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Paleobathymetric reconstructions of the SW
Barents Seaway and their implications for
Atlantic-Arctic ocean circulation
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Unravelling past, large-scale ocean circulation patterns is crucial for deciphering the long-
term global paleoclimate. Here we apply numerical modelling to reconstruct the detailed
paleobathymetry-topography of the southwestern inlet of the Barents Seaway that presently
connects the Atlantic and Arctic oceans. Subaerial topography was likely enough to block
Atlantic Water from entering the Barents Seaway in the earliest Eocene (c. 55 Ma). The water
may have entered in the middle Eocene (c. 47 Ma) as observed from major basin subsidence,
but paleotopographic highs to the east may have hindered connections between the two
oceans. From the Oligocene (c. 33 Ma) until the onset of the Quaternary (c. 2.7 Ma), basin
shallowing and regional shelf uplift blocked Atlantic Water from entering the Barents Seaway.
Our results imply that the Fram Strait remained the sole gateway for Atlantic Water into the
Arctic Ocean since its opening in the Miocene until the Quaternary.
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cean gateways and seaways play a major role as conduits

that connect oceans and link their circulation. While

gateways are likely related to opening of an ocean due to
plate separation and therefore, are formed on oceanic crust (e.g.,
Fram Strait Gateway, Southern Ocean Gateways), the term
“seaways” can be used more loosely to describe newly formed sea
connections that often form on a continental crust (e.g., Barents
Seaway). Seaways are also commonly used to describe a closure of
two previously connected oceans (e.g., Tethys Seaway, Central
American Seaway)! and are generally wider and shallower than
straits/gateways (e.g., Bering Strait, Nares Strait, Fig. 1a)?.

Ocean circulation is particularly important for Arctic climate
as heat and moisture are distributed from lower to higher lati-
tudes by the circulation of water masses>%. At present, the North
Atlantic and Arctic oceans are linked through the Fram Strait
Gateway (Fig. 1a)°, and via the Barents Sea shelf (i.e., the Barents
Seaway), which presently accounts for ~50% of the inflow of
Atlantic Water into the Arctic Ocean® (Fig. 1a). So far, work has
largely focused on the evolution of the Fram Strait’*7-11, and
very little is presently known on the Barents Seaway and its
evolution, including its configuration since the Eocene (starting at
¢. 55Ma) and through the repeated glaciations of the Quaternary
(c. 2.7 Ma). This knowledge gap is, at least partly, due to com-
plexities involved in restoring glacial and pre-glacial paleo-
bathymetry-topography on the glaciated Barents Sea margin.
These complexities result from the intricate relationship of
erosion—deposition (i.e., uncertainties in estimating the thickness
of missing strata on the shelf and their time of erosion), the
timing and effects of loading-unloading of sediments that
resulted in flexural isostatic adjustment, and the complex rifting-
related processes on this passive margin, see review by Lasabuda
et al.12 (Fig. 1b).

Prior to the formation of the present-day Barents Seaway,
early-mid Cenozoic tectonism caused oblique extension in the
study area and finally it became a sheared margin after breakup.
These events created overall rifting of sedimentary basins in the
SW Barents Sea and stretching of the lithosphere. These effects
are suggested to be laterally variable across the continental
margin (i.e., spatial variation of beta factor/stretching), due to the
variability of bedrock composition in the basins and highs in this
areal®14. The cessation of rifting activity and cooling of the
asthenosphere and the lithosphere caused thermal subsidence, the
timing and effects of which must be accounted for to reconstruct
the paleobathymetry-topography of the Barents Seaway area.
Furthermore, unloading of sediments due to erosion by shallow
marine, coastal, fluvial and glacial processes have influenced the
paleobathymetry-topography of the shelf through flexural iso-
static adjustment of the underlying lithosphere!>~17 (Fig. 2a).
Finally, sea-level variation throughout the Cenozoic might affect
the reconstructed paleobathymetry-topography!8:19, although this
aspect may be of minor importance if the wider Barents Seaway is
considered (see below).

Structural elements of the SW Barents Sea continental shelf
consist of basins, highs/ridges and platforms as a result of
Palaeozoic—early Cenozoic tectonic episodes, while the present-
day bathymetry is characterized by major troughs and banks,
shaped by glacial activity during the Quaternary (Fig. 2a, b). The
paleogeographic (i.e., paleobathymetric-topographic) evolution
of the Barents Shelf has mainly been reconstructed based on
geomorphologic analysis using seismic reflection profiles and
lithologic information from well data. Such reconstructions
include the Paleocene-Eocene period of SW Barents Seal420:21
and the broader circum-Arctic?>23, whose reconstructions were
possible using the relatively widespread distribution of
Paleocene-Eocene sediments. However, there is still a high
uncertainty in reconstructing bathymetry of the succeeding time

interval (i.e., Oligocene-Miocene) based on solely subsurface data
as these sediments are spatially limited. Previous paleobathy-
metric reconstructions for the Eocene-Quaternary are mostly
more regional and of low resolution:31>-17:24 (Table 1). Thus, a
detailed, high-resolution Eocene-Quaternary paleobathymetric
reconstruction is lacking for the SW Barents Sea, an important
area as it today acts as a shallow-water seaway for a considerable
volume of Atlantic Water to enter the Arctic Ocean that has
implications for thermohaline circulation including ocean tem-
peratures and sea-ice cover2.

Prior to the early Cenozoic breakup separating Eurasian and
Greenland plates, Cretaceous and earlier rifting events created
deep sedimentary basins in the SW Barents Sea (e.g.,
Servestsnaget, Tromse and Bjerngya basins). The Cenozoic plate
breakup at the Paleocene-Eocene transition (c. 55 Ma) was fol-
lowed by seafloor spreading in the Norwegian-Greenland Sea.
This major event affected vast areas along the western Barents Sea
continental margin and resulted in a series of rotated fault blocks
that affected Paleocene to mid-upper Eocene strata (Fig. 3a). This
Cenozoic breakup was part of a broader Eurekan deformation26
involving Svalbard, NE Greenland and the Ellesmere Island in
Arctic Canada.

In the Oligocene (c. 33Ma), a major plate reorganization
occurred where the Greenland plate moved northwestward together
with North America. The Barents Shelf is generally considered to
have been tectonically stable in this period, except locally in the
Vestbakken Volcanic Province where rifting extended to the
Oligocene!3. Oligocene-Miocene strata are rather thin and restric-
ted throughout the study area (Fig. 3a). In the Miocene, opening of
the Fram Strait Gateway occurred, allowing for a ventilated Arctic
Ocean (as today) from around 17 Ma*!0 that resulted in ocean
circulation between NE Atlantic and Arctic oceans as evidenced
from contourite sediment accumulations along the margins of the
Barents Shelf?”:?8 and other nearby areas?%30.

The Quaternary marks the onset of major shelf-wide, ice-sheet
glaciations in the Eurasian Arctic, including across the Barents
Sea shelf. This glacial activity was responsible for major erosion of
the shelf and the accumulation of eroded sediments along the
western and northern continental margins of the Barents Sea,
such as the Bjorneya Trough Mouth Fan (TMF)31-35. The
thickness of the Bjorngya TMF today is up to 3.5 km, containing
a total volume of up to 464,000 km336-41,

Unloading of sediments from the shelf resulted in the uplift of
sedimentary basins to the extent of affecting hydrocarbon reser-
voir properties and leakage*? and hydrate-related fluid flow*3
(Fig. 3b). The net erosion is estimated to have varied across
structural elements in Barents Shelf and temporally throughout
the Cenozoic!»1417:3944-49 T the western basins, net average
glacial erosion is estimated to be 0-1500 m with differential
erosion associated to troughs (c. 1000 m) and banks (c. 500 m)¥7.
For the Miocene (pre-glacial), it has been suggested that the
average erosion was markedly lower, c. 250 m concentrated in the
area of Hammerfest Basin and up to c. 450 m on structural highs,
such as Stappen High and Loppa High (these highs were not part
of the modelling presented here)!4.

This study focuses on the SW Barents Sea continental margin
(Fig. 2b), part of the Norwegian Arctic where Atlantic Water masses
currently split in two directions: one continuing northwards along
the continental slope, and the other entering shelf areas (i.e., the
southern inlet of the Barents Seaway). Our approach utilizes a 3D
‘backstripping’ technique®®>!, which sequentially restores each
sedimentary layer in a time-transgressive manner. We use the 3D
MOVE numerical modelling software, in which parameters account
for lithosphere thickness®>°3, a beta factor for crustal stretching>4>>
as well as glacial erosion and sediment properties!43237 (Fig, 2c, d).
Thus, the aims of this paper are: (i) to model the paleobathymetry-
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Fig. 1 The circum-Arctic and a conceptual cross-section of its continental margins. a Present-day bathymetry and topography of the Arctic derived from
GEBCO® database (modified from Jakobsson et al.#). Black arrows show the present-day, simplified ocean circulation. Dashed arrows show the Pacific
Water influx through the Bering Strait (BS). Red rectangle represents the location of study area and Fig. 2. FS Fram Strait; NS: Nares Strait. b Schematic

figure showing key factors that may influence the evolution of glaciated continental margins.
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Bjgrngya
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Fig. 2 The study area overlain by different characteristics and parameters. a Present-day seafloor morphology showing troughs (with ice stream
flowlines) and banks in the SW Barents Sea. Dashed line represents the “hinge line” marking the boundary between net glacial erosion to the east and
deposition to the west. b Major faults and structural elements in the SW Barents Sea (adapted from the Norwegian Petroleum Directorate), consisting of a
series of highs and basins. Hatched areas represent the structural highs. Location of the representative seismic line in Fig. 3a (shown in orange) and well
data (in yellow) is shown. The green rectangle represents the location of the 3D seismic data. White dashed line is the extent of seismic data used in this
study (from Lasabuda et al.'4). ¢ Thickness of crystalline crust is adapted from Klitzke et al.>2. d Beta factor map (dimensionless) assuming a crustal
thickness of 25 km prior to the final rift phase leading to breakup at the Palaeocene-Eocene transition (see text for further details). COB: Continent-Ocean
Boundary.
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topography in SW Barents Sea at five periods: the Eocene (c. 55 Ma,
47 Ma), Oligocene (c. 33 Ma), Miocene (c. 20 Ma), and the onset of
the Quaternary (c. 2.7 Ma), (ii) to estimate best-fit parameters
associated with 3D flexural backstripping, reverse thermal sub-
sidence and decompaction process, and (iii) to discuss the impli-
cations of the reconstructed paleobathymetry-topography on the
evolution of large-scale Atlantic-Arctic water circulation.

Results and discussion

Our paleobathymetric and -topographic reconstructions cover
an area where Paleocene to Quaternary strata are present. For
the larger parts of the Barents Sea Paleocene-Miocene/early
Pliocene are largely missing, therefore, our analysis of paleo-
highs and lows for the wider Barents Sea is based on existing
literature.

Early Eocene (55 Ma) reconstruction. The early Eocene paleo-
bathymetry shows a predominantly shallow marine environment
in the Tromse Basin, Harstad Basin, Servestsnaget Basin, Ves-
tbakken Volcanic Province, Hammerfest Basin, and a subaerial
environment in the intrabasinal highs (ie., Senja Ridge and
Veslemoy High) (Fig. 4a). The well 7117/9-2 in Senja Ridge
shows a very thin or severely eroded lower Eocene interval, which
supports our early Eocene reconstruction map (Fig. 4a). Lower
Eocene marine strata (outer neritic—upper bathyal with range
from 100-500 m) based on well 7316/5-1 in Vestbakken Volcanic
Province®®°7 and 7216/11-1S in Servestsnaget Basin20 are in line
with our reconstruction. Our palacogeography which shows
paleo-water depth (PWD) of 400 m at well 7316/5-1 and PWD of
450 m at well 7216/11-1S is also matched by recent basin mod-
elling results®® that show the Vestbakken Volcanic Province as
submarine and large parts of the Tromse Basin as shallow marine
with PWD of 100-400 m. The SW part of the Loppa High and
NW part of Finnmark Platform appear partly subaerial (Fig. 4a),
which is in agreement with seismic analysis by Knutsen and
Vorren®$.

For regional paleogeographical development in the Barents
Seaway in the early Eocene (c. 55Ma), a recent paleo-stress
analysis®® shows that far-field stress may propagate to the
northeastern part of the study area, leading to a development of
paleotopographic highs, including anticlines and domes (e.g.
Storbanken High). Other regional studies and source-to-sink
analyses also suggest a subaerial paleo-Barents Sea to the east!400,

Middle Eocene (47 Ma) reconstruction. The middle Eocene
paleobathymetry shows major rift-related deepening compared to
the early Eocene map. The northern Servestsnaget Basin shows a
gradual depression that created basin accommodation for sedi-
ments to accumulate. Seismic data suggest a clinoform develop-
ment sourced from the nearby Stappen High!4%1. This finding is
supported by muddy and sandy turbidite fans described from
core data at well 7216/11-1S suggesting a deepwater
paleoenvironment®7:°1, A deep marine shale interval at well 7316/
5-1 in Vestbakken Volcanic Province also fits with our recon-
struction that shows a PWD of 1000 m at this well location. Deep
marine conditions (bathyal environment of up to 2000 m, Fig. 3b)
also occurred in Servestsnaget and Tromse Basins which are
matched with our PWD of 800 m at well 7216/11-1S. Meanwhile,
large parts of the Senja Ridge and Veslemey High appear to be
subsided and drowned (PWD of 50-300 m) but still sitting at a
higher level compared to the surrounding basins, while other
parts remain subaerial (paleotopographic of 30 m at well 7117/9-2
in Senja Ridge) (Fig. 4b). This observation agrees well with a
tectonostratigraphic restoration using seismic data for this area0.

For a wider Barents Sea in the middle Eocene (c. 47 Ma), a
source-to-sink study for the Cenozoic stratal4 shows that there
may have been paleotopographic highs to the east and north of
the study area, where sediment progradations have been observed
from seismic data in the Tromse Basin and Servestsnaget Basin.
This palaecogeography is also in agreement with a regional Eocene
map®, which suggest a closed Barents Seaway for the entire
Eocene.

Oligocene (33 Ma) reconstruction. The Oligocene paleobathy-
metry shows a major marine basin shallowing in the
Servestsnaget Basin (two times shallower than in the middle
Eocene) and Vestbakken Volcanic Province (PWD of 400 m at
well 7316/5-1), which largely fits with well data?0->7:62 (Fig. 4c).
The Hammerfest Basin appears to be subaerial (up to 500 m
a.s.l.). However, large parts of the Senja Ridge and Veslemoy High
remain submerged (PWD of 100-300 m) like for the preceding
middle Eocene period. This morphology may be explained by
high erosion of these structural highs to the adjacent basins
during the middle Eocene that resulted in thick middle-upper
Eocene strata based on observation from seismic data (Fig. 3a).
The overall basin shallowing and considerable erosion of exposed
structural highs could be related to major sea-level fall in the
Eocene-Oligocene transition!® and/or an uplift episode due to
major changes in plate movement, which is also observed
regionally in the Barents Sea!2. This uplift is likely associated with
a mantle rise and lithospheric thinning, volcanism and rift-flank
uplift, whose rates are likely higher in areas along the continental
margin!Z.

Our paleobathymetric map suggests an easterly extent of the
Oligocene strata that covered Tromse Basin, Veslemoy High,
parts of Hammerfest Basin and Bjerneya Basin (Fig. 4c). This is
in line with the paleogeographical reconstruction using a mass
balance analysis!# that suggested a paleoenvironment of shallow
marine to shelf in Tromse Basin, Servestsnaget Basin, and a
fluvial to coastal plain paleoenvironment in Hammerfest Basin
and Bjernegya Basin to the east.

Miocene (23 Ma) reconstruction. The Miocene paleobathymetry
shares an overall similar morphology with the Oligocene. The
Tromsg Basin (PWD 200-500 m based on our reconstruction)
and Vestbakken Volcanic Province (PWD of 500 m at well 7316/
5-1) appear to be dominated by shallow marine environments
(Fig. 4d), while the Servestsnaget Basin shows rather deeper
marine (PWD of 900 m at well 7216/11-1S), which is contrary to
the shallow marine well interpretation of Ryseth et al.?0. We
suspect that this part of the Servestsnaget Basin was formed into
slope morphology during this time where contourites are found?8.
The structural highs (e.g., Senja Ridge, part of Veslemoy High,
and part of the western flank of the Loppa High) and the
Hammerfest Basin were predominantly positive features (up to
500 m a.s.L.).

Further to the east and north, this part of the Barents Shelf is
suggested to have been subaerially exposed based on regional
modelling and mass balance analysis®!493, Although some
studies have suggested an open Barents Seaway sometime in the
Miocenel046> we find a mainly subaerial paleo-Barents Sea
based on our sensitivity tests (see below), with all tested
parameters indicating an eastward shallowing trend that led to
a subaerial Barents Shelf. Our reconstruction is also in line with
the available core data® and well data from the Vestbakken
Volcanic Province®? that show shallow marine environments
(0-500 m). The northwestern part of the Barents Shelf (i.e.,
Svalbard) is considered a highland throughout the Miocene!-8:64,
where an initial ice cap is suggested to have formed at c. 14 Ma®8.
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Fig. 3 Stratigraphy from seismic and well data. a Seismic profile showing the sediment fill and structural style in SW Barents Sea (modified from Lasabuda
et al.'). b Eocene to recent lithology and paleoenvironmental interpretation from wells 7216/11-1S and 7316/5-1 based on an updated biostratigraphy
analysis by Eidvin et al.57. Seismic horizons and age estimates tied to well 7216/11-1S are shown. For location of seismic profile, see Fig. 2b.
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a) The onset of Quaternary (c. 2.7 Ma)
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b) Present day
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Fig. 5 Barents Seaway in two different times. a 3D conceptual model of Atlantic-Arctic water circulation at the onset of Quaternary (c. 2.7 Ma). The
reconstruction for the wider Barents Sea to the east follows Butt et al.!>. Minimum-maximum ice sheet extent is based on Knies et al.3°. b Present-day
bathymetry of Barents Sea. Orange arrows represent water current of Atlantic origin. Blue arrows represent water current of Arctic origin.

Quaternary (c. 2.7 Ma) reconstruction. The paleobathymetric—
topographic reconstruction at the onset of Quaternary is relatively
similar to the early Miocene, displaying a predominantly shallow
marine environment (PWD of 600 m at well 7316/5-1), slope
morphology (PWD 900 m at well 7216/11-1S) and a subaerial
topography to the east in the SW Barents Sea area (Fig. 4e).
However, a smoother seafloor morphology is observed in most of
the basinal parts. The shelf-slope transition is still present towards
the west. The subaerial parts are mostly located in Hammerfest
Basin (200-300 m a.s.l) and parts of Loppa High (up to 500 m
a.sl), as well as in basin margin areas.

Seismic mapping studies?®*> indicate a continued influx of
Atlantic Water in the western margin of Barents Sea during this
time. In areas farther east and north, the Barents Shelf is
interpreted as a subaerial lowland based on a source-to-sink
study®®, regional modelling!>?43%67, studies of upper slope
processes>4, and seismic mapping®® (Fig. 5a). However, a shallow
water connection is suggested to exist at the Barents Seaway based
on older data and modelling®8. The shallow marine environments
that existed between highs (ie., paleo-Hammerfest Basin and
paleo-Stappen High) may represent a favourable area for focused
glacial erosion, which led to the development of Bjerneya Trough
where ice streams intensively eroded the substrate during
Quaternary glaciations3437.

Implications for Atlantic-Arctic ocean circulation. There is a
general consensus on the early Miocene opening (c. 17 Ma) of
the Fram Strait®10 although an earlier (Eocene) inflow of
Atlantic Water to the Arctic Ocean is also feasible®. The
estimated timing of the opening of the Barents Seaway however,
varies by millions of years. These discrepancies are mainly
related to the resolution of the model applied (i.e., 100’s m vs
10’s km grid spacing), focus of the study (i.e., local versus
regional Barents Sea or global), and the methods applied (e.g.,
Airy model vs flexural model). For example, although imple-
menting an updated workflow and database, the focus of
modelling by Straume et al.! is on the opening of deep, oceanic

gateways (e.g., Fram Strait) instead of shallow, continental
seaways (e.g., the Barents Seaway). A review of previous work
on the Barents Seaway and its southern inlet (the SW Barents
Sea) is summarized in Table 1. Below, we discuss the implica-
tion for the timing of opening of the Barents Seaway from our
high-resolution model and other more regional studies, and its
implications to the Atlantic—Arctic water circulation.

The Eocene. At the Paleocene-Eocene transition (c. 55 Ma), our
paleotopographic reconstruction appears to hinder water inflow
through the Barents Seaway from the Atlantic. There may have
been a connection between the Arctic and Atlantic Ocean as
indicated by the Azolla event (~49-48 Ma) recorded in the ACEX
drilling and other wells on the NE Atlantic margin’?. However,
these Azolla records appear to be linked to climatic conditions (at
a thermal maximum) rather than an overflow of freshwater from
the Arctic Ocean. This overflow, if it occurred, however, could
not have been through the Fram Strait, which was not open or
even formed yet due to a major compression in the area that
formed the FEurekan-West Spitsbergen fold-thrust belt?6:71.
Therefore, a connection across the eastern Barents Shelf and/or
Turgay Strait’? is here considered most likely.

Subsequent subsidence of the basins and drowning of
structural highs in the middle Eocene (c. 47 Ma) in the SW
Barents Sea may indicate a shallow water passage that allowed
Atlantic Water to enter the Barents Seaway. However, there may
have been paleotopographic highs existing to the east and north
of the study area that blocked the connection between water
masses!4%00 (see discussion above). How deep and wide this
connection eventually was, and to what extent it was involved in
North Atlantic-Arctic water exchange, is not clear from the
present study. An open Barents Seaway was previously postulated
for the entire Eocene using sparse data from mainly
Scandinavia®?, and at c. 40 Ma based on global paleogeographical
modelling’3. However, from a regional mass balance analysis!*
and global paleogeographical modelling!, the Barents Seaway is
suggested to be closed for the entire Eocene.
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Recent ocean circulation and climate modelling’# also indicate
a closing of Barents Seaway and shallow opening of the Fram
Strait at the end of Eocene, which contributed to global cooling
(see below). Thus, we support a closed Barents Seaway during the
entire Eocene®, although, based on our results alone, we cannot
exclude the interpretation of an open, “proto” Barents Seaway
during the middle Eocene (possibly linked to the Turgay Strait),
followed by a gradual closing of this seaway during the late
Eocene and full closure in the Oligocene. More detailed timesteps
are clearly needed to reveal the exact development scenarios of
the Barents Seaway during this time interval.

The Oligocene. Our reconstruction for the earliest Oligocene (c.
33 Ma) shows paleotopography that may have formed a barrier
for Atlantic Water passing through the Barents Seaway. A closed
Barents Seaway is also supported by a recent study based on a
regional mass balance analysis'4 and a global paleogeographical
modelling!. The implication of a closed Barents Seaway and Fram
Strait4, or at least a very shallow and narrow Fram Strait!1? and
thus, an isolated Arctic Ocean has been discussed by Hutchinson
et al.37>, who linked these configurations to major warming of
the North Atlantic Ocean and cooling of the North Pacific at the
Eocene-Oligocene Transition (EOT). These temperature changes
can be explained by Atlantic meridional overturning circulation
due to a lack of freshwater inflow from the Arctic, ie., a closed
Barents Seaway>. At the global scale, these events may have
lowered global CO, levels that led to the development of an
Antarctic ice sheet in the Oligocene”.

The Miocene. Our paleobathymetric map (c. 23 Ma) shows an
overall eastward shallowing trend, incorporating a deep-marine
area to the west and a subaerial landscape to the east. Conse-
quently, sediments are inferred to have been transported from
eastern and northern source areas toward shallow marine and to
deeper marine to the west and southwest in the Barents Sea area.
Our Miocene reconstruction is in line with the regional sediment
transport pattern and processes based on seismic mapping!47°.
Furthermore, well data from 7216/11-1S and 7316/5-1 (on the
paleo-slope) show predominantly muddy contouritic strata for
the Miocene interval, while 7316/06-U-01 further east (paleo-
shelf) includes a sandstone interval of early Miocene age>”-%6. The
dominance of muddy contourites on the slope implies little run-
off from the SW Barents Sea area (i.e., distant sediment source
area) with eastern and northern positive topographies of Miocene
age blocking the inflow of Atlantic Water.

In the Vestbakken Volcanic Province and Servestsnaget Basin,
seismic stratigraphic analyses show contourites strata suggesting
that Atlantic Water passed the study area northwards since the
Miocene?8. The external character (geometry) of contourites on
the slope suggests a development of moat and drift?® that are
associated with stronger currents and often found on a slope””. If
the Barents Seaway was open and water could flow through the
Fram Strait like today, the slope would have been dominated by a
different type of contourites than of Rydningen et al.28, for
example sand-rich (sheet-like) contourites that would indicate a
closer distance to the sediment source area’s.

The Quaternary. Our modelling results in the SW Barents Sea,
combined with previous regional modelling to the east (see
Table 1), suggest that the Barents Seaway did not exist at the
onset of the Quaternary (c. 2.7 Ma) (Fig. 4e). This finding means
that the modern Barents Seaway opened sometime after c. 2.7 Ma.
This configuration also implies that at the onset of the Qua-
ternary, Atlantic Water must still have bypassed the SW Barents
Sea area and flowed northwards towards the Fram Strait, the only
gateway at this time (Fig. 5a). The predominantly subaerial

environment in the greater Barents Sea regions is in some studies
suggested to have persisted until 1.5Ma, and that the Barents
Seaway opened later at c. 1-0.7 Mal>1624,

A recent ice sheet reconstruction by Hjelstuen and Sejrup38
shows major expansion after 1.5 Ma until at least 0.5 Ma, where
ice-sheets covered extensively from Svalbard to the southern coast
of Norway including the Barents Sea. These massive ice-sheets
would have temporarily hindered connection between both water
masses from the Atlantic and from the Arctic via the Barents
Seaway. This shelf-wide ‘blocking’ by ice-sheets, including in the
SW Barents Sea, persisted through to the Last Glacial Maximum
c. 20 ka based on a regional glacial sediment correlation!. Note
that ice sheets have expanded and reduced/disappeared as well as
advanced and retreated multiple times during each glacial cycle,
affecting the regional ocean circulation throughout the
Quaternary.

The presence of the Quaternary ice sheets across Eurasia led to
a shelf-wide increase in the rate of erosion32-3%. This erosion,
primarily beneath fast-flowing ice streams, deepened the SW
Barents Sea area, as reflected by the present-day trough
morphology, the thickness of the glacial sediment depocentres
adjacent to the major through mouths3438, and the overall depth
of the Barents Sea today (c. 200 m in average). Continental slope
contourites?® documented an interaction of drift with glacigenic
debrites that show an interplay between a northward flow of
Atlantic Water and glacially induced gravity-driven processes
during the Quaternary. As a result of the opening of the Barents
Seaway sometime after 2.7 Ma, gradually more water is
interpreted to have passed though the Barents Seaway during
the Quaternary interglacials (Fig. 5b) while the inflow of Atlantic
Water through the Fram Strait reduced, assuming a constant
volume of Atlantic Water entering the NE Atlantic from the
south. An oceanographic modelling approach is needed to further
clarify the implications of this evolving configuration.

Conclusions

This study addresses the history of Atlantic Water inflow to the
Arctic Ocean through the Barents Seaway from the Eocene
through to the Quaternary at five time periods (c. 55 Ma, 47 Ma,
33 Ma, 20 Ma, and 2.7 Ma). The key results can be summarized as
follows:

e We present high-resolution paleobathymetric/-topographic
reconstructions using better constrained input from
surfaces based on seismic data, calibration from well
databases, and key parameters (e.g., thermal subsidence,
flexural isostasy and decompaction) in a sequential “back-
stripping” process.

e At the earliest Eocene (c. 55 Ma), the subaerial topography
of paleo-SW Barents Sea was likely enough to block
Atlantic Water from entering the Barents Seaway. Major
basin subsidence and deepening of the structural highs at c.
47 Ma may later have allowed Atlantic Water to enter this
part of the Barents Seaway (i.e., SW Barents Sea) but then
likely became blocked by paleo-highs to the east of the
study area.

e At c. 33Ma, 20Ma, and 2.7 Ma, basin shallowing and
regional shelf uplift indicate a continued blockade to
Atlantic Water entering the Barents Seaway, with a gradual
deepening from predominantly shallow marine to deeper
marine environments towards the west.

e Our paleobathymetric-topographic reconstructions help to
constrain the opening of the Barents Seaway to after c.
2.7 Ma. However, a more detailed chronologically based
modelling is needed to better constrain the exact opening of
the Barents Seaway during the Quaternary.
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o After the onset of the Quaternary (c. 2.7 Ma), the present
Barents Sea was affected by profound glacial erosion and
deepening. As a result, the area has gradually transformed
from a subaerial to a submarine platform that allowed for a
progressively increasing inflow of Atlantic Water across the
Barents Seaway and into the eastern Arctic Ocean.
Consequently, inflow of Atlantic Water through the Fram
Strait reduced, assuming a constant volume of Atlantic
Water entering into the Arctic.

Methods and uncertainties

Seismic horizon preconditioning. We used seismic horizons
from Lasabuda et al.14 for the Base Paleocene (c. 66 Ma), Base
Eocene (c. 55 Ma), Base Mid Eocene (c. 47 Ma), Base Oligocene
(c. 33 Ma), Base Miocene (c. 23 Ma) and Base Quaternary (c.
2.7 Ma) paleosurfaces (Fig. 6). The TWT (two-way travel time)
surfaces were converted to depth (m) using the TGS J-Cube
velocity model. An uncertainty for this velocity model might be
related to locally sparse seismic data in the westernmost part of
the study area. However, the velocity cube has been calibrated
with a number of iterations using regional seismic and welld data
to ensure its high-quality standard. The salt diapirs?® were not
taken into consideration due to their local distribution to simplify
modelling iteration without losing the integrity of the modelling
steps (i.e., as shown in Fig. 7).

Backstripping workflow. The backstripping technique using the
3D MOVE numerical software incorporates decompaction using
a porosity-depth curve’?, thermal subsidence history?? and
flexural isostasy>®1. The workflow performed in this study
started with the present-day stratigraphic configuration consist-
ing of the Cenozoic pre-glacial sediments overlain by glacigenic
sediments (Fig. 7a). We removed the glacigenic sediments, then
applied the decompaction step and restored the flexural isostasy
(Fig. 7b). We reconstructed the missing part of the lower-middle
Cenozoic strata by interpolating their surfaces onto the shelf
using the thickness attribute module in MOVE (Fig. 7c).

When interpolating the base of Quaternary from the slope to
the shelf, we defined a “hinge line” at the onset of glacial TMF
growth (see Fig. 7a). This line represents a boundary between net
glacial erosion to the east and glacial deposition to the west of this
line (Fig. 2a).

Our surface interpolations towards the shelf correspond to a
total missing thickness of c. 1175 m, which consists of Miocene
(138 m), Oligocene (168 m), mid-Eocene (426 m), lower Eocene
(200 m), and Paleocene (242 m) (Fig. 7c). This total thickness of
missing sediments was distributed evenly on the shelf part of the
study area, representing the glacial trough, where the study area is
mostly located. This number fits well with the mass balance
calculation for the glacial erosion in the Bjorneyrenna Trough,
which has been estimated to be c. 1000-1100 m?”.

After adding subsidence due to the weight of the restored
sediments on the shelf, the paleobathymetry for the onset of
Quaternary (c. 2.7 Ma) was reconstructed (Fig. 7d). Based on
similar steps (i.e., removal of a layer, decompaction and flexural
isostatic compensation), the paleobathymetry at the onset of
Miocene (c. 23 Ma) was also reconstructed (Fig. 7e, f) before the
middle Eocene (c. 47 Ma) and early Eocene (55 Ma) paleobathy-
metry were reconstructed.

Numerical model setup and sensitivity test. Due to computa-
tional limitations, there are some assumptions in this modelling.
(1) We run the model on the continental crust, i.e., the oceanic
crust is not included (Fig. 1b). Although the study area is located
on the plate margin, where it is thinner, we assume that we are

Table 2 Parameters for modelling the reverse thermal

subsidence and flexural isostatic response.

Modelling step Parameter Value Unit

Reverse thermal Rifting age 66 Ma

subsidence modelling Syn-rift duration 10 Ma
Sediment density in 2200 kg/m3
thermal subs modelling

Flexural isostatic Lithospheric thickness* 60 km

restoration modelling Crustal thickness* 25 km
Effective elastic 5 km
thickness (T.)
Young modulus 103000 MPa
Poisson’s ratio 0.25 unitless
Nyquist wavelength 10000 m
Sediment density 2200 kg/m3
Water density 1025 kg/m3
Mantle density 3300 kg/m3

*prior to final rift phase leading to breakup.

working with much of the full thickness of the lithosphere. We
mitigate this uncertainty by testing three different lithosphere
thicknesses (see below). (2) We also assume a homogenous
lithosphere and crust, although, these are likely to be spatio-
temporally heterogenous in thickness and rheology®!.

We run our model using a c. 750 x 750 m grid spacing, which,
as far as we are aware, is the highest model resolution applied in
this region (Table 1). In this section, we highlight three key
factors that are considered in this numerical modelling: thermal
subsidence, flexural isostasy, and decompaction (Fig. 1b).

Thermal subsidence. Thinning of the lithosphere due to rifting
allows for the hot asthenosphere to rise in the mantle. When
rifting ends, the mantle material cools and becomes part of the
mechanically rigid lithosphere, becoming denser and eventually
sinking, enhancing the subsidence magnitude of the sedimentary
basin. The effect of thermal subsidence exponentially decreases
through time and lasts for about 100 Myrs30. Therefore, the effect
of thermal subsidence due to rifting during the Paleocene-Eocene
in the SW Barents Sea area will interfere with the effect of iso-
static uplift, which has been accounted for during the modelling.
We set the onset of rifting to 66 Ma (at the beginning of Paleo-
cene), with a time span of 10 Myrs, ie., until the approximate
initiation of the breakup®? (Table 2). The uncertainty here may be
related to a prolongation of the rifting period locally, e.g., Ves-
tbakken Volcanic Province and part of the Servestsnaget Basin,
where extension may have extended into Oligocene time!3.

Flexural isostasy. The flexural isostasy model promotes the
importance of regional compensation of the load considering the
rigidity and strength of the lithosphere8!. Flexural isostasy con-
siders the crust as a visco-elastic plate, which responds to
any perturbation on the load due to tectonics (e.g.,
compression—extension, uplift-subsidence) and surface processes
(e.g., erosion-sedimentation, sediment loading-unloading). Ice
sheet loading-unloading is relatively short-lived across geological
timescales (c. tens of thousands of years) and therefore we only
consider the tectonic effects that resulted from erosion and
redistribution of sediments (Fig. 4). However, considering repe-
ated loading pulse and dynamics of ice sheet advance and retreat,
there could be an effect of overcompaction stages, leading to a
slightly underestimated decompaction value which may be diffi-
cult to account for®3.

We applied a flexural isostatic correction instead of the Airy
model due to the size of the study area being large enough
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Fig. 7 Schematic steps of the sequential restoration (backstripping) workflow. a Present-day structural style and stratigraphic configuration in the study
area. b Remove the glacigenic sediments, apply decompaction and restore the flexural isostasy. ¢ Reconstruct the missing part of older Cenozoic strata by
interpolating the surfaces onto the shelf. Restore the subsidence due to loading of reconstructed sediments on the shelf. d Paleobathymetry for the pre-

glacial sediments at 2.7 Ma is reconstructed. e Apply the same approach (i.e.,

removal of each layer, decompaction and flexural isostatic compensation) to

reconstruct the Miocene paleobathymetry. f Paleobathymetry at 23 Ma is reconstructed. Repeat steps e, f until the early Eocene paleobathymetry has been
reconstructed. Terminology: below sea-level = paleobathymetry; above sea-level = paleotopography.

(c. 300 km width and length) to capture the flexure of the crust
(Table 2). The flexural isostatic correction consists of weighing
the initial lithospheric thickness h, with the ratio between
densities of the crust, p,, and the mantle, p,,, to obtain8!

h=hyte M
The effective flexural rigidity (D) is defined as8!
3
__ET. @)
12(1 — v?)

In Eq. (2), E is Young’s modulus of elasticity, T, is the effective
elastic thickness and v is Poisson’s ratio. Flexural isostasy depends
strongly on the effective elastic thickness (T,) used in the model.
The effective elastic thickness is an estimated thickness of an
elastic layer which reflects the apparent strength of a loaded
lithospheric plate.

We calculated the response for T, =5, 10, 15, 20 and 30 km.
All T, values show development of a deep marine
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paleobathymetry during the Miocene in the Servestsnaget Basin
that is consistent with well data (Fig. 8a). This result means that
the T, values are robust in this basin. However, in the Tromso
Basin the choice T,=5km shows lower erosion, which is in
better agreement with the erosion analysis by Lasabuda et al.l4,
and is thus considered as the best-fit parameter. The same
parameter choice, T, =5 km has previously also been applied in
the Barents Sea area®»®>, resulting in consistent modelling
outcomes.

As the study area is located near the plate margin (i.e., close to
a transform fault), we ran a sensitivity test to assess the best-fit
value among three lithospheric thicknesses (hy=60, 70 and
80km). In previous large-scale modelling work of the greater
Barents Sea, an initial lithospheric thickness of hy=120km is
commonly applied to refer to the situation prior to the long-term
multiphase rifting history (i.e., not just the final rifting phase
leading to breakup in Paleogene)$48>. Therefore, we did not
include hy=120km in the sensitivity test. Our sensitivity tests
using lithospheric thicknesses of hip =70 and ho = 80 km support
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Fig. 8 Sensitivity test to investigate the effect of different parameters. a Effective elastic thickness (T,), b lithospheric thickness, ¢ Beta factor,
d compaction curve, and e lithology with different initial thickness of the crust, on the restored Miocene paleobathymetry. For location, see orange line in

Fig. 2b. These figures were generated using an academic license of MOVE, therefore they were not produced for commercial use.
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this reasoning (multiphase rifting history) and gave unrealistic
reconstructions (i.e., too much uplift), particularly for older strata
(e.g., Eocene), which are inconsistent with available well data!2.
Therefore, we choose the value of hy=60km which shows
reasonable depth along the E-W transect of Miocene paleo-
bathymetry (Fig. 8b). This value reflects a stretched continental
margin following multiple rift phases over a long time span°%°3
and this modelling addresses the final rifting episode in the
Barents Sea, which may be valid reasons for this outcome.

For calculation of beta factors, we used a crustal thickness map
from Klitzke et al.>? as this contains input from seismic data,
which is a reliable constraint. We tested three initial thickness of
continental crust (hy = 25, 20 and 15 km) before it was stretched
in the final rift phase leading to breakup. They reflect the
thickness of the crust at the onset of the final rift phase, which
was already thinner (due to stretching/thinning associated with
the earlier rift phases). Therefore, we did not include sy = 35 km
as this value is a common reference thickness for the initial
lithospheric extension assumed to happen in the late Palaeozoic.
Our sensitivity test shows comparable depth variations of the
three resulting Miocene paleobathymetries, particularly in the
basin area (Fig. 8c). However, we chose a beta factor map that
used an initial crustal thickness of hy = 25 km because it shows
the most subaerial profile in the Hammerfest Basin to the east,
which fits with a source-to-sink analysis!4. This value represents a
crust that has undergone a long-term multiphase rift evolution in
the study area>3°>80,

Decompaction. The decompaction procedure is a step to restore
the porosity loss due to mechanical compaction during burial. A
compaction curve represents a basin burial history, including net
exhumation magnitude. The average porosity curve from well
data located in basins which have experienced uplift on the
Barents Shelf is compared to a ‘normal’ compaction curve from
basins that experienced no or very little uplift, i.e., the North
Sea” or using other curves57:88,

The first step taken after removing the uppermost stratigraphic
layer during the backstripping procedure is to decompact the
underlying layers. The compaction here means a porosity
reduction by both mechanical and chemical compaction (ie.,
Quartz cementation). Decompaction parameters used are based
on two average porosity—depth curves. The porosity ¢ was
estimated from the bulk density p, recorded by standard RHOB
borehole logs according to

Pv — Pma
§ =L e
pj_pmu (3)

where p,,,, is the density of the matrix, and pyis the fluid density®-%°.
We assumed that p,, = 2650 kg/m?® and ps= 1000 kg/m?.

The average lower erosion curve was based on well 7216/11-1S
in the Servestsnaget Basin, 7117/9-2 in the Tromse Basin, 7117/9-
1 on the Senja Ridge and 7316/5-1 in the Vestbakken Volcanic
Province, which are in close fit with the porosity—depth curve of
Sclater and Christie’? (Supplementary Fig. 1). The average higher
erosion curve was based on wells 7119/9-1 in the Ringvassoy-
Loppa Fault Complex (RLFC), 7016/2-1 in the Harstad Basin,
7121/4-1 in the Hammerfest Basin and wells 7319/12-1 and 7219/
8-1S in the Bjorneya Basin, but we did not use this curve as they
show a thinner interval of Cenozoic strata that is not sufficient to
create a reliable compaction curve.

We ran a sensitivity analysis by using different compaction
curves (i.e., the one from well data, Sclater-Christie, Baldwin-
Butler, and Dickinson curves, Fig. 8d). The Miocene
paleobathymetric-topographic reconstruction using a compaction
curve based on well data shows comparable depths with

reconstructions using Sclater-Christie and Baldwin-Butler curves,
particularly in the westernmost basins (Fig. 8d).

Furthermore, we applied surface porosity, depth coefficient, shale
volume, grain size and density parameters for the decompaction
step based on inspection of well data (Supplementary Table 1) as
well as parameters from previous work in this areal®>25455 We
specifically tested our lithological input based on Supplementary
Table 1 against 100% sand and 100% shale to capture the effect of
lithology in the resulting paleobathymetry-topography (Fig. 8e).
The results show that 100% sand gives 30 m deeper depth while
100% shale gives 10 m shallower depths compared to the model
using lithological inputs derived from wells (Fig. 8e).

Sea-level. Another uncertainty that is not directly addressed in the
MOVE numerical software is the eustatic sea level. The long-term
eustatic sea-level curve trend for the Miocene (c. 23 Ma) to
Quaternary (c. 2.7 Ma) shows falling sea-level from c. 100 m to
—100 m!8. This means that the depth of the paleobathymetry for
the Miocene is a minimum estimate as the sea level position may
need to be adjusted up by to 100 m. Meanwhile, the depth of the
Quaternary is a maximum estimate as depths may need to be
reduced by up to 100 m. However, the eustatic sea-level variation
estimated by Miller et al.!? is less pronounced, fluctuating with
ranges from c. —50 to 50 m. Even if the sea-level was 100 m
higher, the paleotopography to the east (outside our study area)
will still be enough to block the Atlantic Water passing through
the Barents Seaway. For the Oligocene-Miocene, the major shelf
uplift to the east will still hinder the Atlantic-Arctic water con-
nection. In summary, we did not alter the results of the paleo-
bathymetry in this modelling, but we are aware of there may be a
depth correction related to eustatic sea-level variations for future
more-detailed denser-timespan reconstructions.

Dynamic topography. Another aspect that we have not assessed in
detail is the dynamic topography, especially because our study
area is located on the edge of the NE Atlantic. The residual
topography estimation due to the arrival of the Iceland plume
shows a diminishing pattern from 1350 to 1800 km away from
Iceland®!. However, this pattern may be different in older time
episode, for example in the Eocene where Nordic Seas were
narrower, and the plume were closer to the study area. This
evolving pattern with respect to plate tectonics indicates that
dynamic topography is an uncertainty in reconstructing paleo-
bathymetry and -topography in our study area.

Data availability

The seismic and well data used in creating the seismic surfaces in this study are available
from the DISKOS database of the Norwegian Petroleum Directorate (https://www.npd.
no/en/diskos/) and from TGS.
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