-Pleistocene transition, Serra: Serravallian, Tur: Turbidite. Seismic and borehole
data courtesy of TGS.
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dominated bymudwith some sandy interlayers. The grain-size distribution
in borehole 7216/11-1S is comparable for R6–R5 (sand: 6%, silt: 12%, clay:
82%), R5–R4 (sand: 9%, silt: 12%, clay: 79%), and R4–R3 (sand: 16%, silt:
16%, clay: 67%). On the uppermost slope, gullies with widths of 200–500m
anddepthsof up to50mcharacterize the beginningof this time interval (R6;
Figs. 5d, 7a). These gullies have negative impedance contrasts andhighRMS
amplitude values with sand contents from 6% to 16%, unlike the earliest-
Pleistocene channels (associated with phase-reversed reflection above R7)
that are characterized by positive impedance contrasts and low RMS
amplitude values with sand contents of 30%.

Subglacial origin of the large valleys
The valleys identified in the southwestern Barents Sea erode into Neogene
and Oligocene sedimentary bedrock (Figs. 2–4) and are characterized by
straight, sub-parallel profiles (Fig. 8a). The valleys have similar depths to a
broad compilation of tunnel valleys and meltwater channels on other for-
merly glaciatedmargins around the world prepared by Kirkham et al.53, yet
have widths far in excess (up to 12 km compared to amaximumof ~7.5 km
in the Kirkham et al.53 compilation). Those with widths most similar to the
Barents Sea examples are Antarctic channels54, Canadian tunnel valleys55, or
specific tunnel valleys in theNorth Sea56,57. The Barents Sea valleys also have
a specific geometry; they are sub-parallel to each other with crosscutting
relationships not observed, which differs frommany other reported tunnel
valleys and meltwater channels (e.g., Kirkham et al.53). However, tunnel
valleys with similar geometries have been identified offshore Nova Scotia58

and in Northern Germany59, with depths extending to >400m below

present sea level and widths of 2–3 km in average for the valleys offshore
Nova Scotia58. Similar to the infill of the tunnel valleys in our study, the
sediment infills of the valleys identified in Nova Scotia have chaotic and
transparent to reflection-free seismic facies58.

In addition, geometries (elongated and sub-parallel landforms) and
erosion into underlying bedrock are similar to tunnel valleys forming the
New York Finger Lakes, which were subglacially cut into undeformed
Devonian sedimentary bedrock, mainly consisting of shale60. Thus, the
valleys identified in our study area are wider than most tunnel valleys
identified on Earth and are sub-parallel to each other (crosscutting rela-
tionships are not observed). The geomorphology, geometry, and orientation
of the Early Pleistocene valleys of the Barents Sea also differ from Late
Pleistocene valleys observed in the region61,62 (Fig. 2). The straight extents
and parallel conformity of the valleys are comparable to the grooves within
bundle structures observed on theAntarctic continental shelf, interpreted to
have formed by accumulation and sculpting of basal deformation till under
their parent ice streams63.However, the valley axes showno consistent trend
of deepening in any direction (with undulating thalwegs, Fig. 8b), which is
the definitive characteristic of tunnel valleys.

The valleys identified in this study are associated with turbidites on
the slope and curvilinear grooves on the shelf (outside the valleys),
an observation that is consistent with a subglacial meltwater origin
(Figs. 5d, 7a). We thus interpret them to be tunnel valleys. We argue that
these tunnel valleys were formed by enhanced meltwater discharge below
a grounded, warm-based ice sheet, similar to tunnel valleys documented
from other glaciated shelves57,64–66. As such, the sediments constrained by

Fig. 5 | Evolution of Bear Island Fan in the Pliocene to Early Pleistocene.
Paleoenvironments are shown as 3D chair views with RMS amplitude information
blended over mapped seismic surfaces. a Contourite sedimentation (Pliocene).
b Turbidite sedimentation (2.6 Ma). Black arrows indicate turbidites. c Debrite
sedimentation (2.4 Ma). Black arrows indicate debrites. d Tunnel valley formation
on a prograding shelf edge and downslope sedimentation (1.78 Ma). Black arrows

show tunnel valleys and white arrows show gullies. The grain-size distribution for
the tunnel-valley sedimentation is taken for the time interval 1.78–1.5 Ma.Grain size
plot from the TGS Facies Map Browser is representative of the interval between the
surface shown and the overlying surface. Stratigraphic level of surfaces is shown as
red lines in Fig. 4. Seismic data courtesy of TGS.
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Fig. 6 | Development of the southwestern Barents Sea in the Pliocene and earliest
Quaternary. Structure maps (left) and isopach maps (right) are shown for the
different time periods. Isopach map represents package from the surface shown to
the left to the overlying surface, and numbers on isopach maps represent average
sedimentation rates for that time period. a Pliocene surface dominated by

contouritic sedimentation. Contourites have here a draping geometry forming
contourite sheets, and contourite sedimentation trends are not clearly visible.
b 2.6 Ma surface, characterized by a contourite-turbidite bi-partite system. c 2.4 Ma
surface, characterized by a debrite–turbidite bi-partite system.
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reflections forming R6–R3 on the slope are interpreted as the product of
glacigenic debris flows and meltwater-fed turbidity currents, as also
described by Laberg et al.27. Large volumes of meltwater, the persistency
of focused subglacial meltwater discharge, or the structural control
related to the Senja Ridge could be reasons for the exceptional width of
these tunnel valleys.

Large volumes of glacialmeltwater seem tohave been discharged to the
paleo-slope below an extensive Barents Sea Ice Sheet during at least four
pulses between 1.78 and 0.78Ma, when the Barents Sea was partly a ter-
restrial platform19,20,23,24. The curvilinear grooves at the transition between
tunnel valleys and shelf break are interpreted as iceberg ploughmarks
(Fig. 8d, e), indicating a transition from channelized subglacial meltwater
discharge in tunnel valleys into ice mass loss via iceberg calving. This
interpretation is supported by the geometries of ploughmarks identified
both at the seafloor and at paleo-surfaces of the SW Barents Sea67,68. This
study highlights that subglacial-valley sediment supply to the Bear Island
Fan has existed after the Early Pleistocene (~1.78Ma), with at least four
shelf-edge glaciationsoccurring from1.78 to0.78Ma.Meltwatermighthave
actively been discharging beneath a larger, warm-based, potentially

streaming grounded ice sheet, as indicated by lineations in the terrains
outside the valleys. The 500–2000m wide ridges inside the valleys are
interpreted as eskers, a landform also identified in tunnel valleys of the
North Sea66 (Supplementary Fig. 2).However, the eskers of this study donot
show the winding-ridge geomorphology typical for many eskers66. Severe
and extensive glaciations on the continents surrounding the Norwegian-
Greenland Sea from ⁓1.78Ma have been proposed based on far-field
evidence such as ice-rafted debris69 and the claymineralogy41. The timing of
these extensive glaciations is in agreement with the full establishment of
glacial-interglacial cycles by ~1.8Ma at Lake El’gygytgyn in the Russian
Arctic70.

Increased meltwater discharge related to stronger seasonality in the
Early Pleistocene could have contributed to the pronounced shape of these
tunnel valleys. The ages of the reflections defining these tunnel valleys
correlate with the three most pronounced super-interglacials70, with R5
correlating with MIS49 and MIS55, and R4 correlating with MIS31. This
observation strengthens our suggestion that these tunnel valleys have
formed by over-pressurized subglacial meltwater and that they indicate
massive ice sheet collapses of the Barents Sea Ice Sheet. Such conclusions

Fig. 7 | Development of the southwestern Barents Sea from 1.8 Ma to the Late
Quaternary. Structure maps (left) and isopach maps (right) are shown for the
different time periods. Isopach map represents package from the surface shown to
the left to the overlying surface, and numbers on isopach maps represent average

sedimentation rates for that time period. a R6 surface (1.78Ma) with tunnel valley
infill on the shelf and downslope deposition on the slope. v: tunnel valleys expressed
on R6 surface. b IntG surface, characterized by streamlined landforms on the shelf
and down-slope-dominated sedimentation on the slope.
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have also been drawn for the Laurentide Ice Sheet58,60. The tunnel valleys are
all of Early Pleistocene age and thus all formed during the 41-kyr climate
cycles. Due to sparse sediment preservation from the time period
2.7–1.78Maon the shelf, we cannot exclude that these valleys formed earlier
during 41-kyr cycles, however, we see no evidence to support tunnel-valley
formation in this earlier time period.

Glacial lineations and glacigenic debris flows after the mid-
Pleistocene transition (<0.78Ma)
The paleogeography of the study area changes from a slope-dominated
area at the beginning of the Pleistocene into a shelf-dominated area from
<0.78 Ma (Figs. 6, 7), presumably as a result of shelf progradation due to
extensive glaciations. The sediments above the valleys (above R3,
<0.78 Ma) mainly consist of subglacial till accumulated at an estimated
rate of 0.1–1.5 m/kyr (Fig. 7b). We observe glacial lineations along sur-
faces characterized by horizontal high-amplitude seismic reflections
(Fig. 2). Glacigenic debris flows are deposited on the paleo-slope with
rates of 0.4–2.1 m/kyr (rate fromwell; Fig. 2). Subglacial valleys, however,
are not identified until horizon IntA (Figs. 2, 9), which most likely
represent tunnel valleys formed during theWeichselian glaciation. These
Late Pleistocene tunnel valleys have smaller widths and are less elongated
compared to the Early Pleistocene tunnel valleys. In contrast, there is no
evidence for large subglacial meltwater discharges in units above R3, the
mid-Pleistocene transition. Thus, we suggest a Barents Sea ice sheet
with less abundant channelized subglacial meltwater following the
mid-Pleistocene transition. Such a change in thermal regime has also
been suggested for GIII (<0.2 Ma) in a previous study27. The reported

observation frommeltwater-driven subglacial conditions before themid-
Pleistocene transition into a subglacial regime with lower meltwater
contribution shows that the transition includes major ice dynamical and
climatic changes. At Lake El’gygytgyn, more than 17 super-interglacials
were identified in the 41-kyr world, compared to only 2 of these super-
interglacials in the 100-kyr world70.

Formation of the largest glacial fan on Earth
Seismic interpretation shows changes in landform assemblages and sedi-
mentation patterns both along the SWBarents Sea shelf and on the slope of
the proximal Bear Island Fan over the Pliocene–Pleistocene (Fig. 5). Sandy
contourites from the NE Atlantic current were deposited on the slopes
offshore the southwestern Barents Sea prior to trough-mouth-fan growth,
which started building out fromglacialmeltwater-sourced flows at the onset
of theQuaternary (⁓2.6Ma). Strongoceancurrentsmayhave redistributed
the fine-grained sediments delivered by the turbidites originating from the
paleo-shelf break at the Plio-Pleistocene transition, resulting in an exclu-
sively sandy sediment record for that period.

Sediment supply to the Bear Island Fan is controlled by tectonic pro-
cesses throughout the Neogene, and climatic developments in the Plio-
Pleistocene. The supply to the shelf strongly increased at the onset of the
Quaternary, as a result of glacial intensificationand ice-sheet build-up.From
2.6 to 2.4Ma, a contourite–turbidite system formed the base of the Bear
IslandFan (Fig. 10a). In this bi-partite system, sedimentation rates increased
to 1.5m/kyr on the uppermost slope to 0.7 m/kyr downslope within the
study area. The enhanced supply of mud-dominated sediments in the
Early Pleistocene likely resulted in the drowning of contourite deposits by

Fig. 8 | Seismic geomorphology of tunnel valleys, mega-scale glacial lineations,
and iceberg ploughmarks of the study area. a Structuremap of seismic horizon R6.
Shelf is dominated by large valleys, lineations, and grooves, whereas gullies are
identified on the uppermost slope. b Slope profiles along three tunnel valleys.
Numbers on x-axes are in km, on y-axes in m. Profile locations are shown in (a).

c Structure map with 3D view into the shelf–slope transition of reflection R6 with
maximumwidths of the six tunnel valleys. d Structuremap showing themorphology
of tunnel valleys, grooves, and lineations. e Profiles of lineations, grooves, and ridges
within valleys. Numbers on x-axes are in km, on y-axes in m. Profile locations are
shown in (d).
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downslope input and the formation of the largest trough mouth fan on
Earth. Meltwater for the Early Pleistocene turbidites might have been
delivered by a shelf-edge glaciation or, more likely, by glacio-fluvial erosion
during relative sea-level lowstands, as documented by proglacial river sys-
tems in the SW Barents Sea71. Braided rivers dischargingmountain ice caps
could have discharged exceptionally large volumes of meltwater to the
slopes of the Bear Island Fan and triggered turbidity currents. Muddy gla-
cigenic debris flows, accumulating with rates of 0.8 m/kyr, overlie the sandy
deposits of the contourite–turbidite system. We suggest that grounded ice-
streams extended to the shelf break from 2.4Ma onwards, and provided
icebergs, enhanced quantities of subglacial debris, and large volumes of
glacial meltwater (Fig. 10b; Supplementary Fig. 2). A weakening of the
contour current and the enhanced sedimentation related to the shelf-edge
glaciation resulted in the absence of contouritic deposition. Weakening of
contour current systems during glaciations has also been reported further
south along the NE Atlantic margin11.

Subglacial valleys formed in the Early Pleistocene (1.78–0.78Ma),
and acted as focused sediment-routing and freshwater-discharge systems
to the Bear Island Fan (Fig. 10c), with likely source areas across mainland
Arctic Norway (Northern Fennoscandia). These tunnel valleys formed
exclusively to the east of the Senja Ridge basement high in the study
area, where weaker Paleogene and Neogene sediments were presumably
more easily eroded. Therefore, this study also highlights the role of
subsurface geology in subglacial valley formation. A shift from along-

slope to down-slope sedimentation resulted in a change in sediment
provenance. Thus, the mid-Pleistocene transition was associated with a
shift in sediment source, reflecting changes in ice-sheet geometry con-
sistent with increasing ice volumes across the central Barents Sea from
the Early to the Middle Pleistocene.

Channels related to the Weichselian glaciation have been reported on
continental slopes along the Norwegian margin18,34,72. Similarly, the gullies
on the Bear Island Fan in the Early Pleistocene could indicate a warm-based
Barents Sea Ice Sheet until 0.78Ma, with large volumes of glacial meltwater
discharged to the slope. On the shelf, tunnel valleys, iceberg ploughmarks,
and mega-scale glacial lineations have been identified in the period
from 1.78 to 0.78Ma (Figs. 7a, 9), with glacial lineations also reported by
Harishidayat et al.25. We thus suggest that meltwater contribution to the
Bear Island Fan was a more dominant process before the mid-Pleistocene
transition.

The deposits of glacigenic debris flows dominate the post-0.78Ma
stratigraphy and likely document a transition into an ice sheet with less
channelized meltwater related to the mid-Pleistocene transition (Fig. 10d).
The tunnel valleys, observed from 1.78 to 0.78Ma, are predominantly
formed during the obliquity-dominated 41-kyr cycles, before the mid-
Pleistocene transition. For the full-glacial conditions during the precession-
and eccentricity-dominated cycles, downslope sediment transfer as glaci-
genic debris flows from more extensive shelf-edge glaciations overtook
meltwater delivery (Fig. 9).

Fig. 9 | Correlation between seismic stratigraphy, seismic geomorphology, and
climatic development. aMagnetostratigraphy for Pliocene and Pleistocene.
b Oxygen isotope curve for the Plio-Pleistocene84. c Landforms mapped out in
different stratigraphic levels of this study. R1–R7 reflections as marker horizons.

d 3D view into Quaternary stratigraphy of the Bear Island Fan with Base Quaternary
surface (2.6 Ma reflection). Con: Contourite, Int: Intraglacial. MPT:mid-Pleistocene
transition. Seismic data courtesy of TGS.
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The mid-Pleistocene transition in other glacial fans
This study shows that the mid-Pleistocene transition left a distinct signal in
the Arctic Bear Island Fan (71–73°N). In the mid-latitude North Sea Fan
(67–69°N) located along the same margin, this transition is less distinctive:
Here, Early Pleistocene sedimentation is dominated by contourite and
debrite sedimentation, and switched into turbidite-, debrite-, andmegaslide
sedimentation in the Late Pleistocene12,73,74. The North Atlantic current
deposited contourites likely throughout the Early Pleistocene in the North
Sea Fan area, whereas the contouritic sedimentation of this ocean current
was weakened in the very Early Pleistocene in the Bear Island Fan. The
downslope sediment input to the North Sea Fanmainly originates from the
NorthernNorth Sea, an area characterizedbymultiple generations of tunnel
valleys. These valleys formed during the Elsterian, Saalian, andWeichselian
glaciations, with no valleys documented from the Early Pleistocene53,57,66.
This might reflect a different glaciological configuration, with Early-
Pleistocene ice sheets in the North Sea not being developed to the shelf edge
compared to the ice sheets on the high-latitude shelves. However, Early
Pleistocene meltwater channels are documented in several studies of the
southwestern Barents Sea52,71, which is consistent with more extensive gla-
ciations in this region.

For the Lancaster Sound trough mouth fan in the NW Baffin Bay,
preglacial slope sedimentation and slope aggradation related to ice
streaming characterize the Early Pleistocene75. The sedimentation swit-
ched intomajor ice streams supplying larger glacigenic debris flows in the

Middle and Late Pleistocene75, an observation that is similar to glacigenic
debris flows as the dominating sediment process in the Bear Island Fan.
Sediments of the eastern Prydz Bay and the Prydz Fan in Eastern Ant-
arctica record major Pliocene–Pleistocene expansions and retreats of the
Lambert Glacier-Amery ice shelf system prior to 0.78 Ma, with repeated
advances and retreats to the shelf break76. The groundling line of the
Lambert Glacier did, however, not extend to the shelf break after
0.78 Ma76, which is different from the extensive shelf-edge glaciations in
the Middle and Late Pleistocene of the SW Barents Sea. Interestingly,
studies on deep-ocean foraminiferal oxygen isotopic ratios suggest that
the mid-Pleistocene transition was initiated by an abrupt increase of
Antarctic ice volume around 0.9 Ma ago77, which is a similarity between
the Antarctic Ice Sheet and the Barents-Svalbard Ice Sheet. A transition
similar to Prydz Bay has also been observed in five other key sectors of
East and West Antarctica and has been suggested to represent a change
from polythermal to present polar cold, dry-based conditions78. How-
ever, that change dates to the Late Pliocene (ca. 3 Ma), which is con-
sidered an antecedent of the Arctic counterpart78.

Implications for ice-sheet evolution and paleogeographic
reconstruction
The paleoenvironments of theArctic SWBarents Sea underwent twomajor
transitions in the Pleistocene. Firstly, the transition from the Pliocene into
the Pleistocene resulted in dynamic and complex changes in the

Fig. 10 | Schematic model of lateral ice extension
in the Barents Sea region (modified from Alex-
andropoulou et al.30 and Knies et al.41). a Braided
rivers feeding the Bear Island Fan with large quan-
tities of meltwater and sediments. The Barents Sea
was a terrestrial platform at that time, with growing
Svalbard-Barents Sea Ice Sheet (SBIS) and Fennos-
candian Ice Sheet (FIS). Sandy turbidites on the fan.
b First shelf-edge glaciation at ⁓2.4 Ma. Muddy
debris flows on the fan. c 1.78–0.78Ma: Tunnel
valleys (TVs) and mega-scale glacial lineations
(MSGLs) identified on the shelf. Gullies and muddy
debris flows dominate the slope sedimentation.
dMiddle and Late Pleistocene: Polar conditionswith
MSGLs on the shelf, and muddy debris flows on the
slope. No large amount of glacial meltwater. Sedi-
mentation on fan predominantly sandy (golden), or
predominantly muddy (green). BRIS: Bjørnøyrenna
Ice Stream, IDIS: Ingøydjupet Ice Stream.
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paleogeographic setting from a terrestrial platform in the Pliocene into a
fully glaciated shelf by ~2.4Ma. Secondly, the mid-Pleistocene transition
was associated with a shift from stacked subglacial tunnel valleys with high
meltwater deliverypredating the transition to stackedglacigenicdebrisflows
without valleys and, therefore, lower meltwater delivery to the Bear Island
Fan postdating the transition.

High-latitude trough mouth fans are often dominated by low-water-
content glacigenic debris flows79. In contrast, meltwater turbidites are more
commonly documented from mid-latitude fans13,18,38,45,80, and the relative
importance of meltwater appears greater at lower than at higher latitudes81.
Here, we show that the meltwater signal at high-latitude Bear Island Fan in
the Early Pleistocene (41-kyr world) was comparable to the meltwater
discharge in Late Pleistocene mid-latitude trough mouth fans. Meltwater
input is thus important for both mid-latitude and high-latitude trough
mouth fans.

In addition to changes in the slope sedimentation, there are new
findings in themode of sediment delivery along the continental shelves.Our
interpretations show that tunnel valleys formed in the Arctic in the Early
Pleistocene (41-kyr world), while these valleys predominantly occur in the
Middle andLate Pleistocene atmid-latitude shelves (100-kyrworld), such as
the North Sea and the Baltic Sea57,66. For the Barents Sea, the shift intomore
polar ice conditions with little meltwater production occurred sometime
around the mid-Pleistocene transition. The formation of the Early Pleis-
tocene tunnel valleys in the SW Barents Sea can likely be associated with
outburst floods, which is one of the dominant formation mechanisms for
such valleys66. In addition, we show that tunnel valleys do not exclusively
occur in central parts of glaciated shelves57,64,65, but that they can also be
located close to (paleo-)shelf edges.

Spatio-temporal evolution of the SW Barents Sea: comparison
with previous studies
Wedocument an extensiveEarlyPleistocene shelf-edge glaciation in the SW
Barents Sea as early as 2.4Ma. These conclusions are drawn based on high-
quality 3D seismic data from the shelf edge and borehole data, allowing
integrated interpretation of buried geomorphologies such as glacigenic
debris flows, meltwater turbidites, and tunnel valleys that could previously
not been imagedat all or not in that detail. By integrated interpretationof the
seismic and sedimentary records of this Arctic margin, we provide new
observation models for the Early and Middle Pleistocene glaciations and
conclude that the large glaciations in the Barents Sea occurred earlier than
most studies previously reported.

Our suggested age of the first shelf-edge glaciation is in line with the
results of Harishidayat et al.25, who propose such an ice-sheet configuration
at around 2.58Ma based on the first appearance of mega-scale glacial
lineations in lower-resolution 3D seismic reflection data. In the glacial
model ofKnies et al.41, themountainous regionsof theBarents Sea regionare
covered by ice masses from 3.6 to 2.4Ma with glacio-fluvial drainage as the
main sediment transport mechanism, which fits well with our suggestions
for that time period. A continental slope with sediment predominantly
deposited from meltwater overflows and underflows during the late
Pliocene-Early Pleistocene is also suggested by Laberg et al.27 and correlates
with the sandy turbidites identified until 2.4Ma in our study. All this evi-
dence supports our interpretation for a shelf-edge glaciation at ca. 2.4Ma.

Glacial expansion across Svalbard between 2.7 and 2.58Ma, recorded
by glacigenic debris-flows deposits in the Sjubrebanken trough mouth fan
(Fig. 1a), is suggested in a recent study30. That study suggest a glacial
intensification for the whole Barents Sea-Svalbard region at around 1.5Ma,
while we here show that extensive shelf-edge glaciations have occurred
already at 2.4Ma in the SW Barents Sea.

The transitional growth phase of the Barents Sea Ice Sheet from 2.4 to
1.0Ma41 correlates with shelf-edge glaciations and subglacial channels
documented in our study, andwe show that the Early Pleistocene glaciations
were associated with abundant subglacial meltwater that was discharged in
major tunnel valleys. However, Knies et al.41 document repeated advances to
the shelf edge after 1Ma, whereas we see evidence for fully developed ice

sheets delivering sediment to the shelf edge already from2.4Ma.Andreassen
et al.33 defined the first documented shelf-edge glaciation around 1.5Ma
based on channelized meltwater discharge on the slopes and glacigenic
debris flows, whereas we observe meltwater-discharge channels using high-
quality 3D seismic data already in the beginning of the Pleistocene. The
glacial intensification for the whole Barents Sea-Svalbard region suggested
fromaround1.7 to 1.5Ma30,47,48 correlateswith the tunnel valleys observed in
our study. A time-transgressive development of the Barents Sea/Svalbard Ice
Sheet was suggested based on the onset and growth of troughmouth fans on
the north-western Barents Sea margin (Isfjorden fan, Bellsund fan, Horn-
sund fan, Storfjorden fan; Fig. 1a) at around 1.3Ma82. In that study, 1.3Ma
indicates the change from not fully developed ice streams within the glacial
troughs into fully developed ice streams feeding the glacial fans82.

At a similar paleogeographic location, Sættem et al.52 observed channel
infill in the lower part of a Pleistocene succession that could possibly consist
of glacio-fluvial gravelly sand intercalated with subglacial till (Fig. 1a;
borehole 7316/06-U-01). These channels could indicate grounded ice to the
shelf break, andmay have formed at themargin of a Late Pliocene ice cap or
ice sheet covering large parts of the Barents Sea area52. The location close to
the shelf edge, and channel widths of 2–10 km and depths of ca. 150m are
comparable with the tunnel valleys observed farther south in this study.
Therefore, tunnel valleys could have been formed in the Early Pleistocene
along the complete shelf of the SW Barents Sea.

In agreement with other studies, our results indicate full glaciations
following the mid-Pleistocene transition, characterized by colder periods
with lessmeltwaterproduction in the last 0.7Maanda switch into glacigenic
debrisflows27,33,41. The surfaces of the Late Pleistocene aremainly dominated
by mega-scale glacial lineations (Fig. 7b).

Methods
Seismic data
We use 5754 km2 of high-quality, industry-standard processed 3D seismic
reflection data of the Bear Island Fan region in the SW Barents Sea to
establish the stratigraphy andgeological processes forming the largest glacial
fan on Earth from Neogene to present-day, with a focus on the Early
Pleistocene. The 3Dmulti-client seismic data (cube called Carlsen 3D) were
acquired in 2017 with a triple source (flip/flop/flap; airgun volumes of 2965
in3) and a shot point interval of 12.5 m. The acquisition consisted of twelve,
8100m long streamers with 75m separation. The data was high-quality
seismic processed by TGS using Clari-FiTM broadband technology. The
data have a vertical resolution of ~2m in the near subsurface, and a bin size
of 20m (processing output grid of 12.5m × 12.5m). The acquisition
included ties to four borehole locations (7216-11-1S, 7117/9-1, 7117/9-2,
and 7218/11-1). Interpreted horizons are not available for free since this is a
commercial survey which has to be licensed.

Seismic interpretation
Seven seismic horizons have been picked with an inline spacing of 200m,
followed by gridding to 12m, seismic horizon attribute extraction, and
seismic geomorphological interpretation. In particular, the root mean
square (RMS) amplitude attribute resulted in enhanced geomorphological
visualization (Supplementary Fig. 2). Isopachmaps were generated to study
sediment transport and deposition. P-wave velocities of 1500m/swere used
for time-to-depth conversion of the water column, and P-wave velocities of
2000m/s for time-to-depth conversion of the Neogene and Quaternary
stratigraphy. The dataset has American polarity, and in the illustrations in
this paper, reflections causedby an increase in acoustic impedance (positive-
amplitude reflections), are shown as black in profiles, while reflections
causedby adecrease in acoustic impedance (negative-amplitude reflections)
are shown as white. This means that the hard seabed is shown in black,
whereas the soft beds are shown inwhite.Horizons interpreted site-wide are
Middle Eocene, Base Pleistocene (R7), 2.6 Ma, 2.4Ma, R6, IntraG (Intra-
glacial G), and Seabed (Figs. 3, 4). The age of the two early Quaternary
reflections, 2.6 and 2.4Ma reflections, was calculated assuming a constant
sedimentation rate on the paleo-slope for the sequence of R7 (2.7Ma) to R6
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(1.78Ma). The chronostratigraphic information from Alexandropoulou
et al.30 is tied to the four exploration boreholes and seismic horizons located
within the 3Dseismic cube (7216-11-1S, 7117/9-1, 7117/9-2, and7218/11-1;
Fig. 3). IntA (Intraglacial A), and R1–R5 are horizons shown in seismic
profiles of the publication. The sedimentation rates are estimated based on
the thickness maps created by the high-quality 3D seismic data.

Chronostratigraphy
We follow the subdivision of the glacigenic Quaternary interval in three
units GI toGIII/TeC-TeE byVorren et al.22 and Faleide et al.29. The regional
horizon R7 marks the base of the subunit GI and therefore the base of the
Quaternary deposits22,29,83. The stratigraphy of the Pleistocene in the
southwestern Barents Sea is defined by seven key horizons (R1–R729,30).
Regional correlation gives ages of 0.2Ma for R1, 0.42Ma for R2, 0.78Ma for
R3, 0.99Ma for R4, 1.5Ma for R5, 1.78Ma for R6, and 2.7Ma for R730. The
chronostratigraphic information is not taken from the four boreholes of this
study, but taken from seismic surfaces covering the study area30. Uncer-
tainties related to the establishment of the chronology of these seven
reflections are discussed in that study30.

Well information
The lithologies of borehole 7216-11-1S are basedon analysis of core cuttings
as processed and shownwithin theTGSFaciesMapBrowser, whichuses the
input of the lithology log from the Norsk Hydro report42. In addition, there
are no cuttings available from the uppermost stratigraphy; core cuttings
stratigraphically-higher than reflection R2, and thus younger than 0.42Ma,
do not exist in the report (see gap in Fig. 4).

Sedimentation rates are averages for thedifferent sedimentarydeposits,
and calculated by dividing the thickness of the sequences by their chron-
ostratigraphic age difference. Sequences of downslope deposits, such as
debrites and turbidites, are packages consisting of stacked individual events,
and deposited episodically. In order to compare the different sediment
packages, averages have also been calculated for the deposits of these epi-
sodic events using the key reflections of the chronostratigraphy of a recent
publication30.

Data availability
The 3D multiclient seismic data (Carlsen3D) were acquired in 2017 under
license from theNorwegianAuthorities. The datawere provided courtesy of
TGS., and the availability is regulated by the licensing terms. Borehole data
are available from www.sodir.no42.
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