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Sediment routing systems may be exposed to different external controls that can
modulate long and short-term sediment delivery to nearby basins. Here we investigate
a Paleocene depositional system offshore western Norway that was subjected to long-
term (~10 Myr) tectonic perturbation and significant hinterland erosion. Superimposed
on this long-term uplift, the system was also subjected to a short-lived climatic
perturbation, which lasted ~200 kyr. Regional 3D seismic reflection data is integrated
with high resolution borehole and biostratigraphic data to map the stratigraphic
responses to these different scales of perturbations on the Paleocene system. The
initiation of the tectonic perturbation is marked by an angular unconformity in seismic
data at the base of the Paleocene. An increase in sediment supply followed, causing
progradation of a confined shelf-slope wedge during the Middle and Late Paleocene.
The end of the tectonic perturbation is marked by onlap in the lowermost Eocene and
a shift from a confined to a more lateral extensive depositional system. Calculations
indicate that the tectonic uplift caused an order of magnitude increase in sediment
supply to the basin. This period coincided with the Paleocene-Eocene Thermal
Maximum (PETM), which is documented by biostratigraphic data as a discrete event
within the overall regressive system. Although the PETM has been associated with
increased continental runoff in the North Atlantic, no peak in sediment supply can be
resolved in the available dataset. This study shows that the system response to tectonic
perturbations may vary along strike, depending on the size of the routing systems and
the antecedent topography prior to hinterland uplift. A low supply system may produce
a tectonically linked shelf-slope wedge that is of similar thickness as a climatically linked
wedge in a high supply system. This study documents how the same routing system
responded to perturbations operating at different spatial and temporal scales and may
help recognize similar process-response relationships in other areas.

Keywords: tectonic perturbation, climatic perturbation, deep-time, sediment routing, sediment supply, shelf-
slope wedge, uplift, dynamic topography
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INTRODUCTION

Landscapes and their sediment routing systems are exposed to
different tectonic and climatic perturbations affecting sediment
production, transport and delivery to nearby sedimentary basins.
Tectonic forcing operates on many temporal and spatial scales,
from long-lived collision of continental plates, to changes in
lithospheric stress, mantle dynamics and short-lived, intra-
catchment fault movements. Whereas local fault activity can
result in rapid changes in sediment supply (Whittaker et al.,
2010), perturbations related to mantle dynamics and plate
tectonic processes can cause re-arrangement of entire continent-
scale fluvial networks and often result in distinct changes in
basin physiography and accommodation trends that can readily
be recognized in the deep-time (>10"® yr) depositional record
(e.g., Campanile et al., 2008; Baby et al., 2018). The impact
of such tectonic perturbations have be inferred qualitatively by
linking pulses of coarse-grained material to phases of magmatic
activity (e.g., White and Lovell, 1997), and quantitatively by
analyzing sediment mass budgets linked to inferred changes in
onshore denudation rates (Jones et al., 2002; Tinker et al., 2008;
Braun et al., 2014). Similarly, sediment production and transport
related to climatic perturbations also operate at different scales,
from long-lived migration of global climate belts to high-
frequency perturbations within the Milankovitch band (Séranne,
1999; Peizhen et al, 2001; Watkins et al., 2018). Although
high-frequency changes in climate forcing often are difficult to
recognize in seismic reflection data; detailed outcrop studies
have documented how these perturbations have influenced the
internal dynamics of sediment routing systems (e.g., Schmitz and
Pujalte, 2003; Foreman et al., 2012; Duller et al., 2019).

It is questionable to what extent and in which form a tectonic
or climatic signal is transmitted to the offshore stratigraphic
record (e.g., Castelltort and Van den Driessche, 2003; Forzoni
et al,, 2014; Romans et al., 2016; Wu et al., 2019). It is generally
thought that small systems are more reactive and tend to transmit
signals more effectively than larger systems that are more buffered
(Allen, 2008), and recent work also suggest that the duration
of the signal relative to the frequency of autogenic processes is
key for preservation (Toby et al,, 2019). In addition, sediment
supply signals may have a significant lag-time relative to the
perturbation, such that the observed stratigraphic response is
out of phase with the forcing factor (Willenbring et al., 2013;
Lietal., 2018).

Many studies focusing on signal characteristics from climatic
and tectonic forcings are based on numerical or physical models
where input parameters are known and can be tested individually
with high temporal resolution. Deep-time stratigraphy is,
however, often more difficult to decipher because we often lack
key information about the state of the landscape that supplied
sediment to the offshore basins. In addition, it is evident that
both tectonic and climatic perturbations operate in concert at
similar or overlapping spatial and temporal scales (Overeem
et al,, 2001; Mancin et al.,, 2009; Samanta et al., 2016), making
it challenging to isolate the effect of the individual controls.
This is also supported by modeling studies suggesting non-
unique stratigraphic response to different forcing factors that

are difficult to separate in the stratigraphic record (Burgess and
Prince, 2015). A key challenge is therefore to understand how
these various tectonic and climatic perturbations interact to form
signals that can be recognized in the stratigraphic record. This
is especially difficult in deep-time, seismic reflection data where
the temporal stratigraphic resolution struggles to resolve high-
frequency events.

The North Atlantic is a suitable area to investigate the
interaction between tectonic and climatic perturbations on
sediment routing systems. It has long been recognized that the
margins along western Norway, the British Isles and eastern
Greenland experienced significant tectonic uplift during the
Paleocene, followed by regional subsidence during the Early
Eocene (e.g., Torske, 1975; Jones and Milton, 1994; Jordt et al.,
1995; Nadin and Kusznir, 1995; Riis, 1996; Stuevold and Eldholm,
1996; Dam et al., 1998; Faleide et al., 2002; Mackay et al., 2005;
Praeg et al., 2005; Anell et al., 2009).

The Paleocene-Eocene transition also marks a period of
major climate change known as the Paleocene-Eocene Thermal
Maximum (PETM) (e.g., Svensen et al., 2004; Sluijs et al., 2007).
This short-lived climatic perturbation lasted for a few hundred
thousand years and has been recognized regionally in the North
Atlantic, both in borehole data and in outcrops (Svensen et al.,
2004; Dypvik et al,, 2011; Kender et al., 2012; Kjoberg et al., 2017).
Despite operating at different temporal scales, the interaction
of these two perturbations is manifested in the Paleocene-Early
Eocene stratigraphy offshore SW Norway.

In this study we investigate the Upper Maastrichtian-Eocene
succession along the SW Norwegian margin with the goal of
identifying the stratigraphic response to climatic and tectonic
perturbations within the same sediment routing systems. The
area of investigation covers the northern Stord Basin, the Horda
Platform and the Maloy Slope (Figure 1). During the Paleocene,
this area received sediment from a drainage system covering
parts of southern Norway. Because the areal extent of the paleo-
drainage system is believed to have been relatively fixed during
the Paleocene-Eocene (Semme et al., 2013b), this area is ideal
to investigate how a single sediment routing system responds to
tectonic and climatic forcing operating at different spatial and
temporals scales in deep-time.

The main aims of this study are to: (1) identify stratigraphic
characteristics of a shelf-slope wedge linked to long-term tectonic
perturbation using seismic reflection and borehole data; (2) use
thickness maps and biostratigraphic data to estimate sediment
supply from the onshore catchment area before, during and after
tectonic perturbation to investigate the response to a phase of
hinterland uplift; (3) use seismic reflection data and borehole
information to identify stratigraphic characteristics of a shelf-
slope wedge linked to short-lived climatic perturbation during
the PETM, and (4) discuss how different perturbations can be
recognized in the deep-time stratigraphic record.

GEOLOGICAL SETTING

After peak Caledonian deformation in the Devonian, the
Norwegian continental margin experienced extensional collapse
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FIGURE 1 | Overview of the study area and regional isochron map of Paleocene sediments. The black outline shows the extent of seismic survey CGG18MO01 which
has been used to map Paleocene and Eocene stratigraphic units. Black lines represent main faults. The NE-SW trending Hardangerfjord Shear Zone is believed to
represent the most landward possible extent of the Paleocene catchment. The white hatched polygon represents the area of inferred high Paleocene topography as
suggested by Semme et al. (2013b). Inset map shows reconstructed North Atlantic plate setting at 56 Ma with the distribution of igneous ages for the North Atlantic
Igneous Province (from Steinberger et al., 2019).
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along a number of deep-crustal fault zones (Andersen, 1998;
Fossen and Dunlap, 1998; Fossen et al., 2017), which defined
the structural template for later Mesozoic basin formation and
onshore topography (Gabrielsen et al., 2010; Semme et al.,
2013b). Renewed Triassic extension was characterized by fault
block topography and deposition of marine, lacustrine and
alluvial sediments (Steel, 1993). Regional marine incursion took
place in the Early Jurassic and in the Middle Jurassic the North
Sea was dominated by shallow, post-rift basins (Steel and Ryseth,
1990). Sediment was mainly delivered from the south, although
the Norwegian mainland also represented an important sediment
source (Morton, 1992). Renewed rifting in the North Sea started
in the late Mid Jurassic and peaked in the Late Jurassic - earliest
Cretaceous, when the rift axis shifted westward to the Faroe-
Shetland and More basins. Deep-water basins formed in the
central part of the rift zones, receiving sediments from local
fault blocks and the nearby hinterland (Bugge et al, 2001;
Martinsen et al., 2005). In the study area (Figure 1), the Upper
Cretaceous succession is dominated by mudstones interbedded
with relatively thin sandstone units deposited in a deep-water
environment (Martinsen et al., 2005; Jackson et al., 2008). The
last pulse of clastic input took place in the Turonian-Coniacian
and is recognized by small channel complexes and terminal lobes
in an underfilled, deep-water slope to basin floor setting on the
Malgy Slope and Slerebotn Subbasin, in close proximity to the
More-Trondelag Fault complex (MTFC) (Semme et al., 2013a).
To the south, the Horda Platform area was probably only 200-
300 m deep in the Late Cretaceous (Wien and Kjennerud, 2005),
but only biogenic chalk deposits are recognized in this area.
The structural trend marking the northern part of the Horda
Platform and the offshore continuation of the Nordfjord-Sogn
Detachment Zone (NSDZ) thus marks a long-lived change in
basin physiography and sediment input along strike. Similarly,
the MTFC, NSDZ, and Hardangerfjord Shear Zone (HFSZ) have
likely also dictated the distribution of onshore topography, which
is believed to have been highest along these long-lived fault zones
(Redfield et al., 2005; Gabrielsen et al., 2010; Somme et al., 2013b).

The Cretaceous-Paleocene boundary is marked by a change
in basin physiography in the study area and elsewhere in the
North Sea (Jarsve et al., 2014), marking the transition from fine-
grained siliciclastic and carbonate dominated deposition in an
underfilled basin setting, to regional input of coarse siliciclastic
sediments in an overfilled setting (Dmitrieva et al., 2018). For the
first time since the Late Jurassic, sediment supply from mainland
Norway was higher than the available offshore accommodation,
causing the shelf-slope margin to prograde westward (Figure 2).
Large input of clastic sediment also took place further north in the
Slerebotn Basin (Gjelberg et al., 2001) and in the Faroe-Shetland
Basin (Mudge, 2015), and to a lesser extent from southwestern
Norway (Hamberg et al., 2005). Elsewhere in the North Sea, most
of the Danian was dominated by pelagic ooze and fined-grained
deposition. The Selandian and Thanetian was characterized by
increased sediment supply from both the Norwegian mainland
and the British Iles (Liu and Galloway, 1997; Faleide et al., 2002),
where deep-marine deposits eventually covered large parts of
the North Sea (Mudge, 2015). This marked increase in sediment
input from the Norwegian mainland has been taken as evidence

for regional uplift (Jordt et al., 1995, 2000; Martinsen et al., 1999;
Skogseid et al., 2000; Anell et al., 2010), although the mechanisms
are debated (Anell et al., 2009).

In addition to changing basin configuration, the latest
Cretaceous and Paleocene period was also characterized by
a renewed phase of crustal extension, which culminated in
final break-up and sea-floor spreading between Norway and
Greenland around 55 Ma (Eldholm et al., 1989). Pre break-up
Selandian and Thanetian volcanism has been documented in the
Faroe-Shetland Basin and on Greenland (Ritchie et al., 1999), but
the main phase of extrusive volcanic activity in the North Atlantic
Igneous Province was associated with break-up (Figure 1) and
the formation of thick wedges of volcanic flows (seaward dipping
reflectors) and lava deltas along the outer margin (Eldholm
et al, 1989; Planke and Alvestad, 1999; Abdelmalak et al.,
2016). Contemporaneous igneous sill intrusions in the Mesozoic
sedimentary successions caused large volumes of methane and
carbon dioxide to be released into the atmosphere (Svensen et al.,
2004; Kjoberg et al., 2017) that is interpreted to have resulted in
global warming and the PETM (Kennett and Stott, 1991; Sluijs
etal.,, 2007). In the North Sea, the PETM has been recognized as
a period of increased continental run-off and higher eustatic sea
levels (Kender et al., 2012). Large input of siliciclastic material to
the margins of the North Sea continued also after the PETM, in
the Early Eocene, however, sediment supply generally decreased
during the Mid and Late Eocene (Martinsen et al., 1999; Faleide
et al., 2002; Anell et al., 2010). Toward the end of the Cenozoic,
the margin was tilted during one or several phases of uplift
resulting in differential erosion of the underlaying stratigraphic
units below the Quaternary upper regional unconformity (URU;
Figure 2; Ottesen et al., 2014; Baig et al., 2019).

RATIONALE AND METHODOLOGY

The SW Norwegian margin makes a suitable area for identifying
deep-time stratigraphic response to external forcing in subsurface
data. The region is covered by numerous regional 3D seismic
reflection data sets and hundreds of boreholes, which allows
stratigraphic packages to be mapped and dated with sub-stage
temporal resolution.

In this study, stratigraphic packages at Stage level have
been mapped on seismic reflection data and tied to boreholes
with biostratigraphic information. The outline of depositional
systems (e.g., channel and lobe complexes) have been mapped
using seismic attribute data (Figures 3, 4). Mass-balance
calculations were performed on all packages at Stage level to
reveal changes in sediment supply through time in response to
hinterland denudation.

Step one in this process was to depth-convert the top and
base surface of every package at Stage level using a regional
seismic velocity model. The maps were then cut to the area
of active deposition as suggested by attribute maps, thickness
and borehole data (Figure 3) to constrain the volume of the
active depositional system. Present day rock volumes (km?) were
calculated for each unit and this value was converted to mass
(MT) using the average density from all boreholes penetrating the
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relevant units (Supplementary Table S1). Changes in sediment High-resolution biostratigraphic data from borehole 35/6-2S
supply (MT/yr) through time was finally calculated using stage  (Figures 5, 6) was used to constrain the mapping of the PETM
ages from Gradstein et al. (2012). deposits. This is the most proximal borehole penetrating the
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PETM event in this area and provides information on paleo-
environmental changes prior to and during the PETM.

Uncertainties in the volumetric calculation varies between the
different units. The Maastrichtian succession shows a basinward
thickening geometry (Figure 2) and it is possible that fine-grained
material has been transported basinward of the small slope-fans
inferred from attribute maps, thus underestimating the overall
sediment supply. However, no boreholes indicate the presence
of an active Maastrichtian supply system. The Danian, Selandian
and Thanetian successions are all well-defined on thickness maps
as the depocenters clearly thins both in strike and dip-direction
(Figure 3). Although biostratigraphic data from several boreholes
indicate minor stratigraphic breaks internally, the 3D volumetric
control is adequate. The main uncertainty is related to the
amount of erosion by the upper regional unconformity (URU)
(Figure 2). Although shelf-breaks are observed locally, especially
in the uppermost part of the Paleocene succession, most of the
topsets have been removed by later erosion. The amount of
missing strata is difficult to estimate, but this and other studies
(Martinsen et al., 1999) suggest that the Paleocene progradation
occurred by forced regression, and it is believed that little material
was retained in the topsets.

In order to quantify the onshore topography associated with
the Paleocene tectonic event, inverse application of the BQART
model (Syvitski and Milliman, 2007) was conducted. The aim is to
use a large modern data set to investigate the best-fit topography
associated with the observed sediment supply through time. The
best-fit topography is calculated using a Monte Carlo approach
where all key uncertainties are included in the estimations. The
method and discussion of uncertainty parameters are outlined in
Semme et al. (2013b) and in the Appendix.

CHARACTERISTICS OF THE
PALEOCENE SHELF-SLOPE WEDGES
LINKED TO TECTONIC PERTURBATION

In the study area, the Maastrichtian succession is extensively
eroded by the angular base Tertiary unconformity (BTU), and
the amount of erosion generally increases eastward and above
the crests of older fault blocks (Figures 2, 3). A seismic attribute
map of the Danian succession just above the unconformity
reveals that the transition between the Maastrichtian and the
Paleocene was dominated by significant mass-wasting (Figure 4).
On the Horda Platform and in the northern part of the Stord
Basin, several large slides are observed together with channelized
mass-transport deposits. Boreholes penetrating these deposits
show that they mostly comprise fine-grained argillaceous shale
and chalk material eroded from underlying lowermost Danian
and uppermost Cretaceous strata. Further north on the Horda
Platform, the Danian is characterized by an up to 200 m thick
succession of slope to basin floor channel and fan complexes that
are downlapping the BTU (Egga Member of the Vale Formation,
Figures 2, 3; Dmitrieva et al., 2018). Biostratigraphic data form
35/6-2S suggest that this period was characterized by relative
sea-level rise (Figure 6).

Progradation continued during the Selandian and Thanetian
with only a minor stratigraphic breaks in borehole 35/6-2S.
Seismic attribute data (Figure 3) show continued progradation
of sandy slope channel complexes (Sotra and Solund members
of the Lista and Sele Formations) (Figures 2, 3). Biostratigraphic
data from boreholes penetrating these units show reworking of
Cretaceous fauna, suggesting that underlying stratigraphy was
eroded somewhere along the routing system to the east. The
isochore maps of the Selandian and Thanetian successions show
thicknesses of up to 350 m in the main depocenter, abruptly
thinning toward the north and south (Figure 3). The uppermost
part of the Thanetian succession comprises the succession
associated with the PETM (Figures 5, 6), which will be discussed
separately below.

Paleocene strata are overlain by a relatively thin unit of
early Ypresian age [Balder Fm (Figures 2, 3)]. In 35/6-2S and
locally in the northern part of the study area, the Balder Fm
is sand-dominated (Radey Member; Figure 3; Martinsen et al.,
1999), and the unit shows a progradational to aggradational
stacking pattern (Figure 5). To the south and away from the
main sediment entry point, the unit shows an aggradational to
backstepping pattern. The thickness of the Ypresian succession
is up to 270 m, showing only minor variation along strike
(Figure 3), indicating a transition from a well-defined point
source to a more laterally extensive depocenter. Despite overall
aggradation and onlap onto the upper slope of the underlying
Thanetian succession, borehole and seismic attribute data suggest
that the northernmost part of the Ypresian system on the Malay
Slope represents sand-dominated slope to deep-water channel
and lobe complexes (Frigg Formation) (Figures 2, 3); whereas
on the northern Horda Platform, the succession is fine-grained
without evidence of coarse-grained input.

A similar situation is evident from the Middle to Upper
Eocene succession, which is up to 530 m thick on the
southernmost part of the Malgy Slope (Figure 3). Also here,
borehole and seismic attribute data suggest that the coarse-
grained material was delivered to the Maloy Slope area (Frigg Fm,
Figure 1), whereas the northern Horda Platform was dominated
by fine-grained sediments (Martinsen et al., 1999).

Further south, in the Stord Basin, another Paleocene wedge
has been mapped on 2D and 3D seismic reflection data
(Figures 7, 8). This wedge represents the distal part of a
different routing system that was associated with significantly
lower sediment supply compared to the northern system
during the Paleocene (the total thickness of the Paleocene
wedge is only ~400 m compared to ~900 m in the
north). The southern system has preserved the topsets of
the ~200 m thick Thanetian prograding wedge (Figure 7),
allowing more detailed analysis of changes in accommodation
to be made. The lower part of the wedge shows downlap-
toplap geometries, indicating forced regression. This is overlain
by an aggradational unit, which again is onlapped by lower
Ypresian strata as in the north. This wedge has been tied
to borehole 31/6-3 (Figure 8), where biostratigraphic data
shows that a major unconformity is present within the
Thanetian. The PETM is not recognized as a mappable
seismic unit in the southern depocenter. Since the entire
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linked wedges are believed to represents up to ~3 Myr of deposition.

FIGURE 7 | Map showing the two (northern and southern) PETM depocenters on the Horda Platform and the Malay Slope together with the northern and southern
tectonically-linked depocenters on the Malay Slope and in the Stord Basin (the former is made transparent for visualization purposes). Note the similarity in thickness
between the PETM wedges and the southern tectonically-linked wedge. The PETM climatic wedges represent ~150-200 kyr of deposition, whereas the tectonically

landward part of the wedge has been eroded by the URU,
no attempts have been made to calculate sediment supply for
this unit.

CHARACTERISTICS OF THE
UPPERMOST THANETIAN
SHELF-SLOPE WEDGES LINKED TO
CLIMATE PERTURBATION

Although the PETM only lasted about 150-200 kyr (Rohl et al.,
2007; Sluijs et al., 2007), the corresponding stratigraphic record
can still be recognized and mapped on seismic reflection data
in areas where the sediment supply was high. In the North
Atlantic, the PETM has been recognized by the presence of

Apectodinium Augustum dinocysts and an abrupt extinction of
benthic foraminifera (Gradstein et al., 1994; Sluijs et al., 2007;
Nagy et al., 2013; Eldrett et al., 2014). Biostratigraphic data from
borehole 35/6-2S shows the extinction of benthic foraminifera
and the presence of A. Augustum at ~810-680 m, indicating that
the PETM is represented by ~130 m of stratigraphy in the Sele
Fm (Figure 6). The base of the PETM succession can be tied to a
distinct, but local downlap surface on seismic data, which marks
the transition from low-angle to more steeply dipping clinoform
geometries (Figure 5). In 35/6-2S, the surface is characterized by
shale-dominated lithologies and a minor increase in gamma ray
(GR) (Figure 6). In map view, the surface is characterized by a
polygonal fault pattern and little variation in the RMS amplitudes
indicating relatively homogenous lithologies (Figure 9). The fine-
grained lithologies and the downlapping geometry of the lower
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FIGURE 8 | Dog-leg line connecting forced regressive wedges (FRW) to borehole 31/6-3 in the Stord Basin. Inset shows the details of 2D line TE90-136 where the lower Thanetian unit shows toplap geometries

indicating forced regression. This wedge is overlain by an aggradational wedge (AW), which again is onlapped Ypresian strata. A similar wedge can also be observed further north close to borehole 31/6-3. See

Figure 7 for line location.

surface indicates that the onset of the PETM was characterized by
re-arrangement of the main dispersal system to the north of the
main Paleocene wedge (Figure 7). Clinoform geometries appear
to steepen upward in the succession, indicating progradation into
deeper water.

In the area around borehole 35/6-2S, the PETM succession
prograded across a rugged seafloor created by remobilization
of underlying sediments (Figures 5, 9). This might suggest
that PETM progradation was relatively rapid, causing increased
pore-pressure and remobilization of older, underlying sediments
prior and during PETM progradation. Borehole logs and cutting
descriptions from 35/6-2S also show that the base of the PETM
succession is dominated by shales, whereas increasing amount
of sand is present in the uppermost part of the unit (Figure 6).
Increasing sediment input toward the end of the PETM is also
corroborated by the presence of channel and lobe complexes
observed in the attribute data in Figure 9.

Apectodinium Augustum is also an indicator of increased
nutrient supply and runoff from the continent, which has
been documented in several locations in the North Atlantic
(Carmichael et al., 2017). However, the only difference described
from the cutting data is a marked change in sorting within
the PETM sands, from well sorted below and above, to very
poor sorting within the PETM interval. The last occurrence of
A. Augustum in borehole 35/6-2S is at ~680 m, which is below the
top of the sandy progradational unit and at least 50 m below the
regional Ypresian onlap surface described above. Consequently,
the end of the PETM does not appear to be characterized by
any specific stratal relationship in seismic data and the system
continued to prograde also after the PETM. Continued sediment
delivery is also evident in seismic attribute data, however, post-
PETM channels appear straighter and are more widely spaced
along strike (Figure 9).

The basal surfaces of the PETM wedge and the lower Ypresian
onlap surface penetrated by 35/6-2S can also be tied further south
where another wedge is present (Figure 7). The thickest part
of this southern wedge has not been penetrated by boreholes
and the suggested PETM age is thus based on correlation
along strike from borehole 35/6-2S and from other boreholes
penetrating the distal slope setting. This is interpreted as another
local PETM depocenter situated to the south of the main
Paleocene wedge.

ESTIMATING SEDIMENT SUPPLY AND
PALEOTOPOGRAPHY

In order to investigate stratigraphic response to climatic and
tectonic forcing, the mapped depositional units were converted
to sediment supply rates as described in section “Rationale and
Methodology”. These values were then used as input to the
reverse BQART model, which estimates the topography needed
to explain observed sediment loads along the margin.

Sediment Supply
Calculations show that the system delivering sediment to the
SW Norwegian margin supplied less than 0.06 MT/yr during
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FIGURE 9 | Oblique view of co-blended root mean square (RMS) and
variance attribute maps showing the evolution of the PETM wedge around
and north of borehole 35/6-2S. The basal surface downlapped by the PETM
wedge show polygonal fault pattern and little variation in amplitude, indicating
fine-grained lithologies as shown in the borehole (Figure 6). Near the top of
the PETM wedge, high-amplitude channel and lobe geometries can be
observed along strike of the prograding shelf-slope wedge, indicating sandy
and more mixed lithologies. In 35/6-28S, this is recognized by a
sand-dominated interval. Sand appears to have been shed into the area also
after the PETM, but the amplitude maps show different geometries with more
straight channels and smaller terminal lobes. See Figure 7 for location.

the Maastrichtian, prior to earliest Paleocene uplift (Figure 10).
The sediment load increased to ~0.32 MT/yr in the Danian,
~ 0.82 in the Selandian and ~0.79 MT/yr in the Thanetian,
respectively (Supplementary Table S1). The sediment load then
decreased to 0.38 MT/yr during the earliest Ypresian (Balder
Fm), followed by ~0.44 MT/yr in the Ypresian and finally
~0.35 MT/yr for the remainder of the Eocene. Since parts of the
sediments were eroded during the late Quaternary, the estimated
loads are absolute minimum values. Nevertheless, the estimates
suggest that hinterland uplift resulted in at least one order of
magnitude increase in sediment supply during the Paleocene.

Paleocene-Eocene Thermal Maximum sediment loads have
also been estimated based on the preserved volumes in the
two depocenters on the Horda Platform (Figure 7). If it is
assumed that all sediments were deposited in about 170 kyr
(Rohl et al., 2007), the total PETM supply is ~0.53 MT/yr. This
number is lower than the more long-term Thanetian load, but
higher than the earliest Ypresian load. The PETM load is likely
underestimated since the unit is relatively thin (<10 m) and
below seismic resolution away from large sediment entry points
(Kender et al., 2012).

Paleotopography and Denudation

Assuming the extent of the catchment feeding sediment to the
SW Norwegian margin did not change significantly in size during
the Paleocene-Eocene, the observed changes in sediment supply
are believed to reflect long-term increase in onshore topography.
When the uncertainty of input parameters to the BQART model
have been accounted for in the Monte Carlo simulation (see
Appendix), the model shows that the best-fit scenario for the
observed sediment supply is ~0.1 km of relief during deposition
of the small Maastrichtian slope fans (Figure 3), increasing to
~0.4 km in the Danian as more sediment is supplied to the
basin (Figure 10). A relief of 0.8-0.9 km is estimated for the
Selandian and Thanetian during the main phase of progradation,
falling to ~0.4 km in the Eocene when the depocenter is less
confined. These estimates suggest that significant topography
on the scale of 0.6-1.1 km must be inferred to explain the
at least one order of magnitude increase in sediment supply
during the Paleocene. However, it should be stressed that these
estimates do not necessarily reflect total vertical motion or
amount of denudation, as the area inboard the More-Trondelag
Fault Complex (Figure 1) already had pre-existing topography
of around 0.5 km in the Late Cretaceous prior to dynamic uplift
(Somme et al., 2013D).

In order to speculate on the amount of catchment denudation
this offshore volume amounts to, we convert the present-day
Paleocene volumes to solid rock volumes by removing the
porosity using average values from the offshore boreholes (45%).
If we average the Paleocene solid rock volumes across the inferred
range of catchment sizes (~850-3500 km?, see Appendix),
we obtain rates of ~25-100 m/Myr in the Danian and ~60-
250 m/Myr in the Selandian and Thanetian during peak uplift.
However, since erosion rates heavily depend on slope gradients, it
is inferred that high-elevation areas would have seen higher rates
than what is suggested here.
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DISCUSSION

We start the discussion by looking into the driver for regional
uplift in the Paleocene. We then go on to discuss how
that uplift together with climate perturbation is expressed
along strike depending on pre-uplift, antecedent topography.
We suggest that the combination of antecedent topography
and dynamic topography governed sediment supply and
geomorphic character of the tectonically and climatically linked
shelf-slope wedges.

Mechanism for Regional Uplift

Rapid increase in sediment supply to the flanks of the North Sea
basin in the Paleocene has long been attributed to hinterland
uplift (e.g., Jordt et al, 1995, 2000; Martinsen et al., 1999;
Skogseid et al., 2000; Anell et al., 2009, 2010). Several mechanisms
have been proposed to explain this uplift, including intraplate
compressional stresses linked to plate reorganization and far-field
compression, lithospheric flexure driven by differential loading,
and rift-related mantle dynamic processes such as emplacement
of the Iceland Plume below the lithosphere (e.g., Stuevold and
Eldholm, 1996; Skogseid et al., 2000; Redfield et al., 2005;
Guarnieri, 2015; Stoker et al., 2018).

An angular unconformity at the BTU overlain by slides and
channelized mass-transport deposits (Figure 4) together with
relative ocean deepening as indicated by biostratigraphic data
in borehole 35/6-2S (Figure 6), suggests regional tilting and
changing slope gradients along the flanks of the basin (Gradstein
and Backstrom, 1996; Praeg et al., 2005). A similar lower
Paleocene slide have also been documented on the East Shetland
Platform and has been linked to mantle plume activity (Soutter
et al., 2018). Isochore maps also show Paleocene thickness
variations across large normal faults on the Horda Platform
(Figure 3), indicating syn-tectonic deposition of at least part of
the Paleocene shelf-slope wedge. Faulting and extensional stress
is also indicated by Paleocene reactivation of old Caledonian
fault zones onshore (Fossen et al., 2017; Kziensyk pers. comm.),
suggesting that at least part of the deformation was taken up along
major faults (Redfield et al., 2005).

Long-term increase in sediment supply further indicates that
the mechanism driving onshore uplift was not instantaneous,
but gradually increased over almost 10 Myr, from the earliest
Danian to the latest Thanetian. This trend stopped with a phase
of early Ypresian onlap and relative sea-level rise within and
above the Balder Fm (Figures 5, 6) and just after sea-floor
spreading at ~55 Ma.

Increasing sediment supply during the Paleocene coincides
with increasing dynamic topography for SW Norway as predicted
by Barnett-Moore et al. (2017) (Figure 10). This period also
coincides with high volcanic intensity in the North Atlantic
Igneous Province, which peaked at the end of the Paleocene ~56-
54.5 Ma (Steinberger et al., 2019). This is also supported by the
micropaleontology data which shows high diatom productivity
in borehole 35/6-2S, pointing to higher nutrient supply to
the basin in response increasing volcanic activity (Mitlehner,
1996). High magmatic activity has been attributed to the
development of the Iceland Plume, and although most of the

earliest (i.e., 62-63 Ma) magmatic activity is constrained to
the British Isles and the breakup related magmatism (~54-
55 Ma) is found along the entire western margin of Eurasia
(Figure 1), the near-coastal Vestbrona seamounts outboard
the MTFC has been interpreted to represent a regional sill
complex emplaced around 57-58 Ma (Hafeez et al., 2017). This
documents that melt was present at lithospheric levels and in
proximity to deep crustal fault complexes that are believed
to have been active during the latest Cretaceous-Paleocene
(Redfield et al., 2005).

In a more regional perspective, the observed changes in
sediment supply and the stratigraphic relationships observed
along the Norwegian mainland mirrors what has been observed
along the margin of the British Isles. Recent work by Gale
and Lovell (2018) suggest that incipient uplift of the British
Isles started in the Late Cretaceous to Early Paleocene, similar
to the onset of mass wasting along the Norwegian margin. In
terms of sediment supply, Liu and Galloway (1997) observed a
similar peak in sediment load around the Selandian-Thanetian
transition, and White and Lovell (1997) suggested that pulses
of increased sand delivery could be related to dynamic uplift of
the British Isles.

Work by Smallwood and Gill (2002), Shaw Champion et al.
(2008), Hartley et al. (2011) and Stucky de Quay et al. (2017)
along the north-western and eastern margins of the British Isles
further suggest that late Paleocene uplift and forced regression
(Jones and Milton, 1994; Underhill, 2001) culminated with a
phase of uplift of at least 300-500 m around the Thanetian-
Ypresian transition. Subsequently, the margin was onlapped
and transgressed in the Early Eocene (e.g., Underhill, 2001;
Smallwood and Gill, 2002; Mudge, 2015), a process that has been
linked to decreasing rates of dynamic uplift (Mackay et al., 2005;
Shaw Champion et al., 2008). Similarity in timing of maximum
forced regression and subsequent Ypresian transgression suggest
that both the British Isles and western Norway experienced and
responded to the same forcing mechanism.

Figure 10 compares the predicted dynamic uplift, igneous
intensity, peak sediment supply and the timing of maximum
forced regression during the PETM. The order of magnitude
increase in sediment supply required significant relief of 0.6-
1.1 km. If we take into account antecedent topography of around
0.5 km in the inboard areas prior to uplift (Somme et al., 2013b),
minimum values for net dynamic uplift was in the order of
0.1-0.6 km (this is discussed more in section “Along-Strike
Variability and the Role of Pre-existing Topography”). These
values are comparable to the predicted amplitude of dynamic
uplift of ~0.5 km at 60 = 5 Ma from Barnett-Moore et al.
(2017). If we further assume that the estimated basin-averaged
denudation rates of 60-250 m/Myr reflect uplift rate, these are
also similar, but on the low side of the uplift rates estimated
for the northern British Isles (e.g., Shaw Champion et al., 2008;
Stucky de Quay et al., 2017).

Our favored model is that regional uplift was driven by the
arrival of the Iceland mantle plume as modeled by Barnett-
Moore et al. (2017). But in contrast to previous studies from the
British Isles (Shaw Champion et al., 2008; Hartley et al., 2011;
Stucky de Quay et al., 2017), which focus on the last ~3 Myr
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FIGURE 10 | Plot showing calculated sediment supply and estimated paleotopography from this study together with predicted dynamic topography (uncertainty
range + 5 Myr) and magmatic intensity in the North Atlantic Igneous Province. Also shown is the estimated PETM sediment supply from this study. Maximum forced
regression occurred around the PETM and coincides with the timing of peak volcanic activity in the North Atlantic and just after the Vestbrona volcanics (Figure 1).

before break-up, we suggest that the initial phase of dynamic
topography started already in the Danian. Despite favoring a
mantle driver for the required uplift, we cannot rule out that also
other factors played a role.

Along-Strike Variability and the Role of
Pre-existing Topography

Caledonian structural inheritance is believed to have played
an important role controlling the distribution of topography
and drainage systems in southern Norway during the Mesozoic
and Cenozoic (Gabrielsen et al,, 2010). Apatite fission track
data and absolute dating of faults suggest that some of these
Caledonian structures have been reactivated numerous times
during the during the Mesozoic and Cenozoic (Redfield et al.,
2005; Medvedev and Hartz, 2015; Ksienzyk et al., 2016). It has
been suggested that Late Cretaceous topography was asymmetric
with the highest areas along the MTFC and lower topographies
inboard the HFSZ (Gabrielsen et al., 2010), and Somme et al.
(2013b) estimated relief of around 0.5 km inboard the MTFC
in the Late Cretaceous based on the presence of coarse clastic
fan systems along the margin. Similarly, Somme et al. (2013b)
estimated that the Late Cretaceous topography was <0.5 km
further south, inboard the Stord Basin, based on the absence of
coarse clastic material in Late Cretaceous fine-grained sediments.
This antecedent topography probably dominated the landscape
prior to uplift and the modeled distribution of the Iceland plume
(Skogseid et al., 2000; Barnett-Moore et al., 2017) suggest that this
pattern was amplified during the Paleocene.

A strong north-south topographic gradient is also inferred
from the stratigraphic units mapped in this study (Figure 11).
On the northern Horda Platform and on the Méloy Slope where
also the onshore-offshore gradient was relatively steep (Figure 2)
and where the rejuvenated topography is estimated to have been

0.6-1.1 km, the Paleocene unit covers an area of ~12000 km? and
is up to ~900 m thick. In the Stord Basin where the onshore-
offshore gradients were more gentle, lower dynamic uplift of
an already lower antecedent landscape (<0.5 km) produced a
significantly smaller (~600 km?) and thinner Paleocene unit,
which only reached ~400 m in the Stord Basin.

Another difference between the northern and southern
depocenters is the timing of onlap and backstepping. In the
area around 35/6-2S, onlap and backstepping occurred in the
Ypresian, after the PETM (Figure 5). In the Stord Basin, the
transition from forced regression to aggradation occurred earlier,
within the Thanetian unit, and the main phase of onlap occurred
at the top Thanetian horizon (Figure 8). This indicates that the
transition from low A/S (accommodation space vs. sediment
supply) to high A/S conditions took place earlier in southern
depocenter. This could be related to regional differences in
dynamic topography during the waning phase. Or it could be
related to lag-times between timing of uplift and transfer of the
erosional signal to the offshore depocenter (Willenbring et al.,
2013; Li et al,, 2018). Despite a phase of Early Eocene onlap in
the north, the area continued to supply coarse clastics throughout
the Eocene, indicating significant onshore topography long after
break-up (Figure 3). In the south, on the other hand, no
more coarse clastics were supplied to the basin in the Eocene,
suggesting regional backstepping of the depocenter.

Recognizing Tectonic and Climatic

Perturbations in Subsurface Data

The initial response to long-term (~10 Myr) dynamic uplift
of SW Norway was the formation of the angular BTU.
The BTU is overlain by large slides and channelized mass-
transport deposits in the southern part, and sand-dominated
slope channels and fan complexes in the northern part of the
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FIGURE 11 | Cartoon showing the inferred topographic and depositional situation in the Late Paleocene and during the PETM. The lower blue surface is the Base
Tertiary unconformity. Two tectonically linked wedges prograde into the basin, but the areal extent, internal seismic stratigraphic geometries and thickness depend
on along-strike variability in inherited Cretaceous topography and Paleocene dynamic topography. During the 0.2 Myr PETM event, only the northern system had
sufficient sediment supply to form a mappable wedge in seismic data. The PETM in the southern area is below seismic resolution. White line shows the present-day
coastline. Light blue lines indicate the approximate location of the Paleocene river systems. Cartoon is not to scale.
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study area (Figure 4). This phase also marks the transition
from underfilled (basinward thickening wedge) to overfilled
basin configuration (landward thickening wedge), associated
with shelf-slope progradation (Figure 2). This pattern of angular
truncation, mass-wasting, followed by downlap of the shelf-slope
wedge is thus considered to be the manifestation of the initial
phase of tectonic perturbation along the margin.

Timing of peak dynamic uplift was associated with sediment
supply about one order of magnitude higher than before
uplift started. The peak uplift phase was also dominated by
forced regression where relatively coarse-grained sediments were
delivered to local depocenters showing little evidence of lateral
shifting of sediment entry points (Selandian and Thanetian in
Figures 3, 11). In terms of sediment partitioning, it is expected
that most sediments were bypassed to and beyond the shelf break
and that little was retained in topset during this phase, similar
to what has been described on the East Shetland Platform (e.g.,
Underhill, 2001).

Decreasing sediment supply in the latest Thanetian (Stord
Basin) to early Ypresian (Malgy Slope) coincides with the
aggradation, onlap and backstepping of depocenters, as discussed
above. Forced regressive wedges overlain by aggradational to
backstepping deposits documenting a significant shift toward
high A/S conditions and a widening of the depocenters are thus
considered to be a manifestation of the relaxing phase of the
tectonic perturbation.

High-frequency climate change during the PETM occurred
toward the end of the phase of maximum tectonic perturbation.
Although the entire margin is believed to have experienced
forced regression with high sediment input during the end of
the Thanetian, the base of the PETM interval is characterized
by a distinct downlap surface, suggesting that a rapid rise in
base-level (perhaps in the order of 20-30 m, Sluijs et al., 2008)
was sufficient to flood parts of the shelf (Figures 5, 9). Also,

the location of the two PETM depocenters on the flanks of the
underlying Thanetian wedge indicates compensational stacking
and reorganization of the sediment entry points (Figure 7).
Despite initial reorganization, the PETM interval is overall
regressive indicating high sediment supply. But although several
PETM sites describe increased continental run-off and sediment
supply (Schmitz and Pujalte, 2003; Foreman et al., 2012; Kender
et al., 2012; Stassen et al., 2012; Carmichael et al., 2017), the
data resolution in this study is not able to resolve a deviation
from the longer-term trend (Figure 10), and the PETM supply
is lower than the preceding Thanetian supply and higher than
the following early Ypresian (Balder Fm) supply (Supplementary
Table S1). The seismic data does not reveal the top of the PETM
interval as a key surface and borehole 35/6-2S (Figure 6) suggest
that the system continued to supply sandy sediment also after the
PETM (Figure 9). Similar observations have also been described
from outcrops, pointing to a potential lag-time between the
perturbation of the climate system and the stratigraphic response
(Foreman et al., 2012).

Climatic perturbations linked to global warming and relative
sea-level rise can thus be recognized by a local downlap surface
and reorganization of feeder systems. This is well expressed
where the climate perturbation is superimposed on a period
of forced regression, but might have been more difficult to
identify if the perturbation was superimposed on a longer-
term phase of increasing accommodation or strong autogenic
behavior (Toby et al., 2019). The climatic events can also readily
be recognized in biostratigraphic data, but this study shows
that they may not cause a change in sediment supply that is
detectable in seismic data. In addition, these PETM depocenters
are local (~80-120 km?) compared to the overall Thanetian
wedge (~12000 km?), indicating that they could have been
missed if only 2D seismic reflection data was available, or wrongly
interpreted without borehole and biostratigraphic data.
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Since the thickness and lateral extent of the climatic wedges in
the north are similar to the tectonic wedge in the south (Figure 7),
it is clear that the morphometrics of the individual routing
system and the resulting sediment supply is instrumental for
how tectonic and climatic perturbations can be recognized and
separated in subsurface data. In a relatively low-supply system
like the one in the Stord Basin, a short-lived event like the PETM
will be below seismic resolution and can only be recognized
in borehole data with high-resolution biostratigraphic sampling
(Figure 11; e.g., Kender et al,, 2012). Only a multi-million-year
tectonic perturbation leaves a mappable shelf-slope wedge in
this area (Figure 8). If the sediment supply from a catchment
is sufficiently high (>~0.9 MT/yr) like in the northern area,
and if the sediments are deposited in areas with relatively high
accommodation, we infer that short-lived climatic perturbations
can produce stratigraphic units that are mappable on seismic
data. This study shows that thickness, sediment supply and areal
extent of the resulting shelf-slope wedges may not be sufficient
to recognize the same perturbations in different systems and that
internal stratigraphic architecture is the best recognition criteria
across all scales.

CONCLUSION

e This study documents a tectonically linked, shelf-slope
wedge (up to 900 m thick) that resulted from ~10 million
years of gradual uplift and hinterland denudation of the
Norwegian landmass in the Paleocene. The thickness of
the wedge varies significantly along strike depending on
antecedent topography and later dynamic uplift.

e The wedge is recognized by an angular unconformity at
the base, which formed in response to slope steepening and
mass-wasting of underlying sediments. The unconformity
is downlapped by progradational shelf-slope wedges that
can be tied to specific sediment entry points. In the
Stord Basin, internal toplap geometries indicates forced
regression. The top of the wedges is marked by a regional
onlap surface of earliest Eocene age.

e Superimposed on the tectonically linked Paleocene
wedge, two localized, climatically linked depocenters have
been mapped. The areal extent of these wedges is an
order of magnitude smaller than the underlying tectonic
wedge. The northern wedge, which is well-constrained by
biostratigraphic data, is up to 130 m thick and represents
150-200 kyr of deposition during the PETM.

e The climatically linked wedges are marked by a minor
flooding surface at the base, which is recognized in both
seismic and borehole data, documenting early PETM
reorganization of the sediment dispersal system to the
flanks of the underlying Thanetian system. The top of
the wedge is not characterized by changes in lithology or
specific stratal terminations in seismic data.

e Recognition of high-frequency climatic perturbations in
seismic data depends on sediment supply and available
accommodation space at the time of deposition. In
relatively high accommodation settings where sediment

supply is least 0.9 MT/yr, climate perturbations operating at
10* year time-scales have the potential to leave stratigraphic
units that can be mapped in seismic data. In areas
with significantly lower supply, the resulting stratigraphic
response might be below seismic resolution, like in the
southern Stord Basin.

e Key differences between tectonically and climatically linked
wedges within the same routing system are the areal extent
and the internal stratal geometries of the depositional units.

e When comparing different systems along strike, thickness,
areal extent and sediment supply estimates alone is
not diagnostic of specific perturbations. Internal stacking
patterns and stratal termination styles are the best
tools to separate climatic vs. tectonic perturbations
in the study area.
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APPENDIX

Here we describe the procedure and uncertainties associated with the inverse BQART modeling used to estimate changes in
topography during the Maastrichtian-Eocene. A more detailed description can be found in Semme et al. (2013b). Syvitski and
Milliman (2007) showed that the sediment supply (Qs) from modern catchments best can be explained by the combination
of an anthropogenic and lithology factor (B), water discharge (Q), catchment area (A), relief (R) and temperature (T), so that
Qs = wBQ? 3 A¥SRT. Here we assume that all parameters going into the equation can be estimated for the Maastrichtian, Paleocene
and Eocene, so that the equation can be solved with respect to R to estimate topography for the respective time intervals. The
uncertainty range associated with each parameter is used in a Monte Carlo simulation to make a statistical weighted prediction of
the paleotopography.

Sediment supply (Qs) is based on seismically defined isochores. The volume is converted to mass using density data from all
boreholes penetrating the relevant succession. The calculated mass per stage is considered to be absolute minimum supply, since parts
of the Paleocene-Eocene wedge is truncated by the BTU. In order to accommodate for this, we add 25% to the mass as a maximum case
(see Somme et al., 2013b for discussion). Since the Paleocene-Eocene wedge prograded by forced regression, the amount of sediment
initially trapped in topsets is considered to have been very low. Local preservation of what appears to be shelf breaks also indicate that
the amount of erosion was limited.

Water discharge (Q) is difficult to constrain for the Paleocene. Paleo water discharge is therefore estimated using the inferred size of
the catchment together with the overall climatic setting (Syvitski and Milliman, 2007). Here we use a revised version of the discharge
prediction as suggested by Eide et al. (2018) for wet climates, so that Q = 0.0873A%9164,

Maximum catchment area (A) is taken to extend around 100 km inland and is constrained by the inner boundary faults of the
Hardangerfjord Shear Zone. This, together with the More-Trondelag Fault Complex is believed to have been active in the Paleocene
(Redfield et al., 2005; Fossen et al., 2017, Kziensyk pers comm), setting up a regional drainage divide (Figure 11). A minimum
extent of around 50 km inland is assumed based on dating of active faults between the inner boundary fault and the basin margin
(Kziensyk pers comm).

Paleocene-Eocene temperatures (T) in the North Sea are generally believed to have been warm and humid to tropical (Nielsen
et al,, 2015). The presence of temperate to tropical Spiniferites ramosus grp in 35/6-2S suggest paleoclimatic changes throughout the
succession, with the warmest period in the Thanetian (Figure 6). Recent review by Zhang et al. (2019) suggest terrestrial Paleocene-
Eocene temperatures in the range of 20-25°C, which is similar to 23 & 5°C as suggested by Hall et al. (2015) based in deep weathering
in Scotland. Here we use the latter range of 23 &= 5°C as input to the model.
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