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Figure 4. Seismic reflection line showing the progradational Hardangerfjorden shelf-slope wedge overlain by a thick Lower Cretaceous succession.
The Upper Cretaceous succession between the “Top Cromer Knoll and "Base Tertiary unconformity’ horizons is very thin and shows no distinct
thickness changes landward or basinward. This unit is interpreted to represent the distal part of a system developed when the shoreline was located
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up to 50 km farther east than the present-day shoreline, and when the inland relief was about or less than 500 m. See Fig. 3 for line location.

starved from input of coarse siliciclastic material (Figs. 2,
4; Surlyk et al,, 2003). This long-term absence of coarse
clastics close to the mainland and the style of truncation
of the Cretaceous succession below the Base Pleistocene
unconformity (Fig. 4) have been used as key arguments
for an overall low Cretaceous topography and a shoreline
located significantly farther to the east compared to the
present (e.g., Doré, 1992; Gabrielsen et al., 2010).

Palaeobathymetric  reconstructions by Wien &
Kjennerud (2005) suggest relatively shallow water
depths and thus relatively low accommodation along the
eastern margin of the ’Chalk Sea. Using the efficiency of
modern river systems as analogues, Somme et al. (2013a)
calculated that the best way of explaining the absence
of coarse clastics in the later part of the Cretaceous is if
the shoreline was located approximately 50 km farther

east compared to the present, and if the topography was
around or lower than 0.5 km.

North of the Horda Platform, the situation is quite
different. Here, seismic-reflection and well data show
prominent deep-water systems sourced from the
mainland at regular intervals through the Cretaceous
(Figs. 2, 3, 5; Skibeli et al., 1995; Bugge et al., 2001,
Vergara et al., 2001; Fugelli & Olsen, 2005; Martinsen et
al., 2005; Jackson et al., 2008; Somme & Jackson, 2013;
Semme et al.,, 2013b). These systems are characterised
by deep-water channel and fan systems, many of
which are sourced through long-lived canyons incised
into underlying deposits and/or basement. Variable
facies and grain sizes suggest that these systems were
supplied by high-efficiency dispersal systems in close
proximity to the final depocentres. Using sediment
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Figure 5. Seismic reflection line showing Upper Mesozoic and Cenozoic stratigraphic geometries and the mapped Lower Oligocene fan. Note the
change in depositional style going from the Cretaceous, underfilled, deep-water setting to Palaeocene-Eocene shelf-slope progradation and on to
stacked highstand and lowstand wedges above the Oligocene fan. LW - lowstand wedge. See Fig. 3 for line location.
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volumes from eight different Turonian fan systems
(Lysing Formation; Figs. 2, 3) and their lateral spacing
along the margin, it is inferred that these systems were
supplied by relatively small but steep drainage systems
with moderate topography of around 0.5 km inboard of
the More-Trendelag Fault Complex (Semme & Jackson,
2013; Semme et al., 2013b). Hence, the contrast from
south to north along the Late Cretaceous margin is
mainly expressed by differences in the steepness of the
topography and distance from source-to-sink rather than
by relief itself.

Cenozoic

The western Norwegian margin persisted as an
important sediment source through most of the
Cenozoic. Sedimentation rates were relatively high in
the Palaeocene, but diminished significantly during the
Eocene (e.g., Martinsen et al., 1999; Henriksen et al., 2005;
Rasmussen et al., 2008; Anell et al., 2010; Goledowski et
al., 2011). A new increase in deposition rates occurred
in the Early Oligocene; this was followed by a gradual
decrease during the Miocene, a trend that was replaced
by a substantial increase in supply rates in the Mid
Pliocene (Anell et al., 2010; Gotedowski et al., 2011). Even
though the Norwegian margin was important, the most
pronounced Palaeogene sediment volumes were delivered
from the west (East Shetland Platform) (Liu & Galloway,
1997; Faleide et al., 2002; Anell et al., 2010; Goledowski et
al,, 2011). In the Neogene, depositional patterns shifted
towards more southerly sources and transport directions.
The Miocene period was dominated by progradation
and deposition of a major deltaic system in the Danish-
Norwegian Sea (Faleide et al., 2002; Rasmussen, 2004;
Rasmussen & Dybkjeer, 2013) that was partly sourced
from southern Norway (Olivarius et al., 2014). Farther
north, the Miocene was associated with a basinward shift
of depocentres with much of the period being represented
by a hiatus that locally cut into the underlying Oligocene
succession (Martinsen et al., 1999; Henriksen et al., 2005;
Rundberg & Eidvin, 2005). A similar pattern continued
during the Pliocene, before extensive glaciations started to
control both onshore and offshore erosion and sediment
distribution along the margin.

Most papers dealing with the Cenozoic evolution of the
North and Norwegian Seas agree in central issues related
to the main offshore Cenozoic stratigraphic elements,
including sedimentation-rate trends, timing of major
discontinuities and location of sediment transport routes
(e.g., Liu & Galloway, 1997; Faleide et al., 2002; Anell et
al., 2010; Gotedowski et al., 2011). Rather, the controversy
is related to how the changes in deposition rates and
stratigraphic organisation are interpreted. Since the
traditional viewpoint has been that the paleic landscape
is a result of Cenozoic uplift of western Scandinavia, the
quantitative analysis of this period becomes particularly
pertinent.

The work of Gotedowski et al. (2011) and Anell et al.
(2010) are among the few where offshore volumes are
quantitatively applied to infer margin perturbations.
Gotedowski et al. (2011) estimated that the elevation
of the area west of the present Scandinavian drainage
divide north to Lofoten would increase with an average
of only 100 m when backfilling Oligocene to Mid-
Miocene matrix volumes, but with expectedly large local
variations.

Anell et al. (2010) estimated sediment accumulation
rates for 7 time intervals for the North Sea through the
Cenozoic. They also constructed two onshore surface
envelopes for the southern Norwegian mainland
(in addition to parts of Sweden): a summit envelope
(connecting all peaks) and a "Paleic envelope’ (connecting
all peaks <1500 m) to compare offshore matrix volumes
with missing volumes between the surface envelopes and
the present topography. Such comparisons were carried
out for the Sognefjorden catchment (see Quaternary
section below), for the western fjords region, for
southern Norway, and for southern Norway including
parts of southern Sweden. Specifically, Anell et al.
(2010) compared the missing volumes beneath the two
summit surfaces with the Oligocene to Early Pliocene
offshore volumes inferred to be sourced from southern
Norway and southern Sweden. When compared to
southern Norway alone, these calculations showed that
the rock-converted sediment volumes were larger than
the missing volumes beneath the Paleic surface, but
comparable to the volumes missing beneath the summit
surface. This could imply that the excavation of the
summit surface took place no earlier than during the
Oligocene. Moreover, they suggest that the formation of
the Paleic surface should post-date the formation of the
summit surface and its subsequent early excavation.

This line of reasoning suggests that the Paleic surface
probably would be of Late Cenozoic and definitely not of
Mesozoic age. However, from provenance considerations
it is plausible that sediments were derived not only from
Norway but also Sweden and Finland (Knudsen et al.,
2005). When calculating missing volumes for southern
Norway in addition to parts of southern Sweden, Anell
et al. (2010) found that only about 45% of the missing
volume below the Paleic surface can be accounted for in
offshore volumes.

Finally, Anell et al. (2010) compared Pliocene sediment
volumes from the Viking Graben to the western fjords
drainage area, and the Pliocene in the Viking Graben
together with parts of the Central Graben were compared
to the whole of southern Norway. These successions are
believed, provenance-wise, to be better constrained than
the older Cenozoic successions, with a main contribution
from the Fennoscandian Shield. For this interval, Anell et
al. (2010) found that around 20% of the missing material
beneath the Paleic surface in the western fjord drainage
and in South Norway can be accounted for by these
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offshore volumes. This suggests that the incision into the
Paleic surface took place prior to the Pliocene.

Local catchment reconstruction

Palaeocene

The Palacocene succession along the southwestern
Norwegian margin varies significantly in thickness from
tens of metres in the southernmost part to >1000 m
outboard of the More-Trendelag region (Fig. 3; Anell et
al,, 2010; Gotedowski et al., 2011; Semme et al., 2013a).
Along the More-Trendelag region, there is a marked
shift from a gravity-flow dominated and an underfilled
style of deposition (sensu Hadler-Jacobsen et al., 2005)
in the Cretaceous to a shelf-slope-wedge dominated,
overfilled style of deposition in the Palaeocene (Fig. 5),
reflecting a major change in depositional pattern.

Although the Palaeocene Rogaland Group is overall
mud dominated, the abrupt increase in sediment flux
observed along the margin has been inferred to reflect
regional uplift (e.g., Martinsen et al., 1999; Faleide
et al,, 2002; Henriksen et al,, 2005). Mapping of the
Palaecocene succession along the south Norwegian
margin revealed a number of discrete depocentres (Fig.
3) inferred to reflect sediment input from individual
drainage systems (Semme et al, 2013a). Using the
observed sediment volumes in combination with ranges
of possible palaeodrainage scenarios, Semme et al.
(2013a) estimated that this can best be explained by a
Palaeocene topography of about 1.1 km inboard of the
More-Trendelag region, decreasing to around 0.5 km in
the southernmost part. The marked decrease in sediment
thickness, and thus also inferred palacotopography
southwards along the margin, indicates that the
mechanisms behind this perturbation also were
asymmetric and affected only parts of the margin.

Eocene

The Eocene succession is generally quite thin (<500
m) along the southern Norwegian margin, but reaches
greater thicknesses in local depocentres (Martinsen et
al., 1999; Jordt et al., 2000; Faleide et al., 2002, Anell et al.,
2011; Goledowski et al,, 2011). In the southernmost part,
the Eocene period is believed to have been associated
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with relatively deep-water conditions offshore and
transgression of the present-day mainland (Knox et al.,
2010). Palaeobathymetric reconstructions also suggest that
deep-water conditions prevailed farther north along the
western coast (Faleide et al., 2002). In the More-Trondelag
area, the Eocene succession presents a new phase of
margin progradation above a major Palaeocene-Eocene
flooding surface (Martinsen et al., 1999; Henriksen et al.,
2005). This progradational phase was associated with the
development of a submarine fan system located ~40 km
WNW of present-day Nordfjord (Fig. 3).

The top and base of this fan have been mapped in order
to calculate the sediment volume used as input to the
prediction model (Fig. 3). The fan is up to 300 m thick
and covers an area of ~1200 km? Internally, seismic
facies is characterised by low- to high-amplitude, parallel
to discontinuous reflectors indicative of gravity-flow
deposits. Data from well 35/3-5 suggest that the upper
part of the Eocene succession is missing (Henriksen et
al., 2005), and that the fan is confined to the Ypresian
Stage.

The drainage systems feeding sediment to the fan may
have extended as far inland as the present-day water
divide, and this is used as the maximum length of the
palacodrainage (Table 1). The minimum size is set
by the outermost structural boundaries defining the
southwestern continuation of the Mere-Trendelag Fault
Complex. In terms of climate at the time of deposition,
the Early Eocene Epoch was among the warmest
recorded during the Phanerozoic, with a mean annual
temperature of well over 20°C in central Germany
(Utescher et al., 2009).

Based on the sediment volume, time of deposition, and
ranges of onshore drainage extent (Table 1), a Monte
Carlo simulation shows that the amount of sediment
preserved in the Eocene fan can best be calculated
by a topography in the Nordfjord area of 0.2 km (90%
confidence range of 0.1-0.3 km). Since the calculated
volumes do not include the shallow-marine and shelfal
part of the system, these values are considered to be on
the low side unless the majority of the sediment was
bypassed to the deep-water part of the basin.

Table 1. Input parameters and results from Monte Carlo simulation.

Duration
(Myr)
mean (range)

Deposition rate
(MT yr )
mean (range)

Stratigraphic unit

Catchment length
(km) (km?)
mean (range)

Catchment area |Mean annual temp. | Estimated relief (km)
(°Q) mean

mean (range) mean (range) (90% confidence)

Eocene

Submarine fan 7.2 (6.2-8.2) 0.18 (0.16-0.21) 100 (80-120) {2130 (1200-3300) 20 (22-25) 0.19 (0.12-0.29)
Oligocene

Northern submarine fan 5(2-6) 1.02 (0.85-1.27) 100 (80-120) {2130 (1200-3300) 15 (13-17) 2.34(1.41-3.82)
Southern submarine fan 5(2-6) 1.51 (1.26-3.89) 100 (80-120) {2130 (1200-3300) 15(13-17) 1.58 (0.99-2.46)
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Oligocene

Basinward of the Nordfjord area, the Lower Oligocene
succession is represented by two coalescing submarine
fan systems sourced from the Norwegian mainland
during yet a new phase of margin progradation (Fig.
3; Martinsen et al., 1999). The northernmost fan is up
to ~500 m thick, covers an area of ~2000 km?, and was
probably sourced from a drainage system located directly
inboard of the fan between the present-day Nordfjord
and Storfjord areas. The seismic facies (Fig. 5) between
the top and base reflectors used to calculate fan volume
varies from parallel, discontinuous, high-amplitude
reflectors to mounded, chaotic features indicating
elements of both gravity flow and mass-transport
deposition.

Similar to the northern fan, the southern fan also reaches
a thickness up to 500 m, but in contrast, the fan has a
much more elongated shape, covering an area of ~4000
km? (Fig. 3). A ~6 km-wide submarine channel complex
feeding sediment to the fan is penetrated by well 36/1-
2, documenting ~120 m of sandy sediment enriched in
pebbles in the lower part (Eidvin et al., 2010). Dating of
the same deposits also suggests that this fan was deposited
during the early part of the Oligocene, between ~32 and
~27 Ma (Eidvin et al., 2010). Also the southern fan is
dominated by alternating parallel, high-amplitude reflectors
and mounded, chaotic features indicating elements of both
gravity—flow and mass-transport deposition.

In the Nordfjord-Storfjord area, the top of the Oligocene
fans marks a composite onlap and downlap surface (Fig.
5). In seismic, this is expressed by an overlying, strongly
progradational shelf-slope wedge showing evidence
of a descending, followed by an ascending, shelf-edge
trajectory. From a sequence-stratigraphic perspective,
this can be interpreted to reflect forced regression as
the shelf-slope wedge prograded above the uppermost
part of the fan, followed by aggradation and finally
abrupt retrogradation as the accommodation outpaced
sediment flux. We speculate that these observations point
to key aspects of Oligocene margin development.

Similar to the Eocene fan, it appears that the southern
Oligocene fan was sourced from an area near or just
south of present-day Nordfjord. The northern fan was
probably sourced from a drainage north of Stadt, near
present-day Storfjord. Even though the outlet position of
the drainage may have varied slightly, it is inferred that
the fundamental controls on the extent of the inboard
drainage remained the same as during the Eocene. In
terms of climate, the Early Oligocene Epoch saw a major
cooling trend with temperatures of around 15°C in
central Europe (Utescher et al., 2009).

Based on the sediment volume, time of deposition, and
ranges of onshore drainage extent (Table 1), Monte Carlo
simulation shows that the amount of sediment preserved
in the two Oligocene fans can best be described by a

topography of ~1.6 km (90% confidence range of 1.0-2.5
km) and 2.3 km (90% confidence range of 1.4-3.8 km)
in the Nordfjord and Storfjord area, respectively. Similar
to the Eocene, these values may underestimate the flux
and thus the relief, since they do not include the shallow-
marine transect of the ancient routing system. At the
same time, the apparent amount of mass-transport
related facies may suggest that part of the fan volume
was derived from a mass failure of the upper slope, which
would overestimate the flux and topography.

Quaternary

One of the key questions that has recently received a
lot of attention is the age of the present-day landscape
and the role of Quaternary (or latest Neogene) glacial
and periglacial processes in shaping the landscape
morphology we observe today. Traditionally, the high-
altitude, low-relief landscape located between and
inland of the western fjords has been considered as
remnants of older (pre-glacial) Late Mesozoic or Early
Cenozoic terrains that have been uplifted to their present
elevations (e.g., Gjessing, 1967; Torske, 1972; Lidmar-
Berstrom et al., 2000). However, no Mesozoic-Cenozoic
pre-glacial sediments crop out onshore, making it
impossible to document the inland extent of potential
Mesozoic and Cenozoic sedimentary basins. Similarly,
the validity of applying fission-track data in order to
quantify the magnitude and distribution of Late Neogene
uplift is disputed (see discussion in Nielsen et al., 2009).
Thus, even for the last few millions of years it is difficult
to confidently outline the distribution of topography in
southern Norway.

To address these issues, several attempts have been made to
indirectly quantify onshore erosion during the Quaternary
by using offshore sediment volumes and deposition rates
as a proxy for erosion rates. Dowdeswell et al. (2010)
calculated Quaternary sediment volumes offshore of
the Mid-Norwegian margin and used that to estimate
average erosion rates of 0.19 m kyr™ for the last 2.7 Myr
(equalling an average of ~520 m of bedrock erosion).
They did, however, recognise a number of uncertainties
related to the backfilling of offshore sediments. These
relate to how the sediments are distributed in the fjords
and the surrounding hinterland, the role of warm- versus
cold-based ice, and the relative contribution from erosion
of pre-Quaternary (Cenozoic and Mesozoic) sediments
along the margin. Using a similar approach, Hjelstuen et
al. (2012) calculated volumes for the last ~1,1 Myr in the
Norwegian Channel and North Sea Fan, but included a
larger part of southern Norway in their backfilling process
and concluded that the offshore volumes reflect an average
erosion rate of 0.15 m kyr' (equalling an average of ~164
m of bedrock erosion).

By using the same offshore sediment volumes as
Dowdeswell et al. (2010), recent work by Steer et al.



270 T.O. Semme et al.

(2012) concluded that the offshore sediment volume is
much greater than the eroded rock volume between the
paleic landscape and the present-day fjord and valley
floors, suggesting that the excess sediment must result
from Quaternary erosion of the low-relief hinterland.
These results contradict previous estimates from Anell et
al. (2010) who suggested that Plio—Pleistocene sediment
volumes account for only 18-61% of the volume below
the paleic surface in southern Norway, and that the entire
Oligocene-Miocene volume has to be included to match
the volume of the eroded fjords and valleys.

On a more local scale, Anell et al. (2010) compared
Cenozoic sediment volumes offshore Sognefjorden to
the missing volume beneath the Paleic envelope in the
present Sognefjorden catchment. They found that half
of the missing volume can be accounted for in offshore
strata and that Quaternary ice stream erosion can partly
explain the missing volumes. Nonetheless, these findings
also led them to suggest that the Paleic surface was an old
landform, probably of pre- or Early Cenozoic age.

One possible explanation for these discrepancies relates
to the uncertainties associated with both mapping
offshore volumes and the onshore areas that should be
backfilled. Ice-drainage systems, transport routes and
depocentres are known to have changed through the
Quaternary. The facies also vary significantly along the
margin, leading to a high uncertainty in porosity (15—
60% according to Hjelstuen et al. (2012) and references
therein). In addition, the true contribution from
erosion of Cenozoic and Mesozoic sediments along the
margin is unknown. Semme et al. (2013a) suggested
that within the Palaeocene succession alone, 25-60% of
the sediments may have been removed above the Base
Pleistocene unconformity. For comparison, this amounts
to 4-9% (or 2.0-4.8 x 10° km?) of the Pleistocene volume
calculated by Anell et al. (2011), suggesting that if the
rest of the Mesozoic and Cenozoic is included, the
incorporation of reworked pre-Quaternary sediments in
these studies might be substantial.

Discussion: Or]shore-offshore relation-
ships and margin evolution

It is expected that the along-margin distribution of
sediment, overall lithology changes and unconformity-
bounded stratigraphic units reflect the long-term
evolution of drainage catchments and topography.
Deposition of sand-rich, shallow-marine and shelfal
units along the south Norwegian margin prior to and
during Late Jurassic rifting is inferred to reflect relatively
high topography (around 1.5 km) onshore southern
Norway (Fig. 6; Somme et al., 2013a). Relatively high
relief was probably focused along the main structural
elements such as the Inner Boundary Fault System
and the More-Trondelag Fault Complex. Late Jurassic
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rifting affected the More-Trondelag Fault Complex, the
Inner Boundary Fault and the @ygarden Fault Complex,
resulting in a major change in basin configuration
offshore and a shift of drainage from the Sognefjord area
to the Hardangerfjord area.

During the Cretaceous, the southern part of the
margin was onlapped, reflecting increased subsidence
offshore and topographic lowering onshore. Long-
term topographic denudation combined with overall
high eustatic sea level resulted in the lowest relief and
the most landward position of the coastline during the
Late Cretaceous. The long-term absence (~20 Myr of
coarse clastics within the ’Chalk Sea’ south of the Horda
Platform is best explained by a coastline situated ~50 km
east of the present-day coast, and a low relief of around
or less than ~0.5 km (Fig. 6; Somme et al., 2013a). Only a
combination of small drainage systems and low relief can
explain such an extensive period of starvation of coarse
clastic material.

A significant change in style of basin fill occurred near
the Cretaceous-Palaecocene transition, when large
volumes of sediment were delivered to the northern
part of the south Norwegian margin, forming sediment
wedges that are up to ~1000 m thick (Figs. 3, 5;
Martinsen et al., 1999; Faleide et al., 2002; Henriksen
et al, 2005, Wien & Kjennerud, 2005; Semme et
al., 2013a). A similar style of deposition, albeit with
significantly lower deposition rates, continued into the
Eocene. Our palaeotopographic estimates suggest that
the relief may have increased from ~0.5 km in the Late
Cretaceous, to ~1.1 km in the Palaeocene, followed by a
decrease, perhaps to as low as a few hundred metres in
some places (near the Nordfjord and Storfjord area) in
the Eocene (Fig. 6). Both the Late Cretaceous and the
Eocene relief estimates may be underestimated due to
the absence of time-equivalent shallow-marine deposits;
however, relatively little sediment is thought to have been
deposited along these narrow margins.

The abrupt increase in sediment flux in the earliest
Palaeocene, followed by a gradual decrease in the latest
part of the Palacocene and the Eocene, is constrained to
the northernmost part of the southwestern Norwegian
margin (Fig. 3). This asymmetric sediment dispersal
suggests that the driving mechanisms behind this
perturbation mainly affected the northern part of
southern Norway. The long-lived character, the close
association with the angular Base Tertiary unconformity
and the temporal overlap with high sediment input from
the Shetland Platform has led most workers to attribute
this event to regional uplift (Martinsen et al., 1999;
Henriksen et al., 2005).

Palaeocene uplift has generally been attributed to two
different mechanisms: i) arrival of the Islandic mantle
plume and ii) break-up in the North Atlantic (Anell
et al., 2009 and references therein). The asymmetry in
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sediment thickness along the margin does not favour
any specific model and the northwestern part of the
margin would be most susceptible to either of the two
mechanisms. In addition, deformation would probably
have been focused along older deformation zones, such
as the More-Trondelag Fault Complex, rather than
causing regional uplift of the entire landmass (Redfield
et al., 2005) . However, it is interesting to note that if the
450-500 m of transient uplift that has been attributed to
the Islandic plume (Roberts et al., 2009; J. Skogseid, pers.
comm., 2014) are added to the estimated Late Cretaceous
relief of 0.5 km, this Palaeocene plume-related
topography is very close to the suggested ~1.1 km of
relief estimated from the offshore sediment wedge (Fig.
6; Somme et al., 2013a). No matter what the main driving
force behind the sediment pulse was, the asymmetric
thickness observed in the Palacocene wedge suggests
a semi-local control, such as reactivation of the More-
Trondelag Fault Complex, rather than a primary climatic
or eustatic control which would have affected the entire
margin. However, this is not to say that climatic factors
were insignificant.

The sharp and erosive boundary between the generally
mud-dominated Eocene progradational succession and
the base of the sand-rich Oligocene submarine fan in
the Nordfjord-Storfjord area points toward an increased
sediment flux and overall coarsening of the material
delivered from onshore drainage systems. The amount of
sediment present in the two fans is best explained by a
relief on the order of 1.6 and 2.3 km in the Nordfjord and
Storfjord areas (Fig. 6), which is similar to the present
topography within this region. This strongly indicates
renewed uplift along this margin. However, the Eocene-
Oligocene transition is also known to coincide with
climate deterioration (e.g., Zachos et al., 2001; Utescher
et al., 2009) and a third-order fall in eustatic sea-level
(Miller et al., 2005), and this period of climate change
has previously been linked to major changes in lithology
and stratigraphic geometry elsewhere in the North Sea

(Nielsen et al., 2009; Gotedowski et al., 2011; Clausen et
al,, 2012). Since this event has been assigned such great
significance along the Norwegian margin, we will discuss
the consequences of the event in the light of our volume
calculations and sediment prediction model.

The Eocene-Oligocene isotope excursion (~34 Ma)
represents a cooling event associated with expansion of
the Antarctic ice sheet, and is documented by a decrease
in 8'%0 of ~1.5%0 over a ~400 kyr period (Zachos et
al., 2001). In contrast, glacial periods during the last
0.8 Myr are associated with similar or even higher §"*O
excursions of 1.5-2.0%, following pronounced ~100 kyr
eccentricity cycles (Zachos et al., 2001). This suggests
that the Eocene-Oligocene climate deterioration
may have been similar to, or less severe than, what
has been inferred for the last glacial periods. In order
to speculate on the effect of the Eocene-Oligocene
climate deterioration on the sedimentary system, we can
therefore use the last glacial periods as a proxy.

Factors controlling the amount of sediment delivered
to the offshore basins on 10°-10° year time-scales are
linked to sediment production and transport, including
catchment-relief distribution, the presence of glaciers,
sediment storage en-route, vegetation, temperature
and precipitation. Thus, despite global cooling during
glacial periods, the net effect on sediment delivery to
offshore basins is highly variable and is known to differ
considerably between regions and climate zones (e.g.,
Blum & Toérnquist, 2000). For example, Blum & Hattier-
Womack (2009) estimated that the sediment flux from
large (>100,000 km?), but non-glaciated catchments
feeding sediment to the Gulf of Mexico during the
last glacial maximum were about 25-30% lower than
present, mainly due to temperature lowering and
catchment merging. In contrast, Covault et al. (2011)
calculated contrasting sediment flux values and deep-
sea accumulation rates for the last 40 kyr in small
(<5000 km?) tectonically active systems in southern
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California, and attributed this to a variable efficiency of
longshore drift. Lastly, Somme et al. (2011) estimated
an increased sediment flux of 50-60% from a small
catchment (~1000 km?) on Corsica during the last glacial
period, reflecting increased erosion from mountain
glaciers. However, in this last example, this estimated
increase was not recognised offshore because climate
deterioration (local temperature decrease of 8°C and
a regional precipitation decrease of 20-30%; Semme et
al., 2011 and references therein) was accompanied by
onshore channel aggradation rather than bypass to the
deep-water basin. These examples demonstrate that: i)
complicated relationships exists between climate change
and sediment flux, ii) global climate deterioration does
generally not cause increased sediment production
(Syvitski et al., 2003), and iii) current estimates suggest
that major 6'*O excursions of 1.5-2.0%o during the last
glacial periods were only associated with changes in
sediment flux on the order of 20-50%.

Utescher et al. (2009) suggested that the Eocene-
Oligocene climate shift was associated with a temperature
decrease of 4-5°C, and a precipitation increase of ~20%
in northern Germany; values that are comparable to
what has been inferred for the last glacial period. Using
the Eocene as a base case, the BQART model (Syvitski &
Milliman, 2007) predicts that this temperature decrease
and precipitation increase would lower the sediment flux
by ~40%. This is the opposite of what is observed in the
offshore depocentres, where the deposition rate increases
by about 100%. In addition, the main Eocene-Oligocene
cold spell lasted for only ~400 kyr (Zachos et al., 2001),
whereas deposition in the offshore basin lasted several
million years, clearly operating on a much longer time
scale. Based on these simple estimates, we conclude that
although pre-Late Neogene climate shifts are important
on relatively short (10°-10° years) time scales, and that
feedbacks between topography, climate, vegetation and
sediment production are complex, the long-term (10°
years) controls on sediment flux are related to changes in
onshore topography and the size of drainage basins.

A long-term shift in depositional style is also evident
from the seismic-reflection data, changing from muddy,
Eocene, shelf-slope progradation to Oligocene, and
later Miocene, forced-regressive, aggradational to
retrogradational, sand-dominated, shelf-slope packages
(Fig. 5). This pattern is interpreted to reflect a new style
of deposition and not only a sudden climatically or
eustatically driven increase in sediment flux. Although
no local catchment estimates have been performed on
the Miocene-Pliocene succession, regional work by Anell
et al. (2010) and Gotedowski et al. (2011) suggests that
the overall deposition rate decreased from the Oligocene
towards the Pliocene. Even though no specific volumes
are available for the northern part of the southwestern
Norwegian margin, the seismic-reflection data show
that shelf-slope wedges continued to prograde, reflecting
overall shallowing of the overfilled basin (Rundberg &
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Eidvin, 2005). We thus interpret this period to reflect
continued relatively high topography (Gabrielsen et
al,, 2010), but where the initial sedimentary response to
Oligocene tectonic perturbation decreased as the system
adjusted.

Differences and discrepancies between the isopach
backfilling models of Anell et al. (2010), Dowdeswell et
al. (2010), Hjelstuen et al. (2013) and Steer et al. (2012)
indicate that this method is hampered by uncertainties
which are too large to unequivocally resolve the question
about the nature and age of the pre-glacial landscape.
If our local catchment reconstructions are correct and
most of southern Norway was uplifted close to its present
elevation already in the Oligocene, significant (km-scale)
Late Neogene tectonic uplift may not be required.
However, isostatic rebound due to deep glacial erosion
has been estimated to be as high as ~800 m (Steer et
al., 2011), causing regional or ‘domal’ uplift, which can
account for much of the evidence for recent uplift (such as
the development of the Base Pleistocene unconformity).
If so, this means that at least parts of the paleic landscape
would be of pre-Early Oligocene age. Preserved remnants
of what has been interpreted as fluvial valleys mapped
by Semme et al. (2009) within this landscape may
then, locally, have survived since Palacocene-Eocene
times. This is also in agreement with geomorphological
studies of Lidmar-Bergstrom et al. (2000, 2013), who
suggested that the paleic landscape is of post-Cretaceous
age. Mid-Miocene (or older) channel features have also
been documented to be part of an uplifted summit
surface in Corsica, where they presently occur within
periglacial conditions at high elevations (Kuhlemann et
al., 2005). Similarly, recent studies from Greenland and
Antarctica show that old geomorphological landscape
elements may be preserved for tens of millions of years
in periglacial and/or subglacial environments (Jamieson
et al., 2010; Bamber et al,, 2013). Nevertheless, having
what has been inferred to be remnant channel features
preserved at high elevations argues for at least one uplift
event, as it is hard to envision these being formed at their
present elevations. Thus, the idea that the topography of
southern Norway has been as high, or higher, than the
present day since the Devonian (Nielsen et al., 2009) is
difficult to reconcile with both geomorphological and
stratigraphic observations.

In summary, when the volume calculations and relief
estimations of Semme et al. (2013a) are included, several
periods of increasing and decreasing topography have
dominated the southwestern Norwegian margin (Fig.
6), supporting previous models of long-term landscape
evolution (e.g., Gabrielsen et al., 2010 and references
therein).

Conclusions

From the above review of different studies and
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approaches, it is clear that no single method captures
the wuncertainties and variability associated with
linking offshore stratigraphy with long-term onshore
topography. However, in the case of the southern
Norwegian margin, the offshore stratigraphy holds the
best-preserved record of long-term landscape change.
Two semi-quantitative methods are applied for landscape
reconstruction: regional isopach backfilling and local
catchment reconstruction. Both methods are still
associated with various types of uncertainty. In summary
we find that:

- The benefits of using bulk volume calculations
combined with back-filling are that they allow large,
margin-scale areas to be studied using relatively low
data density. The downside of using this method is
the large uncertainty in defining the boundaries of the
offshore stratigraphic package of interest, uncertainties
in conversion from isochron thickness to deposition
rate, and defining the extent of the onshore area and
palaeolandscape to be back-filled by sediments.

- The benefits of comparing sediments in point-sourced
depocentres with expected sediment flux is that there
is much less uncertainty in mapping local packages
that can be tied to a specific outlet location, and that
the method does not rely on defining palaeolandscape
morphology. The downside of this method is that it
depends on relatively good age control and preserva-
tion of a complete shelf-to-deep-water transect.

The latter method was used to estimate Late Jurassic,
Late Cretaceous, Palacocene, Eocene and Oligocene
palaeotopography along different regions of the
southwestern Norwegian margin (Fig. 3) using sediment
volumes calculated from well-constrained, shallow- and
deep-marine depocentres. Relatively high topography
dominated in Late Jurassic times, when large amounts
of sediment were supplied to the entire margin. During
the Cretaceous, the topography was steadily denuded,
although the axis and lateral distribution of topography
are inferred to have remained similar. The latest
Cretaceous—earliest Palaeocene period was dominated
by uplift and a shift from deep-water deposition to large-
scale, shelf-slope progradation (Fig. 5). This pattern
continued during the Eocene, but deposition rates
decreased and sediment became finer as the topography
decreased and as more sediment was stored on the shelves.
Renewed uplift and perturbation of the drainage systems
occurred in the earliest Oligocene, causing the shelf-
slope wedges to prograde basinward and on top of the
Lower Oligocene fan systems (Fig. 5). Although the above
estimates must be considered first-order approximations,
the results indicate major changes in onshore topography
during the Late Mesozoic and Cenozoic and cannot be
explained by climatic forcing alone.
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