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A 3D thermal modelling within the northern North Sea and the adjacent land areas has been performed
to reveal time-dependent changes of the subsurface 3D thermal pattern during Cenozoic erosion and
deposition. The results of the 3D thermal modelling provide significant progress in our understanding
of the first-order characteristics of the conductive thermal field within the northern North Sea and
adjacent land areas. The obtained results of the transient 3D thermal simulations clearly indicate that
the present-day subsurface thermal field is non-equilibrated within the areas where Cenozoic erosion and
deposition have taken place. The obtained erosion-related positive thermal anomaly reaches its maximum
of more than +33°C at a depth range of 18–26 km beneath the continent and adjacent shelf areas where
the thickness of the eroded material is the largest. The deposition-related negative thermal anomaly is
around -34°C at 22–26 km depths beneath the Central Graben, where the Cenozoic sequence is thickest.
The thermal effects of erosion and deposition within the study area are caused by the heat advection
by heated or cooled solid rocks as a result of vertical upward or downward movements of these rocks.
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Besides, the hypothetical deep tectonics-related heating events could have occurred during the Cenozoic
within the central part of the North Sea.

Introduction
The main goal of this study has been to understand the regional-scale, 3D conductive, thermal pattern
beneath the northern North Sea and the adjacent mainland within the area covered by the
lithosphere-scale 3D structural model (Fig. 1). In particular, the 3D thermal modelling has been carried out
to reveal the time-dependent changes of the subsurface 3D thermal pattern during Cenozoic phases of
uplift and subsequent erosion of the adjacent mainland and the inner shelf areas and the relatively rapid
deposition of the eroded material within the northern North Sea.
The lithosphere-scale 3D structural model of the northern North Sea, constructed by Maystrenko et al.
(2017), has been used as the main structural background during the 3D thermal simulations. The existing
3D structural model covers the major sedimentary depocentres within the Central and Viking grabens, the
East Shetland and Norwegian–Danish basins, as well as the East Shetland and Horda platforms (Fig. 2).
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Figure 1. Northwestern Europe (elevation from the Norwegian Mapping Authority; Kartverket, 2019) with the location of
the 3D structural/thermal model of the northern North Sea and adjacent Norwegian land areas (purple frame).

Figure 2. Tectonic settings within the study area with the location of the 3D structural/thermal model (modified
after Maystrenko et al., 2012, 2013, 2017). Major faults are according to Sigmond (2002), and LTZ is after Medhus et
al. (2012). The three thick, horizontal, E–W-oriented, orange lines are selected vertical slices through the 3D model.
LTZ – lithospheric transition zone and STZ – Sorgenfrei–Tornquist Zone.
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In addition, the model covers the northern parts of the uplifted Mid North Sea and Ringkøbing–Fyn
highs. Onshore, the sediments are relatively thin or mostly absent and, therefore, the crystalline rocks
crop out at the surface within a large part of the continent.
The 3D structural model is the most recent structural approximation of the deep subsurface of the
northern North Sea. The model area is 672 km long in the N–S direction and 488 km wide in the E–W
direction (Fig. 3) with a horizontal grid spacing of 4 km. The original model consisted of 21 layers from
the present-day Earth´s surface to the base of the lithosphere (Maystrenko et al., 2017): (1) seawater;
(2) Cenozoic; (3) Upper Cretaceous; (4) Lower Cretaceous; (5) Jurassic; (6) Triassic; (7) Zechstein salt;
(8) Zechstein clastics, carbonates and anhydrites; (9) pre-Permian sediments; (10) intrusive rocks; (11)
upper-crustal magmatic rocks; (12) low-dense, upper-crustal layer; (13) upper-crustal regional layer;
(14) middle crust of Baltica; (15) eastern-central North Sea rocks; (16) western central North Sea rocks;
(17) middle crust of Laurentia and Avalonia; (18) lower crust of Baltica; (19) high-density crust; (20)
high-density lower crustal layer; and (21) lithospheric upper mantle. Model coordinates are based on
the Universal Transverse Mercator (UTM) coordinate system zone 32 (Northern Hemisphere), using the
World Geodetic System (WGS) 84 datum. To investigate the thermal effects of the Cenozoic erosion and
deposition, the Cenozoic layer of the existing 3D structural model has been additionally subdivided into
seven layers, which are described further in the text.

Figure 3. Lithosphere-scale 3D model of the northern North Sea and adjacent continental areas (four times vertically
exaggerated; slightly modified after Maystrenko et al., 2017).
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Tectonic settings
The sedimentary infill of the northern North Sea has been investigated by various studies for
purposes of hydrocarbon prospecting, including the following regional-scale studies by Ziegler (1990b),
Evans et al. (2003), PGS (2003) and Maystrenko et al. (2012, 2013, 2017). The main source regarding the
structure of the crystalline crust within the study area is taken from 2D deep reflection and
refraction seismic lines (Calcagnile, 1982; Christie et al., 1982; Barton & Wood, 1984; Klemperer et al.,
1989; Iwasaki et al., 1994; McBride & England, 1999; Abramovitz & Thybo, 2000; Christiansson et
al., 2000; Nielsen et al., 2000; Erickson, 2004; Thybo et al., 2006; Sandrin & Thybo, 2008; Sandrin et
al., 2009; Stratford et al., 2009; Thybo & Nielsen, 2012; Kvarven et al., 2014, 2016) and teleseismic
receiver functions (Ottemöller & Midzi, 2003; Svenningsen et al., 2007). In addition, potential field studies
(gravity and magnetic) allowed us to understand some additional important features of the deep
structure within the study area both in 2D (Åm, 1973; Olesen et al., 2004; Lyngsie et al., 2006; Lyngsie &
Thybo, 2007; Fichler et al., 2011; Ebbing et al., 2012; Kvarven et al., 2014; Nirrengarten et al., 2014) and
in 3D (Yegorova et al., 2007; Tesauro et al., 2008; Kaban et al., 2010; Maystrenko & Scheck-Wenderoth,
2013; Maystrenko et al., 2017).
The crystalline crust of the northern North Sea and the adjacent land areas consists of several crustal
domains resulting from long-lasting processes related to the accretion of different terranes to the
Archaean–Proterozoic Baltica continent and/or collisions of Baltica with other palaeocontinents during
Precambrian and Palaeozoic times. Two deformation fronts, associated with the accretion and/or
collision during the Sveconorwegian Orogeny (Bingen et al., 2008; Slagstad et al., 2013, 2017) and the
Caledonian Orogeny (McKerrow et al., 2000; Evans et al., 2003; Cocks & Torsvik, 2006), are relatively
well-known at upper crustal level, whereas some questions about the lower crust remain open.
Our study area is bounded by the Sorgenfrei–Tornquist Zone and the Lithosphere Transition Zone in
the east (Fig. 2), which separate lithospheric blocks with different thicknesses and seismic velocities
(Coward, 1990; Plomerová et al., 2001; Thybo, 2001; Cotte & Pedersen, 2002; Pascal et al., 2002, 2004;
Gregersen et al., 2005; Shomali et al., 2006; Medhus et al., 2009, 2012; Hejrani et al., 2015, 2017; Köhler
et al., 2015; Kolstrup et al., 2015). These deeply-seated lithosphere-scale fault zones can represent
Precambrian suture zones (Olesen et al., 2004) similarly to its southeastern continuation, the
Teisseyre–Tornquist Zone, which has been recently interpreted to be a Precambrian suture (Mazur et
al., 2015, 2016) rather than a Caledonian one (Dadlez, 2013). Moreover, Balling (2000) has shown the
existence of deep zones with increased seismic reflectivity within the lithospheric mantle beneath the
Baltic Shield, the Tornquist Zone, and the North Sea sedimentary basins, indicating that the mantle
structure beneath the study area is even more complicated by the possible presence of ancient
subduction and collision zones.
The Caledonian suture zone is not well recognised in the northern North Sea. According to
integrated seismic, gravity and magnetic studies by Lyngsie et al. (2006) and Lyngsie & Thybo (2007),
the Caledonian suture zone between Avalonia, Laurentia and Baltica coincides spatially with the
Viking Graben and a large part of the Central Graben. A block of the Baltican lower crust extends
through the northern North Sea towards the western flank of the Central Graben (Lyngsie et al., 2006;
Lyngsie & Thybo, 2007). Besides, using 2D potential field modelling, Fichler et al. (2011) have suggested a
possibility that inherited island-arc rocks might be present between Laurentian and Baltican crustal
domains within the northern North Sea. According to Wrona et al. (2019), a large-scale magmatic
intrusion with associated sills is present within the lower crust of the northern North Sea.
Furthermore, separate middle-crustal blocks with different densities have been modelled within the
central part of the North Sea beneath the Central and Viking grabens, supporting previous results
favouring the presence of island-arc chains between Laurentia and Baltica during Caledonian time
(Maystrenko et al., 2017).
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The sedimentary layers of the northern North Sea area are a part of the regional-scale
Northern Permian Basin with superimposed Meso–Cenozoic structural units (Ziegler, 1990b; Evans et
al., 2003; Maystrenko et al., 2012, 2013), such as the Central and Viking grabens, the East Shetland and
Norwegian–Danish basins. The pre-Permian sedimentary rocks of the study area are not well known
and are mainly represented by Devonian and Carboniferous sedimentary rocks (Evans et al., 2003;
Fossen et al., 2017), including relatively thick packages of Silurian, Ordovician and Cambrian rocks
locally, for example, in the Skagerrak–Kattegat area (Lassen & Thybo, 2012). The Devonian
structural elements (e.g., shear zones and metamorphic core complexes) played an important role in
further tectonic development of the northern North Sea (Phillips et al., 2019; Wiest et al., 2020).
The North Sea area was affected by the large-scale Late Carboniferous–Early Permian rifting event
with deposition of relatively thick units of clastic sediments (Plein, 1990; Ziegler, 1990b; Abramovitz &
Thybo, 2000; Stemmerik et al., 2000; Heeremans & Faleide, 2004) and it was followed by
precipitation of a large amount of Upper Permian evaporites, represented by mainly rock salt and
anhydrite (Maystrenko et al., 2012, 2013). Upper Permian evaporites are only present within the
southern part of the study area (the Norwegian–Danish Basin, the Central Graben and the southern
part of the Viking Graben) (Maystrenko et al., 2017). During post-Permian time, the Upper Permian salt
was reactivated several times to form various salt structures during Meso–Cenozoic tectonic events,
that strongly deformed the sedimentary layers, especially, in the Central Graben and the Norwegian–
Danish Basin where the initial salt-rich layer was relatively thick (Maystrenko et al., 2012, 2013).
Post-Permian tectonic differentiation of the northern North Sea was driven by several phases of
tectonic activity in the Mesozoic and Cenozoic, including Triassic extensional events, Mid-Late
Jurassic–Early Cretaceous extension/transtension and Late Cretaceous–Early Cenozoic compression
(Badley et al., 1988; Erratt et al., 1999; Odinsen et al., 2000; Frederiksen et al., 2001; Graversen, 2002;
Vejbæk & Andersen, 2002; Evans et al., 2003; Kyrkjebø et al., 2004; Bell et al., 2014; Phillips et al., 2019).
During the Cenozoic, the central part of the North Sea was affected by regional sag-like subsidence with
deposition of more than 3 km of sedimentary rocks (Evans et al., 2003; Maystrenko et al., 2013).
The nature of this Cenozoic subsidence is still under debate, possibly involving the cumulative
effect of several tectonic processes (White, 1989; Morgan & Barton, 1990; Ziegler, 1990b; Jordt et al.,
2000; Frederiksen et al., 2001; Hansen & Nielsen, 2003; Kyrkjebø et al., 2004; Scheck-Wenderoth &
Lamarche, 2005; Clausen et al., 2016). In contrast, the present-day land areas and adjacent inner
shelf went through a strong uplift which was followed by erosion and/or non-deposition over the
present-day southern Scandinavia (e.g., Riis, 1996; Fjeldskaar et al., 2000; Japsen et al., 2007,
2018; Anell et al., 2009; Lidmar-Bergström et al., 2013). In addition to intensive erosion, this uplift of
SW Scandinavia caused the giant gravitational collapse and sliding of the Oligocene–lower
Miocene sedimentary sequence at the end of early Miocene within the northern North Sea and Møre
Basin (Rundberg et al., 2021). The most recent and easily recognisable erosion took place during the
Quaternary when both sedimentary rocks and weathered and fresh crystalline rocks were removed by
glacial erosion, forming the typical present-day landscape of southern Norway with high mountains and
deep, long, overdeepened fjords. The eroded rocks were transported and deposited farther offshore,
where significant Quaternary depocentres are present (Batchelor et al., 2017; Ottesen et al., 2018).

Structural data
Bathymetry and topography data have been produced by the Norwegian Mapping Authority
(Kartverket, 2019). The sedimentary infill of the northern North Sea and the crystalline crust of the
3D structural model have already been described in detail by Maystrenko et al. (2017). For this study,
the uppermost Cenozoic sedimentary layer of the 3D model from Maystrenko et al. (2017) (Fig. 4) has
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Figure 4. Thickness map of the Cenozoic sediments, including the Quaternary, taken from Maystrenko et al. (2017).
Abbreviations: CG – Central Graben; ESB – East Shetland Basin; HP – Horda Platform; NDB – Norwegian–Danish Basin;
VG – Viking Graben.

been subdivided into seven layers in order to calculate the thermal influence of erosion and deposition
during the Cenozoic in more detail. The detailed Cenozoic sedimentary units for input to the 3D model
are represented by the following sedimentary layers (Figs. 5 & 6; numbering of the layers is according
to Table 1): (2.1) the upper part of the Quaternary — Unit D, approximately deposited from 1 Ma to the
present day; (2.2) the middle part of the Quaternary — Unit C, approximately deposited from 1.65 Ma
to 1 Ma; (2.3) the lower part of the Quaternary — Units A and B, approximately deposited from 2.7 Ma
to 1.65 Ma; (2.4) the Upper Miocene–Pliocene layer, approximately deposited from 11.63 Ma to 2.7
Ma; (2.5) the Upper Oligocene–Lower Miocene layer, approximately deposited from 28.1 Ma to 11.63
Ma; (2.6) the Eocene–Lower Oligocene layer, approximately deposited from 56 Ma to 28.1 Ma; (2.7) the
Palaeocene layer, approximately deposited from 66 Ma to 56 Ma.
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Figure 5. Thicknesses of the Quaternary sediments, subdivided into units according to Ottesen et al. (2014): (A) entire
Quaternary (from 2.7 Ma to the present day) and (B, C & D) the Quaternary units. Particularly, (B) Unit D (from 1 Ma
to the present day); (C) Unit C (from 1.65 Ma to 1 Ma); and (D) Units A and B (from 2.7 Ma to 1.65 Ma). Abbreviations:
CG – Central Graben; ESB – East Shetland Basin; HP – Horda Platform; NDB – Norwegian–Danish Basin; VG – Viking
Graben.

The maps for the Quaternary within the northern North Sea (Fig. 5) have been compiled by use of
structural data in terms of thicknesses and structural bases from Ottesen et al. (2014), Batchelor
et al. (2017) and Ottesen et al. (2018). For the pre-Quaternary Cenozoic deposits (Fig. 6), the main
dataset was the North Sea Digital Atlas (PGS, 2003), covering the entire North Sea. In addition, the set
of maps for the Cenozoic, published by Anell et al. (2010), have been used to cross-check the obtained
thicknesses in Figs. 5 & 6.
The wide region of the thick Cenozoic layers is mainly observed within the central part of the North
Sea along the axial part of the Central and Viking grabens (Figs. 5 & 6). The thickness maps of the
Eocene–Lower Oligocene (Fig. 6C) and Palaeocene (Fig. 6D) layers show that the large depocentres are
located within the Viking Graben and the adjacent areas. The Quaternary units show two depocentres,
one in the northern part of the model area and the main depocentre in the Central Graben (Fig. 5).
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Figure 6. Thicknesses of the pre-Quaternary Cenozoic sediments (PGS, 2003; Anell et al., 2010): (A) Upper Miocene–
Pliocene (from 11.63 Ma to 2.7 Ma); (B) Upper Oligocene–Lower Miocene (from 28.1 Ma to 11.63 Ma); (C) Eocene–
Lower Oligocene (from 56 Ma to 28.1 Ma); and (D) Palaeocene (from 66 Ma to 56 Ma). Abbreviations: CG – Central
Graben; ESB – East Shetland Basin; HP – Horda Platform; NDB – Norwegian–Danish Basin; VG – Viking Graben.

The wide region of the thick Cenozoic layers is mainly observed within the central part of the North Sea
along the axial part of the Central and Viking grabens (Figs. 5 & 6). The thickness maps of the Eocene–
Lower Oligocene (Fig. 6C) and Palaeocene (Fig. 6D) layers show that the large depocentres are located
within the Viking Graben and the adjacent areas. The Quaternary units show two depocentres, one in
the northern part of the model area and the main depocentre in the Central Graben (Fig. 5).
The distribution of the Mesozoic and Zechstein sedimentary rocks forms the basic structural pattern
of the northern North Sea (Fig. 7A) with the configuration of the main sedimentary basins, such as
the Central Graben, the East Shetland Basin, the Norwegian–Danish Basin and the Viking Graben.
The thickness map of the Mesozoic–Zechstein sequences (Fig. 7A) shows that sedimentary rocks have
a major depocentre within the northern parts of the Viking Graben and the East Shetland Basin at
the transition to the Møre Basin. Additionally, a thick succession is observed within the Norwegian–
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Table 1. The volume of the rocks eroded and deposited during the Quaternary within the northern North Sea and the adjacent Norwegian mainland (the 3D model
area).

№

Layer

Age
[Ma]

Volume of total
deposited material,
Vtotal_deposited [km3]

Percentage of
total deposited
Q, %

Volume of
eroded material,
Veroded [km3]

Percentage of
eroded Q,
%

2.1

Unit D

1.0 - 0

25327

32

42559

35

~

URU

~~~~~~

~~~~~~~~

~~~~~~

~~~~~~~~~

~~~~~~

2.2

Unit C

1.65 - 1.0

36687

46

63865

53

2.3

Units A and
B

2.7 - 1.65

17973

22

13946

12

79988

100

120370

100

Total
Quaternary

Danish Basin, reaching more than 7 km. Local thickening of the Mesozoic–Zechstein sedimentary rocks is
visible within the Central and Viking grabens. It is important to note that the thickness of the Mesozoic–
Zechstein deposits includes the Upper Permian (Zechstein) salt, which was strongly mobilised during
several phases of salt tectonics within the former Northern Permian Basin in response to major pulses
of tectonic activity (Maystrenko et al., 2013).
The thickness of the pre-Zechstein deposits (Fig. 7B) is locally uncertain within areas where the depth
to the top of the crystalline basement is large. The distribution of the Lower Permian–pre-Permian
(Fig. 7B) shows areas of significant thickening within the eastern part of the Norwegian–Danish Basin.
In addition, two Lower Permian–pre-Permian (pre-Zechstein) thickness maxima are easily recognisable
within the Horda and East Shetland platforms, reaching more than 6 km in thickness. The rest of the
model area is characterised either by a relatively thin Lower Permian–pre-Permian succession or even
by an absence of these rocks.
The top of the crystalline basement surface (Fig. 8A) is characterised by a complicated structure due to
the presence of the superimposed effects of the tectonic events that took place within the northern
North Sea. The top of the crystalline basement is located at almost 14 km depth within the northeastern part of the Norwegian–Danish Basin (the Skagerrak Graben), where a significant thickening of
the pre-Permian deposits is observed (Lassen & Thybo, 2012). The topography of the top basement is
relatively complex throughout the rest of the northern North Sea with several lows and highs. One of
the most pronounced basement highs is the Utsira High which is visible within the southeastern flank
of the Viking Graben (Fig. 8A) and is characterised by a fractured and weathered crystalline basement
(Riber et al., 2015; Trice et al., 2019). In addition, two basement highs are located at the western flank
of the Viking Graben and in the East-Shetland Basin. All basinal areas are characterised by a strongly
subsided top of the crystalline basement.
The Moho topography (Fig. 8B) reflects the major tectonic areas of the study area. Beneath the
continent, Moho is located very deep at more than 39 km depth. In contrast, the Moho is strongly
uplifted up to 20 km beneath the Central and Viking grabens and the East Shetland Basin.
The above-described structural data provide a solid basis for evaluating the deep thermal field within
the study area.
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Figure 7. (A) Cumulative thickness of the Mesozoic and Upper Permian (Zechstein) sediments and (B) thicknesses of the
pre-Zechstein deposits (based on Maystrenko et al., 2017). Abbreviations: CG – Central Graben; ESB – East Shetland
Basin; HP – Horda Platform; NDB – Norwegian–Danish Basin; VG – Viking Graben.

Figure 8. (A) Depth to the top of the crystalline basement and (B) Moho topography within the study area (based
on Maystrenko et al., 2017). Abbreviations: CG – Central Graben; ESB – East Shetland Basin; HP – Horda Platform;
NDB – Norwegian–Danish Basin; VG – Viking Graben.
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Reconstruction of history of erosion
Data
In order to reconstruct the Cenozoic erosion history within the land areas of southern Norway and the
adjacent, inner-shelf areas, several data sources have been used (Fig. 9). The thickness of the eroded
material from Medvedev et al. (2019), based on the morphological analysis technique presented in
Medvedev & Hartz (2015), has been used as the main data source for the mainland with an assumption
that it represents mainly the Quaternary erosion. In addition, exhumation maps from Baig et al. (2019),
based on sonic logs and vitrinite reflectance data, have been used to estimate the thickness of the
eroded material from the shelf areas during the Cenozoic. The total thickness of the eroded rocks over
the land areas has been calculated by the use of results of apatite fission-track analyses from Rohrman
et al. (1995), Johannessen et al. (2013), Ksienzyk et al. (2014), Hermansen (2015) and Japsen et al.
(2018). In addition, smoothed average apatite fission-track analytical data for different crustal blocks
of Southern Norway from Leighton (2007) have been used to constrain our reconstruction where data
from the sources, mentioned earlier, are absent.

Figure 9. Major datasets used to reconstruct the thickness of the eroded material within the study area. Green
isolines represent average exhumation from the sonic logs and vitrinite reflectance data in meters (Baig et al., 2019).
Orange indicates the area covered by the data from Medvedev et al. (2019). Blue rhombuses are apatite fission-track
analytical data from Rohrman et al. (1995), Johannessen et al. (2013), Ksienzyk et al. (2014), Hermansen (2015)
and Japsen et al. (2018).
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In general, all reconstructions are based on an estimation of the palaeo-burial depth prior to
erosion. The most reliable dataset is from Baig et al. (2019) since it is based on two independent datasets.
In contrast, published results of apatite fission-track analysis demonstrate some quantitative
similarities. Some published values of the reconstructed mean palaeotemperatures differ in some
areas locally. In this case, the highest values have been taken for our reconstruction. Slightly dissimilar
methodologies have been used for apatite fission-track analysis by different authors, causing some
method-related deviations in the obtained results from different institutions (Anna Ksienzyk, pers.
comm., 2019). In addition, thermochronological results of the apatite fission-track data show a
relatively wide range of possible solutions for palaeotemperatures that complicate the quantitative use
of these data.
The reconstruction of the erosion has been done by considering the published palaeotemperature
ranges of each investigated rock sample at the end of the Cretaceous (if available) and/or timeinterval closest to the Mesozoic–Cenozoic boundary. These palaeotemperatures should theoretically
correspond or be close to the palaeothermal conditions of the investigated sample at the Cenozoic
maximum burial depth and can, therefore, be used to calculate the thickness of the rocks eroded
during the Cenozoic. Based on the extracted palaeotemperature range, the thickness of the eroded
succession has been calculated considering the thermal gradient of 25°C/km and 21°C palaeotemperature at the Earth’s surface. After that, the obtained thickness of the eroded material has been
added to the elevation of the investigated sample, allowing us to obtain a top of the eroded material in
relation to the present-day surface. Interpolation between existing apatite fission-track thermochronological data and extrapolation to areas without detailed data provide us with a top of the
eroded material over the mainland for the model area. Technically, the Minimum Curvature and
Kriging gridding methods have been applied for interpolation and extrapolation (Briggs, 1974; Swain,
1976; Journel & Huijbregts, 1978). Moreover, averaged results of the apatite fission-track analyses for
different crustal blocks from Leighton (2007) have been used to control the reconstructed thicknesses
of the eroded material to prevent the appearance of unrealistic artefacts due to extrapolation within
the areas without data. The used palaeotemperatures are slightly higher than the average ones of the
published palaeotemperature ranges for the end of the Cretaceous or closest time interval in Rohrman
et al. (1995), Johannessen et al. (2013), Ksienzyk et al. (2014), Hermansen (2015) and Japsen et al.
(2018). This has been done in order to consider the present-day topography because it is very unlikely
that some of the highest mountains were not covered with material, which has been eroded in Cenozoic
times. Otherwise, these mountains would not exist now if even the slowest rate of erosion would be
assumed during the last 66 million years. In the case of this study, a domal style of uplift has been
used by final smoothing the obtained top of the eroded rocks. The domal uplift is locally supported by
decreasing the obtained palaeotemperature with increasing the sample elevation above sea level
(e.g., Rohrman et al., 1995), indicating a regional uplift rather than the differential one.
Moreover, the relatively dense sonic and vitrinite reflection data (Baig et al., 2019) do not indicate a
strong differentiation in uplift over short distances. However, according to detailed studies by Hendriks
et al. (2010) and Ksienzyk et al. (2014), the uplift was controlled by major faulting and, therefore, must
be differentiated locally by detailed studies. This detailed differentiation of the Cenozoic uplift cannot
be done at a regional scale since the available data coverage is relatively poor for such a purpose (Fig. 9).
Finally, the thickness of the eroded material (Fig. 10) has been calculated as the difference between the
obtained top of the eroded rock (palaeosurface) and the present-day topography.
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Figure 10. The reconstructed thickness of the eroded material at the end of the Cretaceous. Abbreviations: CG – Central
Graben; ESB – East Shetland Basin; HP – Horda Platform; NDB – Norwegian–Danish Basin; VG – Viking Graben.

Total erosion
The eroded material is characterised by a relatively thick sequence within the present-day fjords and
within the eastern part of the present-day mainland of the model area, reaching more than 3500 m
over the fjords and more than 2500 m between the mountain plateaus (Fig. 10). The total thickness
of the eroded rocks in Fig. 10 represents the distribution of the eroded material (sedimentary rocks
with the weathered and solid crystalline bedrock) prior to the global-scale, latest Cretaceous–earliest
Cenozoic, compressional tectonic event or events (Ziegler, 1990a). In this case, the eroded rocks could
be mainly represented by the Cretaceous, Jurassic and older sedimentary rocks and the weathered
crystalline rocks. In addition, the Cenozoic sedimentary rocks are also included in this reconstruction
because the Cenozoic sequences were most likely deposited, eroded and redeposited several times in
some places of the northern North Sea, especially, in the vicinity of the present-day coastline.
Based on the total magnitude of the Cenozoic erosion (Fig. 10), thicknesses of the eroded material have
been calculated for seven time intervals (Figs. 5 & 6):
(2.1) the late interval of the Quaternary (deposition of Unit D) from 1 Ma to the present day;
(2.2) the middle interval of the Quaternary (deposition of Unit C) from 1.65 Ma to 1 Ma;
(2.3) the early interval of the Quaternary (deposition of Units A and B) from 2.7 Ma to 1.65 Ma;
(2.4) the late Miocene–Pliocene from 11.63 Ma to 2.7 Ma;
(2.5) the late Oligocene–early Miocene from 28.1 Ma to 11.63 Ma;
(2.6) the Eocene–early Oligocene from 56 Ma to 28.1 Ma;
(2.7) the Palaeocene from 66 Ma to 56 Ma.
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The reconstructed total thickness of the eroded material during the entire Cenozoic (Fig. 10) has been
first subdivided into two parts: reconstructed thicknesses of the eroded rocks for the Quaternary
(Fig. 11) and the Palaeogene–Neogene interval (Fig. 12). Therefore, reconstruction of the erosion during
the two major Cenozoic intervals has been done for the Quaternary and the pre-Quaternary Cenozoic.

Figure 11. The reconstructed thicknesses of the eroded sequences for three stages of the Quaternary: (A) the late interval
of the Quaternary (deposition of Unit D), (B) the middle interval of the Quaternary (Unit C) and (C) the early interval of
the Quaternary (Units A and B). Abbreviations: CG – Central Graben; ESB – East Shetland Basin; HP – Horda Platform;
NDB – Norwegian–Danish Basin; VG – Viking Graben.
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Figure 12. The reconstructed thicknesses of the eroded sequences for four stages of the pre-Quaternary Cenozoic:
(A) the Late Miocene–Pliocene, (B) the Late Oligocene–Early Miocene, (C) the Eocene–Early Oligocene and (D) the
Palaeocene. Abbreviations: CG – Central Graben; ESB – East Shetland Basin; HP – Horda Platform; NDB – Norwegian–
Danish Basin; VG – Viking Graben.

Quaternary erosion
Reconstruction of the total erosion during the Quaternary has been done by assuming that the
reconstructed thickness from Medvedev et al. (2019) mainly represents the magnitude of erosion
during the Quaternary over the mainland. Another assumption is that the erosion was not so strong
within the offshore areas during the pre-Quaternary Cenozoic that is supported by the Palaeogene–
Neogene palaeogeography (Gibbard & Lewin, 2016). In this case, the average exhumation map, based
on shale compaction and thermal maturity from Baig et al. (2019), has been considered as a major
data source for the offshore erosion during the Quaternary. Therefore, merging the datasets from Baig
et al. (2019) and Medvedev et al. (2019) provides a reasonable quantitative estimation of the total
erosion in the Quaternary. The obtained initial map of the total thickness of the eroded material in the
Quaternary has been subtracted from the reconstructed thickness of the eroded material at the end of the
Cretaceous. This subtraction resulted in the total thickness of the eroded material during the
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Cenozoic over the present-day mainland. To obtain the thickness of the eroded material within the
present-day offshore areas, an extrapolation has been applied. The maximal spatial distribution of the
pre-Quaternary erosion offshore has been based on the palaeogeographical data from Gibbard & Lewin
(2016). The obtained total thickness of the material, eroded during the pre-Quaternary time, has been
subtracted from the total sequence, eroded during the whole Cenozoic (Fig. 10). The result of this
subtraction has been taken as the total magnitude of erosion during the Quaternary.
Unfortunately, there are no detailed quantitative data about the amount of erosion during different
stages of the Quaternary. Therefore, the further reconstruction of erosion during three stages of
the Quaternary (Fig. 11) is mainly based on structural features of the Quaternary deposits, inferred
from seismic data interpretation, within the North Sea (Ottesen et al., 2009, 2012, 2014, 2016, 2018;
Dowdeswell et al., 2010; Batchelor et al., 2017; Montelli et al., 2017). This reconstruction has been
mainly made qualitatively since the volumes of the eroded and the deposited material cannot be
directly compared because a significant part of the eroded material was deposited outside the study
area, and some of the deposited Quaternary sediments were eroded offshore during the Quaternary.
According to the (structural) position of units A and B (Batchelor et al., 2017; Ottesen et al., 2018)
(Fig. 5D), these sediments were most likely present on the mainland and, therefore, the main
erosion occurred after the deposition of these units since there is no evidence of strong erosion offshore
during this time (Fig. 11C). A major erosional event in parts of the Quaternary North Sea corresponds
to the formation of the Upper Regional Unconformity (URU) at the end of deposition of Unit C (Fig. 5C).
The URU-related erosion is included in the reconstructed erosion for Unit B (Fig. 11B). On the
eastern side of the northern North Sea Basin, a prominent URU has been linked to the formation of the
Norwegian Channel by the Norwegian Channel Ice Stream (Ottesen et al., 2018). In this case, most of the
sedimentary rocks eroded during this time interval were transported to the north to the Møre Basin by
the recurring ice stream in the Norwegian Channel. Besides, the major phase of the Norwegian Channel
formation occurred during the deposition of Unit D (Ottesen et al., 2016) (Fig. 5B) that is reflected by the
reconstructed thickness of the eroded material during this time stage (Fig. 11A).
It is important to note that deposition of Unit D was synchronous with the formation of the North Sea
Fan in the Møre Basin (Batchelor et al., 2017), which has been interpreted to have formed from around 1 Ma (Sejrup et al., 2003; Nygard et al., 2005). The North Sea Fan was most likely formed by the
large volumes of fresh meltwater, which transports sediment over long distances (Bellwald et al., 2020).
Quaternary tunnel valleys (Brahimi et al., 2020; Ottesen et al., 2020) indicate that subglacial meltwater
flows played an important role in transporting sediments within the northern North Sea. The North
Sea Fan was a reason why the volume of the deposited material is less than the volume of the eroded
material in the case of Units D and C (Table 1). In this case, the volume of the deposited Quaternary
rocks within the model area is an indication of the intensity of sedimentation rather than an indication
of the erosion intensity due to a significant amount of eroded material having been transported out of
the model area. Moreover, the Quaternary erosional and depositional patterns are strongly complicated
by some of the deposited Quaternary sediments that were again eroded and redeposited. In order to
include this erosional and depositional pattern in our reconstruction workflow, shorter time intervals
must be investigated, and this is beyond the duration of the COOP3 project in the framework in which
this study has been performed.
The reconstructed thickness of the eroded rocks (Fig. 11) indicates that the fjords and the Norwegian
Channel were mainly formed during the Quaternary. The latter is supported by interpretation of the
high-resolution 2D and 3D seismic data, showing that the Norwegian Channel may be as young as 500–
600 thousand years (Ottesen et al., 2016). In contrast, the major Palaeogene–Neogene erosion occurred
within the eastern part of the mainland within the model area (Fig. 12). The formation of the fjords is
supposed to have been controlled by the dynamics of the glaciers, ice streams and melted water during
the glacial periods of the Quaternary.
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Pre-Quaternary erosion
The detailed depositional history of the pre-Quaternary Cenozoic is less known than for the
Quaternary interval. For this reason, differentiation of the erosion during this time interval has been done
proportionally to the volume of the deposited material for each stage. However, the total volume of the
deposited Palaeogene–Neogene sedimentary rocks (Table 2) cannot be used to estimate the volume
of the eroded material because sediments were supplied from all the areas around the North Sea and
not only from southern Norway (Eidvin et al., 2013, 2014; Gibbard & Lewin, 2016). In order to solve this
problem, the volume of the deposited material in Table 2 has been approximately defined by dividing
the pre-Quaternary sequences of the Upper Miocene–Pliocene, the Upper Oligocene–Lower Miocene
and the Eocene–Lower Oligocene along the axial parts of the major depositional centres (Fig. 6A–C).
For the Palaeocene (Fig. 6D), only areas around one of the major depocentres, located near the
Horda Platform, have been considered in estimating the volume of the deposited Palaeocene due to the
supply of the clastic material from southern Norway that is based on palaeogeographical
reconstructions for this time interval (Anell et al., 2010; Gibbard & Lewin, 2016). This has been done
in order to exclude these sedimentary rocks from our calculations, which is mostly the result of
erosion from the British Isles and surrounding areas in the west and from continental Europe in the south
(Gibbard & Lewin, 2016).
During our reconstruction, the

percentage of the deposited volume (Vdeposited) from the total

volume of the deposited Palaeogene–Neogene for each stage has been used to define the volume
of the eroded material in relation to the total volume of erosion (Table 2), shown in Fig. 12. In other
words, it is supposed that the erosion rate is proportional to the sedimentation rate of each selected
Palaeogene–Neogene interval. In this case, the obtained thickness of the eroded material during
the pre-Quaternary Cenozoic reflects changes in the erosion intensity (Fig. 12). According to our
reconstructions, the largest volume of the eroded material was in the Eocene–Early Oligocene stage
(Table 2; Fig. 12C) which is the longest time interval. On the other hand, the highest rate of erosion

Table 2. The volume of the rocks deposited and eroded during the Paleogene- Neogene (pre -Quaternary Cenozoic) within the northern North Sea and adjacent
Norwegian mainland (the 3D model area). V d e p o s i t e d is the volume of the deposited material due to erosion within the model area, excluding eroded material from
outside the study area.

Age
[Ma

Volume of
total deposited
material,
Vtotal_deposited
[km3]

Volume of
deposited
material,
Vdeposited
[km3]

Volume of
eroded
material,
Veroded
[km3]

Percentage of
deposited
and eroded
pre-Q Cz,
%

Rate of erosion
[km3/ Myr

№

Layer

2.4

Upper Miocene
- Pliocene

11.63 -2.7

36907

20571

21194

18.0

2373

2.5

Upper Oligocene
-Lower Miocene

28.1 -11.63

66848

38142

39301

33.4

2386

2.6

Eocene - Lower
Oligocene

56 - 28.1

100440

45157

46530

39.6

1668

2.7

Paleocene

66 – 56

43478

10259

10570

9.0

1057

Total Paleogene
-Neogene

66 - 2.7

247673

114128

117595

100.0

1858
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was during the Late Oligocene–Early Miocene (Fig. 12B), which had almost half of the duration, but the
estimated volume of eroded material is comparable to the volume for the Eocene–Early Oligocene
(Table 2). The Palaeocene was characterised by the lowest rate of erosion (Table 2) that reflects a
relatively thin sequence of the Palaeocene (Fig. 6D) and the presence of chalk within the Palaeocene
deposits (Evans et al., 2003).
According to Table 2, the volumes of the eroded and deposited materials are similar, but
this does not mean that the eroded material within the model area is the only source for
deposition of the related pre-Quaternary sediments. It is important to note that a larger part of southern
Scandinavia supplied clastic material to the eastern part of the northern North Sea (Eidvin et al., 2013, 2014;
Gibbard & Lewin, 2016). In this case, the volume of the eroded material becomes larger than the volume
of the deposited one. This difference can be explained by the transportation of the fine-grained eroded
material to the Atlantic Ocean, loss due to wind transport, transport of sediments e.g., to the east and
other processes related to transport and deposition of the eroded products.
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Figure 13. The reconstructed total thickness of the eroded sequences during the Cenozoic within the study area: (A) at
the beginning of the Palaeocene, (B) at the begin of the Eocene–Early Oligocene interval, (C) at the beginning of the
Late Oligocene–Early Miocene interval, (D) at the begin of the Late Miocene–Pliocene interval, (E) at the begin of the
Quaternary (deposition of Units A and B), (F) at the begin of deposition of Unit C and (G) at the begin of deposition of
Unit D. Abbreviations: CG – Central Graben; ESB – East Shetland Basin; HP – Horda Platform; NDB – Norwegian–Danish
Basin; VG – Viking Graben.

Based on the thicknesses of the eroded material for seven time intervals, shown in Figs. 11 & 12,
the cumulative thicknesses of the eroded material have been calculated for each stage (Fig. 13).
The obtained thicknesses of the eroded rocks in Fig. 13 show a gradual decrease of the
reconstructed erosional material throughout the Cenozoic as a result of a continuous process of
erosion which was characterised by several shorter time intervals when erosion was most intensive
due to vertical movements of tectonic blocks (Riis, 1996; Jordt et al., 2000; Japsen, 2018; Japsen et al.,
2018).
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Methodological approach
The theoretical background of the 3D thermal modelling
The 3D temperature distribution at the subsurface of the structurally complex northern and
central North Sea area has been calculated by use of the commercial software package COMSOL Multiphysics which is a finite-element analysis software package for a variety of physical processes. During
the 3D thermal simulations, the Heat Transfer Module was used to simulate the stationary and timedependent heat transfer in solids by heat conduction, which is assumed to be the dominant mechanism
of heat transfer at the regional scale within the subsurface of the study area. Therefore, the 3D thermal
modelling has been performed according to the physical principles of the conductive thermal field by
solving the heat equation (Equation 1):
ρC (δT/δ t) = ∇ . (k ∇T) + Q

							

(1)

where ρ is the density [kg/m3], C is the heat capacity [J/kgK], T is the temperature [K], k is the
thermal conductivity [W/mK], ∇T is the temperature gradient [K/m], t is the time [s], Q is the heat source
(radioactive heat production) [W/m3], δT is the change in temperature per time interval δt, and ∇ is
the operator giving the spatial variation in temperature. Accordingly, the solution of the heat equation

(Equation 1) is sensitive to the values of the thermal properties (heat capacity, thermal conductivity and
radioactive heat production) and density as well as the thermal boundary conditions.

During the 3D thermal modelling, the heat flux q [W/m2] has been calculated according to Fourier’s law
of heat conduction (Equation 2):
q = - k ∇T

									

(2)

where k is the thermal conductivity [W/mK], and ∇T is the temperature gradient [K/m].

The 3D thermal modelling has been performed utilising a finite-element method in 3D, which is a
suitable approach for a relatively complex geometry like the lithosphere-scale 3D model of the
northern North Sea and the adjacent mainland (Fig. 3). The lateral boundaries are closed to heat
transfer, assuming that the temperature gradient is zero across the thermally insulated lateral
boundaries. The 3D model has a horizontal resolution of 4000 m at all depth levels. In contrast, a vertical
resolution of the model has been set to be dependent on the reliability of the input data in order
to reduce the length of time of computational processes. It is obvious that there is no sense to have
the same vertical resolution for the lithospheric mantle and for the Quaternary sediments since the
resolution of the input structural data is different and our knowledge about the thermal properties at
these depth levels is not comparable. The vertical resolution is controlled by the apparent (vertical)
thickness of the layer but is not equal to the layer’s thickness. All layers of the 3D model have been
vertically subdivided into several parts in order to get a reasonable vertical resolution for different
structural levels of the model. In particular, the vertical resolution is highest within the uppermost part
of the model where the detailed data are available. The most detailed vertical resolution has been
set for the uppermost 2–3 km of the model that corresponds mostly to the Cenozoic offshore and the
uppermost crystalline basement onshore. This depth interval of 2–3 km is most strongly affected by
the palaeoclimatic perturbation at the surface. At this level, the vertical resolution varies from several
metres to several hundred metres. In contrast, the vertical size of the mesh elements is large within
the lithospheric mantle, where it is in the range of 15–20 km. This relatively large vertical size is still
acceptable because the assigned thermal properties do not change very quickly with depth within the
lithospheric mantle.
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Thermal boundary conditions
An upper thermal boundary condition
The time-dependent temperatures at the seafloor and the Earth´s surface have been taken as the
upper thermal boundary condition. In particular, the upper thermal boundary condition has been
taken as time-dependent average temperatures at the Earth's surface and the seafloor. The presentday temperature at the Earth´s surface onshore (Fig. 14) corresponds to the annual average air
temperatures during 1961–1990 (Tveito et al., 2000), and the average sea-bottom temperature has
been taken to be 8°C (ICES, 2012). According to ICES (2012), the sea-bottom temperature is almost
constant at around 8°C during the whole year within the northern part of the study area, whereas
it is dependent on the season within the southern part of the model area where the water depth is
relatively shallow. Nevertheless, the average, present-day, sea-bottom temperature is also around
8°C within the southern part of the model area. The palaeotemperature during the Little Ice Age
(Nesje et. al., 2008; Mann et. al., 2009) (Table 3) has been set to be 0.4°C lower than the present-day
average air temperature and 1°C higher than the present-day average air temperature during the
Holocene Climate Optimum (Seppa et al., 2009). Palaeotemperature at 8000 yr BP has been chosen to
be 1°C lower than the present-day surface temperature (Davis et al., 2003).

Figure 14. Present-day upper thermal boundary condition (Tveito et al., 2000; ICES, 2012). Abbreviations: CG – Central
Graben; ESB – East Shetland Basin; HP – Horda Platform; NDB – Norwegian–Danish Basin; VG – Viking Graben.
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Table 3. Relative changes of the palaeotemperatures in relation to the present-day temperature for the last 8000 years.

Time, years before present BP

Temperature difference in
relation to present day, °C

0
Present day,
[°C]

400
Little Ice Age,
[°C]

7500
Holocene Climate
Optimum, [°C]

8000,
[°C]

0

-0.4

+1

-1

In addition, the detailed palaeoclimatic changes of the surface temperature during the Saalian and
Weichselian glacial periods have been considered during the 3D thermal simulations. A model of the
spatio-temporal variations of the ice cover within Scandinavia during the Weichselian glacial period
(Fig. 15) by Olsen et al. (2013) has been taken to reconstruct the palaeotemperature at the Earth´s
surface during the Weichselian glaciation. The spatial distribution of the ice cover through time is
reproduced in Fig. 15. According to these data (Olsen et al., 2013) (Fig. 15), the northeastern part of
the study area was almost continuously covered by a Weichselian ice sheet which could have been
up to 3000 m thick (Siegert et al., 2001). The simplified palaeoclimatic settings were also applied for
the Saalian glacial/Eemian interglacial period (220,000–110,000 years BP), taking into account that
climatic conditions were inferred to have been relatively similar during the Weichselian glacial/Holocene
interglacial and the Saalian glacial/Eemian interglacial periods (Slagstad et al., 2009). At times when
the study area was glaciated, a temperature of -0.5°C is assumed at the Earth´s surface beneath the ice
cover.
A near-melting point temperature of -0.5°C agrees with published estimates of the subglacial
thermal regime beneath the large polar ice sheets in Antarctica, which can be taken as comparable
analogues of ice sheets developed during the Quaternary glacial cycles in Europe. The major aspects of
the Antarctic subglacial conditions have been discussed by Pattyn (2010), showing that the mean ice
basal temperature is in the range of -1–0°C for the greater part of Antarctica. Furthermore, an airborne
radar survey has detected approximately 100 lakes under the Antarctic ice cap (Price et al., 2002), the
largest of which, Lake Vostok, has already been drilled. The temperature at the seafloor has been taken
as 3°C, which is 5 degrees less than the present-day temperature.
Simulated mean annual temperatures for the Younger Dryas (Renssen & Isarin, 1997) have been
taken as representative temperatures at the Earth´s surface where the ice cover was absent during the
Saalian and Weichselian glacial periods. For the earlier time intervals, annual mean surface
temperatures during the Last Glacial Maximum (Schmittner et al., 2011) have been used for the 3D
thermal modelling within the seawater/ice-free areas. These temperatures (Schmittner et al., 2011)
are comparable with other estimates of the surface temperatures during the Last Glacial Maximum
(Bartlein et al., 1998; Otto-Bliesner et al., 2006; Hofer et al., 2012; Ziemen et al., 2012), demonstrating
that the surface air temperature difference could be less than -20°C compared to the pre-industrial period (present day before the industrial revolution).
Temperatures along the marginal parts of the ice cover are unknown in detail and, for that reason, these
temperatures have been obtained by a simple interpolation between -0.5°C beneath the internal parts
of the ice sheet and the derived temperature over the remaining land areas (Renssen & Isarin, 1997;
Schmittner et al., 2011). The positions of shorelines within the southern part of the study area are based
on palaeogeographical investigations by Lambeck (1995) and Gyllencreutz et al. (2006). Estimations of
sea-level changes for 10,000 years BP (Lambeck, 1995; Gyllencreutz et al., 2006) were employed when
the size of the ice sheet was similar to that at 10,000 years BP. The shoreline for 10,000 years BP from
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Figure 15. Ice cover during the Weichselian glacial period, according to Olsen et al. (2013).

Lambeck (1995) and Gyllencreutz et al. (2006) has been applied for the following time steps: 10,000
years BP, 30,000 years BP, 37,000 years BP, 50,000 years BP, 80,000 years BP and 100,000 years BP. On
the other hand, the reconstructed palaeoshorelines for 12,000 years BP (Lambeck, 1995; Gyllencreutz
et al., 2006) were used when the size of the Weichselian ice sheet was relatively large as it was at
12,000 years BP. Therefore, the shoreline for 12,000 years BP from Lambeck (1995) and Gyllencreutz et
al. (2006) has been applied for the following time steps: 12,000 years BP, 20,000 years BP, 24,000 years
BP, 27,000 years BP, 33,000 years BP, 44,000 years BP, 65,000 years BP, 90,000 years BP and 110,000
years BP.
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The reconstruction of the annual average palaeotemperatures at the sea bottom and the Earth´s surface
during the Weichselian glaciation demonstrates that the 3D model region is characterised by areas with
essentially low palaeotemperatures (Fig. 16). In particular, the surface temperature was locally less than
-15°C over the mainland, where the ice cover was absent or very thin. These low temperatures imply the
existence of permanently frozen ground, which can reach more than 1–2 km in thickness in some areas
of the world (Dobinski, 2011).

Figure 16. Annual average palaeotemperatures at the sea bottom and at the Earth´s surface during the
Weichselian glaciation (Lambeck, 1995; Renssen & Isarin, 1997; Isarin & Renssen, 1999; Tveito et al., 2000;
Davis et al., 2003; Hohl, 2005; Gyllencreutz et al., 2006; Schmittner et al., 2011; ICES, 2012).
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In addition, the general trend in climate has been considered for the whole duration of the Cenozoic
(Table 4). The Cenozoic palaeoclimatic scenario reflects a continuous decrease of the palaeotemperature from 21°C 66 Ma ago to present-day air temperature over the mainland (Zachos et al.,
2001; Rise et al., 2005; Pekar et al., 2006; Eldrett et al., 2009; Filippelli & Flores, 2009; Ehlers et al.,
2011; Hansen et al., 2013; Inglis et al., 2017). At the seafloor, it has been taken to be 2°C less than at the
adjacent land areas during Cenozoic.

Table 4. Palaeotemperatures during the Cenozoic (Zachos et al., 2001; Rise et al., 2005; Pekar et al., 2006;
Eldrett et al., 2009; Filippelli & Flores, 2009; Ehlers et al., 2011; Hansen et al., 2013; Inglis et al., 2017).

№

Time [Ma]

Mainland temperature, °C

Seafloor temperature, °C

1

66

21

21

2

55

20

20

3

45

16

14

4

34

12

10

5

25

13.5

11.5

6

18

12.5

10.5

7

16

14

12

8

12

11

9

9

5

8

7

10

3.6

+3 °C to present-day temperature

10

11

0.45

present-day temperature

present-day temperature

12

0.35

the same as glacial maximum
27000 years ago in Fig. 16

the same as glacial maximum
27000 years ago in Fig. 16

13

0.228

present-day temperature

present-day temperature

14

0.220-0.1205

the simplified
0.110-0.0105 Ma ago

the simplified
0.110-0.0105 Ma ago

15

0.118

present-day temperature

present-day temperature

16

0.110-0.0105

Fig. 16

Fig. 16

A lower thermal boundary condition
The temperature at 100 km depth has been chosen as a lower thermal boundary condition.
This temperature has been calculated using S-wave velocity changes at 100 km depth (Fig. 17A)
according to Kolstrup et al. (2015). According to deep seismic tomography (Bannister et al., 1991;
Pilidou et al., 2005; Weidle et al., 2010; Medhus et al., 2012; Maupin et al., 2013; Kolstrup et al., 2015;
Hejrani et al., 2017), the upper mantle beneath southern Norway is characterised by low seismic P- and
S-wave velocities. Moreover, based on isostatic modelling, a low-density mantle beneath the southern
Scandes has been proposed by Olesen et al. (2002), Kolstrup et al. (2012) and Ebbing et al. (2012) to
explain the high topography of the Scandes Mountains in SW Norway. The low-density lithospheric
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Figure 17. (A) S-wave velocity pattern at a depth of 100 km beneath southern Norway, from Kolstrup et al., (2015), and (B) the inferred temperature at a depth
of 100 km, used as a lower thermal boundary condition. Abbreviations: CG – Central Graben; ESB – East Shetland Basin; HP – Horda Platform; NDB – Norwegian–
Danish Basin; VG – Viking Graben.

mantle beneath southern Norway and adjacent areas is also required according to the results of the
3D density modelling (Maystrenko et al., 2017). This anomalous mantle is most likely associated with
an increased temperature rather than being due to compositional changes within the upper mantle of
this region (Kolstrup et al., 2015; Slagstad et al., 2018; Maystrenko et al., 2020). Transforming S-wave
velocity pattern at 100 km depth (Fig. 17A) to temperature (Fig. 17B) has been done assuming that
S-velocity changes by 2% per 100°C, according to Cammarano et al. (2003). This is a minimum estimate
in order to avoid a possible compositional component that can also be partially responsible for the
low-velocity anomaly beneath SW Norway. According to most estimates of depth to the lithosphereasthenosphere boundary beneath the study area, the base of the lithosphere is located at around 100 km
depth with an uncertainty of ± 20 km (Calcagnile, 1982; Artemieva et al., 2006; Pascal & Cloetingh, 2009;
Ebbing et al., 2012; Kolstrup et al., 2012; Maystrenko et al., 2017). Therefore, 1300°C has been set as a
reference temperature which corresponds to 0% of changes in S-wave velocities, whereas
other values of velocity changes in Fig. 17A have been transformed to changes of temperature with an
assumption that 2% of velocity change corresponds to 100°C of temperature change or 50°C per 1%,
accordingly (Cammarano et al., 2003). The obtained thermal anomalies have been added to the reference
temperature of 1300°C. Finally, the calculated temperature has been filtered by removing a short-wave
component. Thus, there is a direct correlation in the pattern between the S-wave velocity changes (Fig.
17A) and temperature at 100 km depth (Fig. 17B). The difference in temperature reaches more than 200°C
at 100 km depth (Fig. 17B). The precise magnitude of the positive thermal anomaly beneath SW Norway
is probably due to uncertainties in transforming the S-wave, upper-mantle, low-velocity anomaly into a
temperature anomaly (Cammarano et al., 2003; Lee, 2003; Afonso et al., 2010). Potential energy sources
for this temperature anomaly can be related to a possible mantle plume impinging on the lithosphereasthenosphere boundary, the thermal influence of the continental break-up 55 Ma ago and a presence
of the mantle wedge enriched in radioactive elements (Slagstad et al., 2018). The thermal influence of
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the continental break-up implies a gradual temperature decrease during the last 55 Myr. In contrast,
the radioactively enriched mantle wedge implies a gradual initial increase of temperature which can
become more or less stable. This process is controlled by the time of mantle wedge formation. In the
case of the mantle plume, both scenarios with increasing and decreasing temperatures are possible,
depending on the plume behaviour. Moreover, all these three scenarios could be superimposed on
each other, strongly complicating the Cenozoic thermal pattern beneath SW Scandinavia. Therefore,
we decided to keep our present-day temperature constant at the lower thermal boundary during the
whole of the Cenozoic.

Thermal properties
Prior to the 3D thermal modelling, thermal properties, represented by specific heat capacity,
thermal conductivity and radiogenic heat production, have been assigned for each layer of the 3D model
(Table 5).

Specific heat capacity
The assigned specific heat capacity has been set constant for each layer (Table 5) during the 3D
conductive thermal modelling. For the specific heat capacity of the rock matrix, the
dependence on temperature has been considered in terms of significant changes by assigning the
average values for the layers at different temperature intervals, depending on the depth of the layer.
These temperature-dependent average values of the specific heat capacity have been derived from the
literature based on lab measurements at different temperature conditions (Čermak & Rybach, 1982;
Afonso et al., 2005; Clauser, 2011).

Thermal conductivity
The thermal conductivity for the sedimentary cover has been taken from previous estimations of the
matrix thermal conductivity from wells within the northern part of the Viking Graben (Brigaud et
al., 1992). In addition, the calculated values of thermal conductivity for the sedimentary layers have
been compared with the measurements of drillcore samples from the North Sea (Evans, 1977) and
laboratory measurements of rock samples with similar lithology (Čermak & Rybach, 1982; Slagstad et
al., 2009; Clauser, 2011). During the present study, the thermal conductivity of the rock matrix (Brigaud
et al., 1992) has been set to be dependent on temperature. This has been done to take into account a
significant change in the thermal conductivities and thermodynamic properties of the groundwater as
a result of increasing temperature with depth. In fact, the conductive heat transfer is very responsive to
variations in values of thermal conductivities because the thermal conductivity represents the ability of
a material to conduct heat through itself.
The empirical Equations 3 & 4 from Vosteen & Schellschmidt (2003) have been used to calculate the
temperature-dependent thermal conductivity for the temperature-dependent thermal conductivity for
the crystalline crust:
k(T) = ko / (0.99 + T(a - b / ko))							

(3)

where k(T) is the thermal conductivity [W/mK] at temperature T in [K], ko is the thermal conductivity
[W/mK] at 0°C, T is the temperature [K], a and b are constants: a = 0.0030 ± 0.0015, and b = 0.0042 ±
0.0006. The used values vary from 0.0016 to 0.0018 for a and from 0.0045 to 0.0046 for b (Table 5).
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Table 5. Thermal properties of the layers of the 3D structural model, used during the 3D thermal modelling.

№

Layer of the
3D structural model

Dominant
lithology

Specfic
heat
capacity,
Cp [J/kgK]

Matrix
Radiogenic
thermal
heat
conductivity production,
scale value, S [µW/m3]
kr [W/mK]

Constants
for Eq. (3)
a

b

2.1-2.4

Upper Miocene - Pliocene and
Quaternary

clastics

1180

2.3

0.20-1.87

0.0028

0.0043

2.5-2.6

Eocene – Lower Oligocene and
Upper Oligocene - Lower Miocene

clastics

1180

2.3

0.45-2.48

0.0028

0.0043

2.7

Paleocene

clastics, carbonates

1180

3.0

0.41-1.12

0.0028

0.0045

3

Upper Cretaceous

carbonates,clastics

1180

2.5

0.10-1.30

0.0028

0.0045

4

Lower Cretaceous

clastics

1180

2.7

0.36-1.46

0.0028

0.0053

5

Jurassic

clastics

1180

3.3

0.67-2.43

0.0028

0.0053

6

Triassic

clastics, carbonates

1180

3.6

0.37-1.07

0.0028

0.0053

7

Upper Permian salt
(Zechstein salt)

rock salt

840

6

0.2

-

-

8

Non-salt Upper Permian
(Zechstein)

clastics, carbonates, anhydrites

1180

2.50

0.09-1.96

0.0029

0.0053

9

Lower Permian - pre- Permian
sediments

clastics, carbonates

1180

3.3

0.46-1.12

0.0022

0.0053

10

Upper-crustal magmatic rocks and
middle-upper crustal intrusions

intrusive rocks

880

2.9

0.4

0.0018

0.0045

11

Low-density upper crustal layer

metasediments or
granite

880

3.2

1.5
(0.4)

0.0016

0.0045

12

Upper crustal layer

granite and gneiss

880

3.2

1.8
(0.5-3.0)

0.0016

0.0045

13-15

Central North Sea rocks and Middle
crust of Laurentia and Avalonia

granitoids and/or
gneiss

950

3.1

0.7
(0.4-3.0)

0.0017

0.0045

16

Middle crust of Baltica

granitoids and/or
gneiss

950

3.1

0.8
(0.4-3.0)

0.0018

0.0046

17

Lower crust of Baltica

metamorphic rocks

1050

3.0

0.3

0.0018

0.0045

18

High-density intracrustal layer

mafic granulites,
gabbros

1050

3.0

0.2
(1.4)

0.0018

0.0045

19

High-density lower- crustal layer

gabbros,
highgrade metamorphic rocks

1100

2.8

0.2
(1.4)

0.0018

0.0045

20

Lithospheric upper mantle

peridotite

1200

4.79

0.03

-

-
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ko = 0.54 kr + 1/2 (1.16 (kr)2 - 0.39 kr)1/2						

(4)

where ko is the thermal conductivity of crystalline rocks [W/mK] at 0°C, and kr is the thermal
conductivity [W/mK] at room temperature (25°C).
To define the temperature- and pressure-dependent thermal conductivity within the lithospheric mantle, the empirical Equations 5 & 6 from Hofmeister (1999) have been taken:
k(T,P) = kr (298/T)a exp [- (4ƴ+ 1/3) α (T - 298)] (1 + K'oP/Ko) + krad 				

(5)

krad = 4.7(0.01753 - 0.00010365T + 2.2451T2/107 - 3.407T3/1011)

(6)

			

where k(T,P) is thermal conductivity [W/mK] at temperature T in [K] and under pressure in [Pa], kr is the
thermal conductivity [W/mK] at room temperature, T is the temperature [K], ƴ is Grueneisen parameter
ƴ = 1 to 1.4; used ƴ is 1), a is the phonon fitting parameter (a = 0.25 to 0.45; used a is 0.3), α(T - 298)
is the volume coefficient of thermal expansion as a function of temperature (used α is 0.00002), Ko is
the bulk modulus [Pa](Ko=261 GPA), K'o is the pressure derivative of the bulk modulus (K'o=5), and krad is
the radiative component of the thermal conductivity, enhanced according to van den Berg et al. (2001).
The modified version (Equation 7) of the empirical equation (Equation 4) has been used to
calculate the temperature-dependent thermal conductivities for the solid material (porous matrix)
of the sedimentary cover according to Equation 3. In this case, constants a and b vary within the following
range: a = 0.0034 ± 0.0006 and b = 0.0039 ± 0.0014. The used values are shown in Table 5. The value
of a has been set to be 0.0022 for the Lower Permian–pre-Permian sedimentary rocks, assuming that
these rocks are highly compacted.
ko = 0.53 kr + 1/2(1.13 (kr)2 - 0.42 kr)1/2 						

(7)

where ko is the thermal conductivity of sedimentary rocks [W/mK] at 0°C, and kr is the thermal
conductivity [W/mK] at room temperature 25°C.
Furthermore, the thermal conductivity of the sedimentary rocks has also been set to be dependent on
porosity by introducing the equivalent thermal conductivity. The thermal conductivity of the solid-fluid
system keq is the so-called equivalent thermal conductivity and can be inferred using this equation
(Equation 8):
keq = Ɵs ks + Ɵf kf

								

(8)

where ks is the thermal conductivity of the solid material (porous matrix), and kf is the thermal
conductivity of the fluid, Ɵs is the solid material’s volume fraction, which is related to the volume
fraction of the fluid Ɵf as in the following (Equation 9):
Ɵs + Ɵf = 1									

(9)

The thermal conductivity of the fluid in the pores of sedimentary rocks has been taken as the
temperature-dependent thermal conductivity of water based on the thermodynamic properties of
water and steam according to the International Association for Properties of Water and Steam
Industrial Formulation 1997 (Wagner & Kretzschmar, 2008).
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The volume fraction of the fluid Ɵf is represented by porosity (ɸ) which decreases with depth.
The porosities of sedimentary rocks have been calculated according to Equation 10:
ɸ = 1 − ρ (z) /ρm								

(10)

where ɸ is the porosity, ρ(z) is depth-dependent density [kg/m3] which is specified for each layer
according to an exponential function of increasing densities with depth in Equation 11 according to
Maystrenko et al. (2017), z is depth [m], and ρm is matrix density [kg/m3] assumed to be the same (2700
kg/m3 on average) for all sedimentary layers.
In order to consider the depth-dependent densities, the following exponential function (Equation 11)
from Maystrenko et al. (2017) has been derived for the sedimentary rocks:
ρ(z)= ρm - ρd e(c(- z))									

(11)

where ρ is density [kg/m3], ρm is matrix density [kg/m3], ρd is density difference [kg/m3], c is coefficient
of compaction with depth [m-1], and z is depth [m] below sea level for the present-day model (step 8
of the modelling) or depth to the top of sediments for the palaeo-models (steps 1–7 of the modelling).
The palaeobathymetry was not reconstructed in detail in our study. In this case, the top of the sediments
has been set to be at 0 m below sea level in the case of the palaeo-models. The obtained distribution
of densities at each step of the modelling represents average values that are in the theoretical range
according to sediment types within each layer and burial depth.
Compaction parameters for sedimentary layers are shown in Table 6. The main disadvantage of
Equation 11 is that this equation is mainly developed to fit the present-day density distribution
within the sedimentary infill of the northern North Sea (Maystrenko et al., 2017). In this case, palaeoporosities of the Triassic–Cretaceous sedimentary rocks may be slightly underestimated for the end of the
Cretaceous and the beginning of the Cenozoic.

Table 6. Compaction parameters of sedimentary layers.

Matrix
Density
Coefficient of
density,
difference, compaction,
ρm [kg/m3] ρd [kg/m3]
c [m-1]

Layer №

Sedimentary layer

Dominant lithology

2.1-2.6

Eocene-Quaternary

clastics

2700

1150

0.00042

2.7

Paleocene

clastics, carbonates

2700

1450

0.00045

3

Upper Cretaceous

carbonates, clastics

2700

700

0.00027

4

Lower Cretaceous

clastics

2700

550

0.00025

5

Jurassic

clastics

2700

550

0.00025

6

Triassic

clastics, carbonates

2700

450

0.00025

7

Non-salt Upper Permian
(Zechstein)

clastics, carbonates,
anhydrites

2700

300

0.00025

9

Lower Permian – prePermian sediments

clastics, carbonates

2700

250

0.00030
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It is important to note that there are some uncertainties in the values of the matrix thermal
conductivities for sandstones which are usually assumed to be constant irrespective of the pore
fluid. However, Kämmlein & Stollhofen (2019) have shown that the theoretical assumption that,
independently of the pore fluid, the matrix thermal conductivity always remains constant is not correct.
In the case of our study, this uncertainty on the fluid-dependent matrix thermal conductivity is much
smaller than uncertainty in lithology of the sedimentary layers and can, therefore, be neglected.
According to the porosity measurements in crystalline rocks in Sweden (Tullborg & Larson, 2006), the
porosity of crystalline rocks vary from 1.5% at the relatively shallow level to 0.98% in the deep crust
and, therefore, their influence can be ignored for the thermal conductivities of crystalline rocks during
purely conductive heat transfer due to a fact that uncertainties in values of the thermal conductivities
of the rock matrix are much larger than the effect of thermal conductivities of fluid in these very small
pores.
The temperature-dependent thermal conductivity of rock salt has been calculated according to the
Equation 12 from Sweet & McCreight (1983):
ksalt = ksaltr (300/T)1.14								

(12)

where ksalt is the temperature-dependent thermal conductivity [W/mK] of the pure rock salt, ksaltr is
the thermal conductivity of the rock salt at room temperature, which is equal to 6 W/mK, and T is
temperature [K].
The assigned values of these different parameters are also within the range of those measured in the
Northeast German Basin (Norden & Förster, 2006; Norden et al., 2008), where the major lithological
features of the study area are easily recognisable.

Radiogenic heat production
Some layers of the crystalline crust have been assigned with specified radiogenic heat production
locally in order to consider the known lithological composition onshore or to improve the fit
between the measured and calculated temperature offshore. This kind of differentiation provides
structural support for including more realistic values of the radiogenic heat production over the
mainland, where measured values of radiogenic heat production are available. In particular,
radiogenic heat production of the upper crystalline rocks is derived from Slagstad (2008) and Slagstad et
al. (2008). The adjusted radiogenic heat production of the upper crustal layers is inferred from the average
values, which are calculated from airborne gamma spectrometry surveys and/or based on average heat
production for geological units of Norway according to rock sample measurements (Slagstad et al.,
2008, 2009). For instance, the increased radiogenic heat production of the Løvstakken granite (Fig. 18A)
is inferred from measurements of rock samples near the Bergen Arc System (Maystrenko et al., 2015b;
Pascal & Rudlang, 2016).
Offshore, differentiation has been mainly done in order to obtain a better fit between the observed
and modelled temperatures in the available wells. Radiogenic heat production is one of the most
suitable candidates to be responsible for local changes of temperatures measured in the wells.
On the other hand, other possible reasons for local changes in temperature should not be excluded.
These reasons can be associated with enforced fluid flow, strong variations in thermal conductivity,
structural uncertainties and limited horizontal resolution of the 3D model. However, these additional
reasons require supplementary structural data, sampling material and including extra physical processes
(e.g., fluid flow) into the 3D thermal modelling workflow. More to the point, absence of reliable data
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Figure 18. Radiogenic heat production of (A) the upper-crustal layer 12 and (B) the middle-crustal layers 13–16 (locations of some wells from Table 7 with calculated
radiogenic heat production of the crystalline basement are shown in Fig.18A). Abbreviations: CG – Central Graben; ESB – East Shetland Basin; HP – Horda Platform;
NDB – Norwegian–Danish Basin; VG – Viking Graben. LG is the Løvstakken granitic gneiss.

and difficulties in the 3D modelling approach do not allow us to test the mentioned reasons at present.
Besides, a relatively strong variation in the radiogenic heat production of the crystalline rocks within the
mainland (Slagstad, 2008) allows us to suggest that a similar situation can be observed offshore as well.
Therefore, changes in the radiogenic heat production within some particular blocks of the crystalline
crust is the most reasonable and easily applicable procedure for the 3D thermal modelling technique.
Several testing models have been generated and validated during the 3D thermal modelling to obtain a
reasonable fit between the calculated and the observed temperatures in the available wells.
Based on the previous geothermal investigations within the Bergen and Stavanger areas (Maystrenko et
al., 2015a, b; Pascal & Rudlang, 2016; Frey & Ebbing, 2020), two additional blocks with different radiogenic heat production have been included into the regional upper crustal layer (Fig. 18A). The layer with
increased radiogenic heat production (2.3–2.4 µW/m3) is located near the Bergen Arc System where the
so-called Løvstakken granitic gneiss with relatively high radiogenic heat production is observed (Pascal
& Rudlang, 2016), and a block with increased magnetic susceptibility has been modelled (Maystrenko et
al., 2017). This high value is supported by the radiogenic heat production of the uppermost part of the
crystalline rocks in well 31/6–1 (Fig. 18A), where the average value is around 2.45 µW/m3. The slightly
lower value of the radiogenic heat production (1.5 µW/m3) has been assigned to the crustal block near
Stavanger, where the crystalline crust is characterised by relatively low contents of radiogenic elements
according to results of 2D thermal modelling in the Ullrigg borehole (Maystrenko et al., 2015b). The
offshore extent of this ‘low radiogenic’ crystalline block has been taken to be similar to the shape of
the block with upper magmatic rocks within the Rogaland Igneous Province (Maystrenko et al., 2017).
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Small crustal blocks with a decreased radiogenic heat production (0.5 µW/m3) have been included in
the regional upper crustal layer within the northwestern part of the Central Graben and beneath the
central part of the East-Shetland Basin (Fig. 18A). A relatively big block with decreased radiogenic heat
production (0.5 µW/m3) has been included north of the Løvstakken crustal block. This very low value
of radiogenic heat production is supported by a relatively low value of the uppermost crystalline rock,
calculated from a natural gamma-ray log, in well 35/3–2 (Table 7), which is located at the margin of
this block. The increased radiogenic heat production (3.0 µW/m3) has been set to the modelled lateSveconorwegian granitoids (Fig. 18A) which are mostly characterised by a relatively high content of the
radiogenic elements, responsible for the increased values of the radiogenic heat production (Killeen &
Heier, 1975; Wilson et al., 1977). However, some of these granitoids have low values of the radiogenic
heat production according to recently obtained data (Trond Slagstad, pers. comm., 2014).

Table 7. Average radiogenic heat production of sedimentary rocks, derived from gamma-ray logs, in the selected wells. Units of radiogenic heat production are µW/m3.

Well

Nordland
(layers
2.1-2.4)

Hodaland
(layers
2.5-2.6)

Rogaland
(layer
2.7

Shetland
(layer
4)

Cromer
Jurassic
Knoll (layer (layer
5)
6)

Triassic
(layer
7)

Zechstein
(layer
8)

Rotliegend Baseand older ment
(layer 9)

1/5-2

0.67

0.54

0.43

0.10

0.91

2.43

-

0.16

-

-

2/6-3

0.87

0.77

0.80

0.16

-

0.99

1.02

1.10

-

1.42

2/10-1S

0.99

0.94

0.83

0.32

0.62

2.40

-

1.96

0.72

-

7/7-3

1.19

1.16

0.93

0.21

0.50

1.70

1.02

0.38

-

-

8/12-1

0.62

0.65

0.41

0.09

0.93

0.71

0.67

-

-

-

9/2-5

0.81

1.01

0.67

0.31

1.46

1.90

-

-

-

-

9/12-1

0.33

0.60

0.46

0.11

1.12

0.94

0.88

-

-

-

11/9-1

-

-

-

-

-

-

0.91

0.48

-

-

15/12-11S

0.92

1.36

1.10

0.48

0.93

1.37

1.01

-

-

-

16/1-3

0.56

0.55

0.65

0.16

0.54

0.67

0.76

0.64

1.12

0.90

17/3-1

1.87

2.48

0.63

0.17

0.91

1.12

0.37

-

-

0.07

17/4-1

0.39

0.73

0.55

0.21

0.83

0.93

0.49

0.09

0.46

-

24/9-1

0.36

0.45

0.42

0.40

0.36

1.96

-

-

-

-

25/3-1

0.69

0.68

0.56

0.31

0.54

1.26

-

-

-

-

29/9-1

0.20

0.69

0.83

0.66

0.48

0.87

-

-

-

-

31/6-1

0.59

0.96

1.12

1.03

0.92

1.19

1.07

-

-

2.45

33/5-1

0.77

0.60

0.56

0.87

0.98

0.69

-

-

-

-

34/3-1S

1.33

0.84

0.73

1.30

1.03

1.10

-

-

-

-

34/10-42S

0.94

0.46

0.79

0.77

0.85

1.05

-

-

-

-

35/3-2

0.50

0.72

0.76

0.74

0.80

1.00

-

-

-

0.95
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The middle crustal layer has also been subdivided into a block with different radiogenic heat production
(Fig. 18B). This has been done mainly in places where the upper crustal layer is absent or relatively thin.
Two blocks with increased values of radiogenic heat production (2–2.7 and 1.9 µW/m3) have been added
beneath the Central Gaben and beneath the northern margin of the Norwegian–Danish Basin (Fig. 18B).
The southern part of the Viking Graben has also been assigned, as most of the middle crust, a radiogenic
heat production of 0.8 µW/m3. Two blocks with low values (0.01 and 0.5 µW/m3) have been included
beneath the central part of the Viking Graben and in the north of the model area where a low value has
already been assigned for the upper-crustal layer located in the north of the Løvstakken crustal block
(cf., Fig. 18A, B).
A crustal block with decreased radiogenic heat production (0.6 µW/m3; Fig. 18B) has been included in
the middle crust of Baltica where the low radiogenic heat production is assigned to the block of the
regional upper crustal layer within the Rogaland Igneous Province (Fig. 18A). The rest of the
southern part of the middle crust of Baltica is characterised by an increased value of the radiogenic heat
production (1.0µW/m3).
In order to improve the fit between measured and calculated temperatures in the wells, we have set
the radiogenic heat production of the middle crust beneath the central Graben at 2.9 µW/m3, which is a
relatively high value. From a theoretical point of view, this block with a relatively increased
radiogenic heat production is still possible. On the other hand, the necessity to increase the internal
heat production within the middle-crustal layer beneath the Central Graben can also be explained by a
Cenozoic heating event due to the Cenozoic depositional centre here (cf., Figs. 4 & 18B). This probable
tectonics-related heating has not been included in the modelling workflow. Therefore, the hypothetical
heat, produced due to adding the increased content of radioactive elements into the middle crust, can
also have a deep nature and can at least partially be responsible for relatively rapid subsidence of the
Cenozoic depocentre within the central part of the North Sea.
It is important to note that radiogenic heat production of the thick sedimentary cover within the
northern North Sea could play an important role as an additional internal heat source in the 3D
thermal model. According to studies within other sedimentary basins of the world, the radiogenic heat
production of sedimentary rocks varies strongly (e.g., McKenna & Sharp, 1998; Norden & Förster, 2006).
In this study, all sedimentary layers of the 3D thermal model have been assigned variable values of
radiogenic heat production to consider specific radiogenic heat productions within different parts
of the study area. This differentiation allows us to include more realistic values of radiogenic heat
production for each sedimentary layer according to the results of natural gamma-ray logging in selected
wells (Fig. 19A). These wells have been chosen to be distributed over the entire model area of the
Norwegian sector of the North Sea.
The radiogenic heat production of the sedimentary rocks of the 3D model has been derived from the
results of natural gamma-ray logging in selected wells (Fig. 19A) according to the empirical relationship
(13) between total natural gamma and radiogenic heat production in Bücker & Rybach (1996):
S=0.0158 (GR - 0.8)

								

(13)

where S is the radiogenic heat production (µW/m3), and GR is the total gamma (API units). The results
of the calculation are rather scaling values of the radiogenic heat production than the precise ones.
The empirical relationship (12) has been derived by Bücker & Rybach (1996) based on the data from the
following deep boreholes: Soultz–Sous–Forêts, Sancerre–Couy and BALAZUC- I, France; KTB, Germany;
ODP 834B, Ocean Drilling Program; and three different NAGRA boreholes (Switzerland). The 160 data
points cover the range of 0–350 API. In the case of the sedimentary layers of the northern North Sea,
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Figure 19. (A) Location of the wells used to estimate the radiogenic heat production of the sedimentary cover within the model area and (B) example of a plot with
stratigraphy, total natural gamma and calculated radiogenic heat production for one of the wells (well 17/3–1) used to obtain the maps (Fig. 20) with the radiogenic
heat production for sedimentary layers (the stratigraphy and gamma-ray log have been taken from NPD (2021). Abbreviations: CG – Central Graben; ESB – East
Shetland Basin; HP – Horda Platform; NDB – Norwegian–Danish Basin; VG – Viking Graben.

the values of the total natural gamma are mainly in the range 0–150 API with local exceptions, such as
the Brygge Formation in well 17/3–1 (Fig. 19B). This means that the results of the calculated values for
the radiogenic heat production are reasonable.
The selected wells are distributed more or less uniformly within the Norwegian sector of the North Sea
(Fig. 19A) to cover all important tectonic units and subunits of the study area. These wells have been
drilled for hydrocarbon exploration. The used natural gamma-ray logs and the derived radiogenic heat
production for one of the selected wells are shown in Fig. 19B.
The average values of the radiogenic heat production for each sedimentary layer have been derived
(Table 7) based on the calculated values (e.g., Fig. 19B). After that, the average values of the radiogenic
heat production have been used to construct maps by interpolating the obtained values in the wells
(Fig. 20). A larger number of the analysed wells would lead to more consistent maps. On the other hand,
the procedure for deriving data for each well is time-consuming and could not be done in detail in the
Coop3 project. In any case, the selected wells are located within different parts of the model area and
can be considered as a first approximation and to be representative enough for this regional study.
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Figure 20. Radiogenic heat production of the sedimentary layers, based on the well data (Fig. 19A; Table 7): (A) the Nordland Group (layers 2.1–2.4), (B) the Hordaland
Group (layers 2.5–2.6), (C) the Rogaland Group (layer 2.7), (D) the Shetland Group (layer 3), (E) the Cromer Knoll Group (layer 4), (F) the Jurassic (layer 5), (G) the
Triassic (layer 6), (H) the non-salt Zechstein (layer 8) and (I) the pre-Zechstein (layer 9). White circles indicate the location of the wells used to derive the radiogenic heat
production. Abbreviations: CG – Central Graben; ESB – East Shetland Basin; HP – Horda Platform; NDB – Norwegian–Danish Basin; VG – Viking Graben.
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According to the results of the calculations, the average radiogenic heat production of the
sedimentary rocks varies from 0.10 µW/m3 to 2.48 µW/m3 (Table 7). The stratigraphic subdivision of the
chosen wells does not include different units of the Quaternary and the upper Neogene and,
therefore, the derived average values for the total Nordland Group have been used for the upper part of
the Quaternary (Unit D, layer 2.1), the middle part of the Quaternary (Unit C, layer 2.2), the lower part of
the Quaternary (Units A and B, layer 2.3) and the Upper Miocene–Pliocene (layer 2.4). Moreover, the
obtained values for the Hordaland Group have been used for two layers: The Upper Oligocene–Lower
Miocene (layer 2.5) and the Eocene–Lower Oligocene (layer 2.6). It is important to note that the Palaeocene
corresponds to the Rogaland Group, but the Upper Cretaceous and the Lower Cretaceous do not exactly
correlate with the Shetland and Cromer Knoll groups within some local areas (Dalland et al., 1988).
The uppermost Quaternary layers and the Upper Miocene–Pliocene, represented by the Nordland
Group in Fig. 20, are characterised by a similar pattern of the derived radiogenic heat production
(cf., Fig. 20A, B) even though some values are different (Table 6). The difference is only visible in the
north and in the south of the model area, where radiogenic heat production is increased in two wells
in the case of the Nordland Group. A similar distribution of the radiogenic heat production is also
recognisable for the Rogaland Group (Palaeocene), but the zone with increased radiogenic heat
production near the Norwegian coast is shifted to the north (Fig. 20C). The Shetland Group (Upper
Cretaceous) is characterised by an increased radiogenic heat production within the northern part
of the study area (Fig. 20D), where Upper Cretaceous clastic material dominates. The rest of the
North Sea displays relatively low values of the radiogenic heat production that can be related to the
presence of a significant amount of carbonates (chalk) in the Upper Cretaceous succession. The Cromer
Knoll Group (Lower Cretaceous) has a relatively high radiogenic heat production within most of the
study area (Fig. 20E). Low values are observed only within two clearly defined zones where, in contrast,
the Jurassic sequence is characterised by increased heat production (cf., Fig. 20E, F). The radiogenic
heat production of the Triassic sequence is only low within a small zone near the SW Norwegian coast
(Fig. 20G), whereas the rest of the northern North Sea has high values. The non-salt Zechstein
sequence is subdivided into two zones with high radiogenic heat production in the south and decreasing
values to the north (Fig. 20H). The pre-Zechstein deposits are characterised by two zones with increased
radiogenic heat production and low values in between (Fig. 20I). Unfortunately, the well-log data on
the pre-Zechstein are mostly limited to the uppermost part of the pre-Zechstein (Fig. 20) and even
these insufficient data are only available for a few selected wells in Table 7. In order to make a map
of the radiogenic heat production of the pre-Zechstein succession to be more reliable, additional
wells have been analysed (Fig. 20I). However, despite these extra data from supplementary wells, it is
obvious that these data cannot be representative of the whole of the pre-Zechstein interval. Moreover,
the absence or incomplete sparse data for the drilled successions of the Cretaceous, Jurassic and
Triassic in some of the selected wells within the deep parts of the study area increase the uncertainty in
the obtained radiogenic heat production locally for these stratigraphic levels. The pattern of radiogenic
heat production in the northern North Sea is most likely related to the composition of the
sedimentary rocks. The sedimentary rocks with a more argillaceous composition are characterised by
increased radiogenic heat production. In contrast, sandier sedimentary rocks are usually characterised
by a lower radiogenic heat production than the argillaceous ones (Rybach & Čermak, 1982; McKenna
& Sharp, 1998; Villa et al., 2010). Moreover, the radiogenic heat production can also be related to the
initial content of the radioactive elements within the source rocks on the mainland which were eroded
and redeposited offshore.
The radiogenic heat production of the Upper Permian (Zechstein) rock salt layer has been set to
be 0.2 µW/m3 in order mainly to consider some uncertainties in the shape and composition of this
geometrically complex salt-rich layer which can be partially represented by sedimentary rocks.
In addition, the Zechstein salt layer can locally contain an uncertain amount of potassium salt
(potassium chloride), which is characterised by relatively high values of radiogenic heat production.
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3D thermal modelling workflow
To explain the main steps of the 3D thermal modelling, the basic principles can be summarised as
follows. The 3D conductive heat transfer within the 3D structural model has been calculated
by solving the heat equation (Equation 1) between the lower and upper boundary conditions,
represented by the predefined temperatures at the Earth’s surface/seafloor and 100 km depth,
respectively. The temperature distribution between these two boundary conditions is controlled by
temperatures at the lower and upper boundaries, thermal properties of the model layers and internally
generated heat due to decay of the radioactive elements (radiogenic heat production).
In order to calculate the thermal effects of erosion and deposition during the Cenozoic, the following
eight steps have been included in the workflow:
(1) Calculation of the steady-state 3D conductive thermal field at the end of the Cretaceous 66 Ma
ago. All Cenozoic layers (Figs. 5 & 6) have been excluded from these calculations, whereas a new layer,
represented by the reconstructed eroded rocks at the end of the Cretaceous (Fig. 13A), has been
added to the top of the model. The top of the eroded rocks is set as a new upper thermal boundary
condition. The top of the Upper Cretaceous deposits or deeper/older rocks has been used as the upper
thermal boundary in places where the eroded rocks were not restored. The porosity of the pre-Cenozoic
sedimentary layers has been calculated according to shallower depth conditions by subtraction of
the thickness of the Cenozoic sedimentary package and bathymetry from the present-day depths.
The adjusted depths have been used to obtain a porosity according to Equation 11. The last procedure
allows us to include at least partially decompaction of the sedimentary rocks.
(2)–(8) Calculation of the time-dependent (transient) 3D conductive thermal fields.
(2) The Palaeocene from 66 Ma ago to 56 Ma ago. The calculated 3D temperature distribution from
step (1) has been set as an initial temperature condition at the beginning of the time-dependent
calculations (66 Ma ago). Part of the Cenozoic layers (Figs. 5 & 6A–C), except for the Palaeocene
(Fig. 6D), have been excluded from these calculations, whereas a new layer, represented by the
reconstructed eroded rocks for the end of the Palaeocene (Fig. 13B), has been added to the top of the
model. The top of the eroded rocks has been set as a new upper thermal boundary. The top of the
Palaeocene or deeper/older rocks has been used as the upper thermal boundary in places where the
eroded rocks were not restored. Accordingly, the porosity of the pre-Cenozoic sedimentary layers and
the Palaeocene sequence has been calculated according to shallower depth conditions compared to the
present-day ones by subtracting the total thickness of the Cenozoic without the Palaeocene sediments
and bathymetry from the present-day depths. The adjusted depths have been used to obtain a porosity
according to Equation 11.
(3) The Eocene–Early Oligocene interval from 56 Ma ago to 28.1 Ma ago. The final calculated 3D
temperature distribution from the previous step (2) has been used as an initial temperature
condition at the beginning of the time-dependent calculations (56 Ma ago). The entire Quaternary (Fig. 5),
the Upper Miocene–Pliocene and the Upper Oligocene–Lower Miocene layers (Fig. 6A, B) have been
excluded from these calculations, whereas a new layer, represented by the reconstructed eroded
rocks at the end of the Eocene–Early Oligocene interval (Fig. 13C), has been added to the top of the
model. The top of the Eocene–Lower Oligocene or deeper/older rocks has been used as the upper
thermal boundary in places where the eroded rocks were not restored. Accordingly, the porosity of the
pre-Cenozoic, the Palaeocene and the Eocene–Lower Oligocene sedimentary layers have been
calculated according to shallower depth conditions compared to the present-day ones by subtracting
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the total thickness of the Quaternary, the Upper Miocene–Pliocene and the Upper Oligocene–Lower
Miocene layers and bathymetry from the present-day depths. The adjusted depths have been used to
obtain porosity distribution according to Equation 11.
(4) The Late Oligocene–Early Miocene interval from 28.1 Ma ago to 11.63 Ma ago. The final calculated
3D temperature distribution from step (3) has been used as an initial temperature condition at the
beginning of the time-dependent calculations (28.1 Ma ago). The Quaternary (Fig. 5) and the Upper
Miocene–Pliocene (Fig. 6A) sequences have been excluded from these calculations, whereas a new
layer, represented by the reconstructed eroded rocks for the end of the Late Oligocene–Early Miocene
interval (Fig. 13D), has been added to the top of the model. The top of the eroded rocks has been taken
to be an upper thermal boundary. The top of the Upper Oligocene–Lower Miocene layer or deeper/
older rocks has been used as the upper thermal boundary in places where the eroded rocks were not
restored. The porosities of the pre-Cenozoic, the Palaeocene, the Eocene–Lower Oligocene and the
Upper Oligocene–Lower Miocene sedimentary layers have been calculated according to
shallower depth conditions compared to the present-day ones by subtracting the total thickness of the
Quaternary and the Upper Miocene–Pliocene sequence and bathymetry from the present-day depths.
The adjusted depths have been used to obtain porosity distribution according to Equation 11.
(5) The Late Miocene–Pliocene interval from 11.63 Ma ago to 2.7 Ma ago. The final calculated 3D
temperature distribution from step (4) has been used as an initial temperature condition at the
beginning of the time-dependent calculations (11.63 Ma ago). The Quaternary sequences (Fig. 5) have
been excluded from these calculations, whereas a new layer, represented by the reconstructed eroded
rocks for the end of the Late Miocene–Pliocene interval (Fig. 13E), has been added to the top of the
model. The top of the eroded rocks has been taken to be an upper thermal boundary. The top of the
Upper Miocene–Pliocene layer or deeper/older rocks has been used as the upper thermal boundary
in places where the eroded rocks were not restored. The porosity of the pre-Quaternary sedimentary
layers has been calculated according to shallower depth conditions compared to the present-day ones
by subtracting the total thickness of the Quaternary layer and bathymetry from the present-day depths.
The adjusted depths have been used to obtain porosity distribution according to Equation 11.
(6) The early Quaternary interval from 2.7 Ma ago to 1.65 Ma ago (Units A and B). The final calculated
3D temperature distribution from step (5) has been used as an initial temperature condition at the
beginning of the time-dependent calculations (2.7 Ma ago). The sequences from the upper and middle
parts of the Quaternary (Units C and D; Fig. 5B, C) have been excluded from these calculations, whereas
a new layer, represented by the reconstructed eroded rocks for the end of the early Quaternary (Units A
and B) interval (Fig. 13F), has been added to the top of the model. The top of the eroded rocks has been
taken to be an upper thermal boundary. The top of the lower part of the Quaternary (Units A and B)
layer or deeper/older rocks have been used as the upper thermal boundary in places where the eroded
rocks were not restored. The porosity of the pre-Quaternary and lower part of the Quaternary (Units A
and B) sedimentary layers have been calculated according to shallower depth conditions compared to
the present-day ones by subtracting the thicknesses of the sequences of the upper and middle part of
the Quaternary (Units C and D) and bathymetry from the present-day depths. The adjusted depths have
been used to obtain porosity distribution according to Equation 11.
(7) The middle part of the Quaternary interval (Unit C) from 1.65 Ma ago to 1 Ma ago. The final
calculated 3D temperature distribution from step (5) has been used as an initial temperature condition
at the beginning of the time-dependent calculations (1.65 Ma ago). The upper part of the Quaternary
(Unit D; Fig. 5B) has been excluded from these calculations, whereas a new layer, represented by the
reconstructed eroded rocks at the end of the middle part of the Quaternary (Unit C) interval (Fig. 13G),
has been added to the top of the model. The top of the eroded rocks has been taken to be an upper
thermal boundary. The top of the middle part of the Quaternary (Unit C) layer or deeper/older rocks
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has been used as the upper thermal boundary in places where the eroded rocks were not restored.
The porosities of the lower and middle parts of the Quaternary (Units A, B and C) sedimentary layers
have been calculated according to shallower depth conditions compared to the present-day ones by
subtracting the thicknesses of the upper part of the Quaternary (Unit D) layers and bathymetry from
the present-day depths. The adjusted depths have been used to obtain porosity distribution according
to Equation 11.
(8) The period from 1 Ma ago to the present day (late Quaternary). The final calculated 3D temperature
distribution from step (7) has been used as an initial temperature condition at the beginning of the
time-dependent calculations (1 Ma ago). The present-day top of the 3D structural model (present-day
seafloor and Earth's surface onshore) has been considered as the upper thermal boundary. The porosity
has been estimated according to the present-day depths.
Therefore, in the case of the palaeo-models (steps 1–7), the porosity-dependent thermal
conductivities and densities of the sedimentary cover have been readjusted to shallower depths and
corrected for the present-day deep seafloor position within the Norwegian Channel. Time stepping of the
time-dependent calculations varies from 360 to 2,800,000 years at the beginning of the Cenozoic,
and it varies from 10 to 8000 years during the last glacial period and postglacial time. Therefore,
time stepping has been chosen to shorten from the beginning of the Cenozoic towards the present day.
During all steps, the lower thermal boundary (Fig. 17B) has been kept the same as for the present day
due to the absence of detailed data about changes of the thermal state within the upper mantle during
the Cenozoic. During all steps, palaeotemperature at the upper thermal boundary has been taken to
be time-dependent according to Fig. 16 and Tables 3 & 4. The eroded rocks have been assumed to be
represented by a mixture of sedimentary rocks, weathered and solid crystalline rocks. However,
a precise portion of each component is not known in detail. Therefore, the porosity of the eroded
material has been kept zero for all steps as it is in the case of a complete reconstructed eroded
sequence and the thermal conductivity has been set to be constant 2.7 W/mK. Compaction of the
deposited material has only been considered in terms of changes in porosity/density in agreement
with Equations 10 & 11, but thicknesses (volume) of the deposited sedimentary rocks have been kept
constant at all steps due to some limitations of the used software package.
Isostatic readjustment, as a result of the redistribution of mass during erosion and deposition, has not
been applied during the 3D thermal modelling because the main goal of this study is related to the
thermal effects of the Cenozoic erosion and deposition. The thermal effects have been studied by a
step-by-step moving down of the upper thermal boundary due to decreasing thickness of the eroded
rocks and moving up due to increasing thickness of the deposited rocks. As we know, the conductive
heat transfer is mostly controlled by the distance between the lower and upper thermal boundaries and
the thermal properties of the rocks in between. In this case, the isostatically adjusted vertical position
of the layers plays a minor role, especially if the properties of sedimentary rocks have always been
adjusted in accordance with the new depth position in our workflow. Thus, our methodological
approach is enough to some extent for the subvertical conductive heat transfer. On the other hand,
some possible changes in the subhorisontal heat transfer could disturb the modelled conductive
thermal field locally, if there was a considerable vertical movement of closely located areas during a
relatively short time interval that is not common in the northern North Sea during the Cenozoic.
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Results of the 3D thermal modelling
The present-day 3D thermal pattern
The results of the transient, conductive, thermal modelling provide a 3D overview of the present-day
temperature distribution beneath the northern North Sea and adjacent areas of the Norwegian
mainland (Fig. 21). Major features of the thermal pattern within the study area are shown by the use
of selected 2D horizontal slices through the obtained 3D conductive thermal field (Figs. 22 & 23).
Fig. 22 illustrates the thermal pattern at four depth levels within the upper part of the 3D thermal
model, where relatively low thermally conductive sediments are present. In contrast, Fig. 23
demonstrates the temperature distribution within the deep part of the 3D thermal model area,
near the crust-mantle boundary (Fig. 23A, B) and within the lithospheric mantle (Fig. 23C, D).
At the regional scale, the Norwegian mainland is generally colder than the basinal areas of the
northern North Sea (Fig. 22). Within the upper part of the model, this regional trend of modelled
temperatures is related to the high thermal conductivity of crystalline crustal rocks (Table 5), which
crop out over large parts of the mainland. This interaction between the relatively high values of thermal
conductivities and the structural pattern is responsible for a chimney effect within the areas where the
sedimentary cover is absent or very thin. For example, the chimney effect is also clearly recognisable
within the East Shetland Platform, where the sedimentary cover is much thinner compared to the East
Shetland Basin or the Viking Graben. In contrast, there is a clear correlation between areas with thicker
sedimentary infill and areas with higher temperatures (cf., Figs. 4, 5, 6, 7 & 22). This regional trend of
the modelled temperature is associated with the low thermal conductivity of sedimentary layers which
increases the heat storage within the areas covered by thick sediments. In other words, the relatively
thick, low-conductive sediments reduce the rate of heat transfer, acting as thermal insulation as in
a vacuum flask. This thermal effect is especially pronounced within the Central and Viking grabens,

Figure 21. 3D temperature distribution within the lithosphere-scale 3D structural model (Fig. 3) of the northern North
Sea and adjacent continental areas (four times vertically exaggerated).
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Figure 22. The modelled temperatures within the upper part of the 3D thermal model. Horizontal temperature slices for
depths of 2 km (A), 5 km (B), 10 km (C) and 16 km (D) extracted from the model. Depth is below sea level. Thick white
lines correspond to the selected vertical slices 1–3, shown in Fig. 25. Abbreviations: CG – Central Graben; ESB – East
Shetland Basin; HP – Horda Platform; NDB – Norwegian–Danish Basin; VG – Viking Graben.

and in the East Shetland and Norwegian–Danish basins where the thickness of the sedimentary
successions is greatest. The highest temperatures have been modelled beneath the northern part of the
East Shetland Basin and the northern continuation of the Viking Gaben. This thermal blanketing effect
of sedimentary rocks is still recognisable down to a depth of 12–16 km near the base of the sedimentary
infill (Fig. 8A).
Furthermore, the superimposed effect of increased radiogenic heat production of 1.5 µW/m3 within the
upper-crustal low-density layer (layer 11 in Table 5) and 2.3–2.4 µW/m3 within the Løvstakken granitic
gneiss layer (Fig. 18A; Table 2) is prominent beneath the Horda Platform, which is clearly outlined by the
positive thermal anomaly in Fig. 22. There, the thickness of the upper-crustal layers with the increased
radiogenic heat production is relatively large.
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Figure 23. The modelled temperatures within the deep part of the 3D thermal model. Horizontal temperature slices for
depths of 20 km (A), 40 km (B), 60 km (C) and 80 km (D) extracted from the model. Depth is below sea level. Thick white
lines correspond to the selected vertical slices 1–3, shown in Fig. 25. Abbreviations: CG – Central Graben; ESB – East
Shetland Basin; HP – Horda Platform; NDB – Norwegian–Danish Basin; VG – Viking Graben.

It is important to highlight that at a depth of 2 km (Fig. 22A), a configuration of the Scandes
Mountains is easily recognisable in terms of the increased temperatures beneath the mainland
(cf., Figs. 1 & 22A). This is due to the topographic effect of the up to more than 2 km-high Scandes
Mountains compared with the rest of the mainland, where the topography is characterised by lower
altitudes. Prior to modelling, the upper thermal boundary has been set at the Earth’s surface and,
therefore, the elevated relief of the Scandes Mountains adds 1–2 km to the distance between the upper
thermal boundary and different depth levels in Fig. 22. This topographic thermal effect of the Scandes
Mountains is still clearly visible at a depth of 5 km (Fig. 22B) and even at deeper levels, where other
thermal effects smooth it.
Locally, the regional pattern of the modelled temperatures is disturbed by Permian salt structures
within the southern part of the study area where salt structures are present (Fig. 2). There are
pronounced local temperature increases (see hot spots in Fig. 22A, B) in places where the
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sedimentary cover is pierced by salt within the Central Graben and the Norwegian–Danish Basin
(Fig. 2). This is because the Upper Permian (Zechstein) salt layer has a much higher thermal conductivity
than the surrounding sedimentary sequences (Table 5), causing an increased conductive heat transfer
within the salt walls and diapirs. This phenomenon was already observed in salt-bearing basins and has
been confirmed by results of numerical modelling (e.g., Selig & Wallick, 1966; Jensen, 2006; Balling et
al., 2013; Scheck-Wenderoth & Maystrenko, 2013). In addition, local negative temperature anomalies
are observed beneath the salt structures and near the salt base in places where the salt layer is thick
(cf., Figs. 2 & 22B). Increased conductive heat transfer within the salt causes thermal anomalies. In this
case, they are negative beneath the high-conductive salt structure. This salt-related heat extraction is
especially pronounced at depths of 5 km and 7 km within the Central Graben and the Norwegian–Danish
Basin where the negative thermal anomalies are located near the base of some salt structures (Fig. 22B).
The results of the 3D thermal modelling within the deeper levels of the 3D model are shown in Fig.
23 by four representative horizontal slices of the 2D temperature distribution at depths of 20, 40,
60 and 80 km. The main feature of the regional pattern in these temperature maps is the transition
from a relatively warm, eastern part of the study area to a colder one in the west (Fig. 23).
At great depths (60–80 km; Fig. 23C, D), the temperature distribution roughly reflects the configuration
of the lower thermal boundary, which is a predefined temperature at a depth of 100 km (Fig. 17B).
Therefore, the configuration of the lower thermal boundary condition is the main controlling factor in
temperature distribution within the deeper levels of the 3D thermal model since the lithospheric mantle
has been set to be homogeneous. The shape of the upper-mantle low velocities is outlined by the positive
thermal anomalies at the deep levels (cf., Figs. 17A & 23) since the lower thermal boundary is based on
the upper-mantle S-wave velocity pattern.
On the other hand, the interaction of the crustal and mantle thermal properties already complicates
the temperature distribution at a depth of 20–40 km (Fig. 23A, B). At a depth of 20 km (Fig. 23A),

Figure 24. The modelled temperature at the top of the crystalline basement (A) and at the Moho (B). Thick white lines correspond to the selected vertical slices 1–3,
shown in Fig. 25. Abbreviations: CG – Central Graben; ESB – East Shetland Basin; HP – Horda Platform; NDB – Norwegian–Danish Basin; VG – Viking Graben.
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the character of temperature distribution is still affected by the increased thickness of the crystalline
crust beneath the Horda Platform, where a positive crust-related thermal anomaly is still recognisable.
It is interesting to note that the offshore thermal pattern resembles the one on the heat flow map of
Pascal (2015).
The modelled temperatures at the top of the crystalline basement are shown in Fig. 24A. There is a clear
correlation between the depth to the top of the crystalline basement (Fig. 8A) and the temperature
distribution (Fig. 24A). Where the top of crystalline rocks is deeply located, the modelled
temperatures are high and vice versa (cf., Figs. 8A & 24A). Therefore, several temperature maxima are
located within the deepest parts of the model area in the Central and Viking grabens and within
the Norwegian–Danish Basin, where the modelled temperature is locally more than 300°C.
The temperature pattern at the Moho (Fig. 24B) reflects the configuration of the Moho topography
(Fig. 8B), showing that the most significant controlling factor, as in the case of the top of the crystalline
basement (Fig. 24A), is again the depth position. Consequently, the highest temperature is modelled
beneath the mainland, reaching values of more than 700°C. In contrast, the sedimentary depocentres
with the uplifted Moho in the Central and Viking grabens are characterised by the lower modelled
temperature, less than 500°C.

Figure 25. Temperature distribution along
selected 2D vertical slices 1–3 through the
3D thermal model (for the location of these
slices, see Figs. 2, 22A, 23A & 24A). The slices
are presented with different vertical scales to
show temperature distribution within the crust
in more detail compared to the lithospheric
mantle.

45 of 72

Y. P. Maystrenko et. al

3D thermal effects of Cenozoic erosion and deposition

To demonstrate the cross-sectional view at the modelled temperatures, three 2D vertical slices (Fig. 25)
have been extracted from the southern, middle and northern parts of the 3D thermal model (Fig. 21).
The locations of these vertical slices are the same as the positions of three representative vertical slices
across the 3D density and magnetic models in Maystrenko et al. (2017). For the reader's convenience,
the structure along the selected vertical slices is shown by white lines using the simplified version of the
published cross-sections from Maystrenko et al. (2017) (Fig. 25).
The most prominent feature along these cross-sections is that a regional-scale uplift of the
modelled isotherms spatially correlates with the relatively high temperature at the lower thermal
boundary beneath the transition from the mainland to the offshore areas (Fig. 25). This effect of the
lower thermal boundary is especially pronounced along vertical slice 1 (Fig. 25A), where the
temperature at the lower thermal boundary is highest at a depth of 100 km (Fig. 17B). Another uplift
of the isotherms coincides with the areas where thick sediments are present and, thus, there the

Figure 26. (A) Locations of available wells with measured temperature: wells with DST (drill stem test) temperatures
are only shown by the red circles within the Norwegian sector of the North Sea, and wells with less reliable bottom-hole
temperatures (BHTs) are also shown by the green circles. (B, C) Misfit between the calculated (blue dots) and the
observed (red dots) temperatures. (B) Only boreholes with DST temperatures are used within the Norwegian sector of
the North Sea. (C) Boreholes with less reliable BHTs are also included within the Norwegian sector of the North Sea.
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thermal insulation effect of the sediments is highest. The blanketing effect of the sedimentary cover
is most prominent beneath the Central Graben along line 3 (Fig. 25C) and beneath the East-Shetland
Basin along line 1 (Fig. 25A). This is because there is a strong Moho uplift below the Central Graben and
the East Shetland Basin in those places. Therefore, a superposition of the chimney effect of the high
thermally conductive upper mantle material and thermal blanketing of the low thermally conductive
sedimentary cover results in the increased modelled temperatures within the crystalline crust, where
the Moho is uplifted, and the sedimentary infill is relatively thick. In addition, increased radiogenic heat
of the middle crust beneath the Central Graben also contributes to the increasing temperature within
the crystalline crust there (Fig. 25C).
The modelled temperature distribution within the upper part of the 3D thermal model has been
compared to temperatures measured in the available wells offshore and two boreholes onshore.
The locations of the available wells are shown in Fig. 26A. For the Norwegian sector of the North Sea,
the number of boreholes with DST (drill stem test) temperatures (red circles in Fig. 26A) is much less
than the number of wells with less reliable bottom-hole temperatures (BHT) (green circles in Fig. 26A).
The difficulty with bottom-hole temperature (BHT) values is that these values were measured at the
bottom of the wells either during drilling or soon after the drilling process was finished. Therefore,
these temperatures contain an element of thermal disturbance within the boreholes due to the
circulation of the drilling fluid. For that reason, bottom-hole temperatures (BHT) are unfortunately
unreliable. In contrast, drill stem test (DST) temperatures are supposed to be obtained after reaching

Figure 27. Spatial distribution of temperature difference values (measured temperature minus the modelled one) within the study area. (A) Only boreholes with
DST (drill stem test) temperatures are used within the Norwegian sector of the North Sea. (B) Boreholes with less reliable bottom-hole temperatures (BHTs) are also
included within the Norwegian sector of the North Sea.
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thermal equilibrium in the wells and, therefore, are more reliable for constraining the subsurface
thermal regime. However, due to a deficit of drill stem test (DST) data within the Norwegian sector of
the northern North Sea (Fig. 26A), wells with bottom-hole temperatures (BHT) have also been used
to compare the observed and modelled temperatures. To separate these two datasets with different
reliability, the results of the comparison are provided separately for drill stem test (DST) temperatures
(Figs. 26B & 27A; Table 8) and drill stem test (DST) temperatures with bottom-hole temperatures (BHT)
in addition (Figs. 26C & 27B; Table 9).

Table 8. Difference between modelled and measured temperatures (measured values minus the modelled ones)
in available deep boreholes obtained during the present study. Only DST (drill stem test) temperatures are used within
the Norwegian sector of the North Sea.

№

Temperature range of differences
between modelled and
measured temperatures

DST
Percentage of values, %

Number of values

1

from -20 to -10

7.5

14

2

from -10 to -5

18.8

35

3

from -5 to 5

43

80

4

from 5 to 10

11.8

22

5

from 10 to 20

12.5

23

6

from 20 to 25

3.2

6

7

from 25 to 35

3.2

6

Table 9. Difference between modelled and measured temperatures (measured values minus the modelled ones)
in available deep boreholes obtained during the present study. In addition to DST (drill stem test) temperatures from the
Norwegian sector of the North Sea, less reliable bottom-hole temperatures (BHT) are also used.

№

Temperature range of differences
between modelled and
measured temperatures

DST and BHT
Percentage of values, %

Number of values

1

from -45 to -25

5.8

43

2

from -25 to -20

3.2

24

3

from -20 to -10

13.9

103

4

from -10 to -5

15.9

118

5

from -5 to 5

36.9

274

6

from 5 to 10

9.5

70

7

from 10 to 20

10.8

80

8

from 20 to 25

2.7

20

9

from 20 to 25

1.3

10
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Comparison of the observed and modelled values of temperature has shown that the results
of the 3D thermal modelling are in reasonable agreement with the general trends of measured
temperatures (Fig. 26A, B). The detailed analysis (Fig. 27; Tables 8 & 9) demonstrates that large misfits exist
between the modelled and observed temperatures. A large proportion of the difference between the
modelled and observed values is in the range of ± 10°C, implying that conduction is one of the dominant
mechanisms of heat transfer at the regional scale within the northern North Sea. Some values,
however, are much larger than 10°C (Fig. 27). Based on our knowledge of the internal structure of
the North Sea sedimentary basins, these misfits are possibly related to the convective or advective
heat transfer, which is superimposed on the regional conductive thermal field in some areas where
geothermally heated or cooled fluids are present. This can be related to the areas of the Cenozoic
depocentres where heated fluids could theoretically release during compaction of both Cenozoic
and pre-Cenozoic sedimentary rocks. Another reason could be the quality of the input data.
An additional reason can be related to the horizontal resolution of the 3D structural model, which
is 4000 m. This means that some local structural features of the study area cannot be resolved in
necessary detail for representing the detailed section of particular wells in places where these wells
are located. Consequently, in these specific locations, the measured temperatures cannot be correctly
reproduced by the regional-scale 3D thermal modelling. It is important to note that the largest
number of wells with a positive difference between the modelled and the measured temperature are
located within the Central Graben, where the main Cenozoic depocentre is located. The problem is that
wells with negative and positive temperature differences are located close to each other. Therefore,
improving fit in one well will increase misfits in the other one and vice versa. There is still a possibility to
increase the temperature within the Central Graben by increasing the radiogenic heat production of the
crystalline crust. Another possible reason can be related to a possible heating event(s) in the Cenozoic
which could be responsible for relatively rapid phases of Cenozoic subsidence in the central part of the
North Sea (Jordt et al., 2000). Tectonic forces, responsible for the origin of the Cenozoic depocentre,
are still not well understood (Morgan, 1990; Ziegler, 1990b; Clausen et al., 1999; Jordt et al., 2000;
Faleide et al., 2002; Hansen & Nielsen, 2003; Maystrenko et al., 2012). Therefore, the nature of the
rapid subsidence is still a matter of discussion, and we hope that our (independent) findings will help to
shed additional light on this problem. Unfortunately, this heating anomaly, which could be tectonically
induced, is out of the scope of the present study and must be investigated in detail in the future.
In general, the difference between the calculated and measured temperatures is not particularly large,
indicating that the obtained results are realistic. This is supported by a good correlation between the
measured and modelled temperature trends within the northern North Sea area. Further improvement
can only be achieved by a significant increase of the horizontal resolution of the 3D structural model
from the present 4000 m to much less than 1000 m in order to consider small structural features, as
well as by increasing the vertical resolution of the model in order to consider various lithological-facial
characteristics of the sediments which can affect the distribution of temperatures in the subsurface.
As already mentioned above, the regional conductive thermal field can be locally disturbed by heat
transfer due to groundwater flow. In order to take into account the influence of the groundwater or
other fluid flow on the subsurface thermal pattern, several complex thermal models with high
resolution must be created and examined. However, these models cannot be properly established
without detailed structural and hydrogeological constraints at great depths and, therefore, could not
be executed accurately during the present study. Furthermore, simulations of the coupled groundwater flow and heat transfer in 3D require very detailed mesh (resolution) for the upper part of the 3D
model to consider rapid changes in permeability. These details of the model will drastically increase
requirements to hardware and cannot be properly modelled with the available software and hardware.
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A thermal pattern throughout the Cenozoic
The time-dependent 3D thermal modelling demonstrates that the simulated temperatures beneath
the reconstructed eroded rocks gradually decreased from the beginning of the Cenozoic to the late
Quaternary time (Fig. 28). The temperature was highest at the beginning of the Cenozoic (Fig. 28A)
when the thickness of the eroded material was greatest and, therefore, the base of the reconstructed
rocks was at its maximal burial depth in the Cenozoic (Fig. 13A). At the beginning of the Cenozoic (start
of the Palaeocene interval), the obtained temperatures in the case of the reconstructed eroded material
could have reached more than 120°C within the areas with the largest thickness of the eroded material
(cf., Figs. 13A & 28A). The modelled temperatures beneath the eroded rocks decreased as a result of
the Cenozoic uplift and erosion, implying a progressive cooling of the present-day Norwegian mainland
and the adjacent offshore areas. A time-dependent reduction of the obtained temperature beneath the
eroded rocks is, of course, directly proportional to the amount of rocks which were eroded during each
time interval of the modelling scenario (cf., Figs. 13 & 28). The highest modelled temperature in Fig. 28 is
shifted step-by-step towards the offshore areas since these areas were affected by strong erosion during
the latest time intervals (Fig. 13), whereas strong erosion within the present-day mainland occurred
already in the early Cenozoic.

Figure 28. Temperatures at the base of the eroded material: (A) at the begin of the Palaeocene 66 Ma ago, (B) at the begin of the Eocene–early Oligocene interval 56
Ma ago, (C) at the beginning of the late Oligocene–early Miocene interval 28.1 Ma ago, (D) at the begin of the late Miocene–Pliocene interval 11.63 Ma ago, (E) at
the begin of the Quaternary 2.7 Ma ago, (F) at the begin of deposition of the layer 2.2 (middle part of the Quaternary) 1.65 Ma ago and (G) at the begin of the late
Quaternary 1 Ma ago. Abbreviations: CG – Central Graben; ESB – East Shetland Basin; HP – Horda Platform; NDB – Norwegian–Danish Basin; VG – Viking Graben.
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In the case of the modelled temperature at the base of the Cenozoic (Fig. 29), the process is reversal
compared to the temperature at the base of the eroded material (Fig. 28), the modelled temperature
having increased with time throughout the Cenozoic due to deposition of the sedimentary rocks and
deepening of the structural base of the sedimentary layers. The magnitude of the temperature increase
is more than 120°C in the case of the base of the Cenozoic beneath the Cenozoic depocentre in the
central part of the North Sea. This means that the temperature of the entire underlying sedimentary
strata increased by around 115°C on average within the central part of the North Sea. For the base
of the Quaternary, the magnitude of the basal temperature increase is slightly more than 45°C in the
northern part of the study area at the transition to the Møre Basin, where the Quaternary succession is
thickest (Fig. 5A). The present-day temperature at the base of the Quaternary is around 40°C on average
beneath the Quaternary depocentre in the central North Sea.

Figure 29. Temperatures at the base of the Cenozoic deposits offshore and base of the eroded material near the coast line and onshore: (A) at the begin of the
Eocene–early Oligocene interval 56 Ma ago, (B) at the begin of the late Oligocene–early Miocene interval 28.1 Ma ago, (C) at the begin of the late Miocene–Pliocene
interval 11.63 Ma ago, (D) at the begin of the Quaternary 2.7 Ma ago, (E) at the begin of deposition of the layer 2.2 (middle part of the Quaternary) 1.65 Ma ago,
(F) at the begin of the late Quaternary 1 Ma ago and (G) at the present day. Abbreviations: CG – Central Graben; ESB – East Shetland Basin; HP – Horda Platform;
NDB – Norwegian–Danish Basin; VG – Viking Graben.

Another important process that accompanied the deposition of the Cenozoic and the sedimentary
rocks in general was the compaction of the underlying sedimentary sequences, which theoretically
could have led to escape of fluids due to the decrease of pore space. On the other hand, increasing
the fluid temperature would have increased the volume of the fluids with time and these relatively
heated and overpressured fluids could have had a tendency to migrate to shallower levels where they
could increase the temperature locally. The process of fluid migration can be a reason for the significant
differentiation of the measured temperature within the sedimentary rocks in the Central Graben,
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where most of the misfits between the measured and the modelled temperatures are localised
(Fig. 27). Therefore, the migration of heated and overpressed fluids can be considered as another
possible explanation for the difficulties to reproduce relatively high temperatures within the area of
the Central Graben in addition to the increased radiogenic heat production of the crystalline crust
beneath the graben and/or the proposed tectonically induced heating event(s) within the central North
Sea during the Cenozoic.

Thermal effects of the Cenozoic erosion and deposition
The thermal influence of the erosion and deposition has been obtained by calculating the
temperature difference at selected depth levels between the calculated temperature from the final
step of the 3D thermal simulations with and without the erosion and deposition for the present-day
configuration of the model. In other words, the calculated temperatures for the present-day model without
considering the erosion and deposition during the 3D thermal modelling have been subtracted from the
calculated temperatures for the present-day model with considering erosion and deposition. These two
present-day models are geometrically/structurally the same, but the difference is only related to the
thermal influence of erosion and deposition during the Cenozoic. The same palaeoclimatic scenario at
the top of the model and through time-stepping has been applied to the model without considering the
thermal effect of erosion and deposition. This procedure has been done to exclude the palaeoclimatic
influence as much as possible from the calculated thermal anomalies. However, the complete removal
of the palaeoclimatic influence is not possible since the top of the model with erosion/deposition is not
always the same surface as the top of the model without erosion/deposition. The obtained differences
are shown at different depth levels as temperature maps (Fig. 30), indicating that a negative thermal
anomaly must exist beneath the Cenozoic depocentres with the maximal magnitude in the central part
of the North Sea. In contrast, the positive thermal anomaly should be present within the areas where
the sedimentary and crystalline rocks were eroded during the Cenozoic beneath the mainland and inner
shelf areas.
The erosion/deposition-related anomalies indicate that the amplitude of both negative and positive
anomalies become lower either towards the Earth’s surface/seafloor or towards the Earth’s interior
(cf., Fig. 30A, C, F). The anomalies are characterised by high amplitudes around the depth interval of
20–30 km (Fig. 30D, E). At a depth level of 2 km, the positive anomaly reaches up to 7°C over the
continent and surrounding offshore areas, and the negative one is around -5°C within the central
North Sea. The erosion-related positive thermal anomaly is approximately 17, 25, 33 and 32°C locally
beneath the mainland, and the negative thermal anomaly caused by deposition is almost -19, -25, -33
and -34°C beneath the central North Sea at 6, 10, 20 and 30 km depth, respectively. In contrast, the
negative temperature anomaly is less than 20°C and the positive one is around 20°C at a depth of 60 km.
Therefore, the differences between the modelled temperature with and without the thermal influence
of the erosion and deposition started to decrease at depths of more than 30 km.
The calculated erosion-related positive thermal anomaly reaches its maximum of more than +33°C at
depths of 18–26 km beneath the mainland in places where the thickness of the eroded material is
large. The deposition-induced negative anomaly is around -34°C at 22–26 km depth beneath the
Central Graben where the Cenozoic sequence is thickest. These maxima and minima of the thermal
anomalies are localised in places with quite rapid uplift/erosion and subsidence/deposition, which took place
particularly during the late Cenozoic. The physical background of these thermal anomalies is associated
with the heat advection by solid rocks due to vertical movements in addition to the dominant heat
transfer by conduction between the upper and lower thermal boundary conditions. Besides, these
erosion/deposition-caused thermal disturbances are still recognisable at more than 80 km depth
but with very low amplitudes. Changes in the amplitudes of the anomalies with depth are mostly
52 of 72

Y. P. Maystrenko et. al

3D thermal effects of Cenozoic erosion and deposition

Figure 30. Thermal anomalies due to erosion and deposition during the Cenozoic at different depths of 2 km (A), 6 km (B), 10 km (C), 20 km (D), 30 km (E) and 60 km
(F), calculated as a difference between the calculated temperature in the 3D thermal model with the thermal effect of erosion/deposition and temperatures from the
model without this effect. Abbreviations: CG – Central Graben; ESB – East Shetland Basin; HP – Horda Platform; NDB – Norwegian–Danish Basin; VG – Viking Graben.

controlled by the distances to the upper and lower thermal boundary conditions since the 3D
thermal field reaches a thermal equilibrium faster at shorter distances to the boundary conditions.
In this case, the maximum amplitudes of the erosion/deposition-related thermal anomalies are located
at some distance from the thermal boundary conditions. It is important to note that the amplitudes
themselves are controlled by the amount of erosion/deposition and duration of these geological
processes. In other words, erosional or depositional processes decrease or increase the temperature
of the subsurface and the conductive thermal field of the 3D model needs time to reach a thermal
equilibrium under new temperature conditions. The time required for the equilibration increases
away from the thermal boundaries, depending on the thermal properties of the rocks. In addition,
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erosion and deposition not only change the temperature of the subsurface but also change the distance
between the upper and lower thermal boundary conditions by removing or adding the material to the
upper thermal boundary.
The amplitude of the obtained, erosion-/deposition-related, thermal anomalies should be higher
because removing or adding packages of rocks through several time-restricted steps is only an
approximation of the gradual erosion and deposition which occur in reality. Gradual or continuous
erosion and deposition cover the entire duration of the used time steps compared to changing packages
of rocks only once at the beginning of each step. In this case, areas of gradual erosion or deposition
would be less thermally equilibrated compared with areas where a package of rocks was removed or
added during a short time interval. Unfortunately, processes of gradual erosion and deposition
cannot be modelled by the available modules of the used commercial software. In this case, the obtained
positive and negative erosion-/deposition-induced thermal anomalies must be slightly more intense,
if the more realistic gradual erosion and deposition would be applied during the thermal simulations.
The obtained (erosional and depositional) thermal anomalies show a very similar pattern to those
in Maystrenko et al. (2018), who have applied the same approach to estimate the thermal effects of
erosion and deposition within the Lofoten–Vesterålen area. These results support the previous 2D
modelling by Pascal & Midttømme (2006), who concluded that the thermal state of the Norwegian
shelf was affected by strong modifications due to glacial erosion and deposition during the Quaternary.
Moreover, Pascal (2015) has shown that present-day steady-state values of the heat flow density
offshore Norway must be corrected for thermal effects of deposition and erosion during the Quaternary.

Uncertainties of the 3D thermal modelling
A detailed description of the modelling limitations was outlined by Maystrenko et al. (2018), and here
only the most important uncertainties will be mentioned. The main uncertainties, which can affect the
obtained results, are the following: (1) the reliability of the reconstructed thickness of the eroded rocks
throughout the Cenozoic; (2) the heat advection by fluid flow; (3) thermal properties of the deeply
located layers; (4) both vertical and horizontal resolution of the 3D structural model; (5)
uncertainties in the palaeoclimatic reconstructions; (6) some uncertainties in temperature at
the lower thermal boundary condition; (7) uncertainties in temperature at the upper thermal
boundary condition due to the palaeo-elevation pattern onshore; (8) isostatic responses to erosion and
deposition and (9) the step-by-step workflow must be replaced by the more realistic continuous erosion
and deposition. It is important to note that if the more gradual or even continuous erosion and
deposition would be applied during the thermal modelling, the obtained positive and negative thermal
anomalies will become slightly higher or lower, respectively. The list of the uncertainties can be
continued but in order to model the relationship between erosion/deposition and thermal
re-equilibration at depth in more detail, a 3D fully coupled thermo-mechanical modelling approach
should be applied, including fluid-flow simulations. All these processes will add detail to the results
rather than change them drastically because the obtained results are constrained by the temperature
measured in many wells from different places offshore.
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Conclusions
The results of the 3D thermal modelling provide significant progress in our understanding of the
first-order characteristics of the conductive thermal field within the northern North Sea and adjacent
land areas. The results have revealed some key features of the present-day thermal state of the study
area that are very important in the exploration of hydrocarbons in the sedimentary basins and the
evaluation of the deep geothermal potential within the Norwegian mainland.
Differences in the radiogenic heat production on the mainland are strongly controlled by the lithological composition of the crystalline rocks. This implies that variability of the assigned radiogenic
heat production for the crystalline rocks offshore can at least partially reflect the lithological
heterogeneities in the crystalline crust in addition to the regional-scale differentiation of the crystalline
crust by the 3D density and magnetic modelling (Maystrenko et al., 2017).
The results of the transient, regional-scale, 3D conductive, thermal modelling within the northern
North Sea and the adjacent continent clearly indicate that the present-day subsurface thermal field is
characterised by the presence of thermally non-equilibrated areas where Cenozoic erosion and
deposition took place. The calculated erosion-induced positive thermal anomaly reaches its
maximum of more than +33°C at depths of 18–26 km beneath the continent and adjacent offshore areas
where the thickness of the eroded material is the greatest. The deposition-induced negative anomaly is
around -34°C at 22–26 km depth beneath the Central Graben where the Cenozoic sequence is thickest.
To summarise the thermal influence from erosion and deposition within the study area, a principal
illustration has been prepared (Fig. 31). The diagram shows how the heat advection by heated or cooled
solid rocks as a result of vertical upward or downward movements can be responsible for the existence
of the positive or negative erosion-/deposition-related thermal anomalies within the study area.
In addition to heat advection by solid material, convective and/or advective heat transfer by fluids is
indicated by large misfits between the modelled and measured temperatures within some local wells
which are located relatively close to the majority of the wells with much better fits, implying that the
modelled erosion/deposition-related thermal anomalies could also be theoretically affected by the
groundwater flow. Furthermore, possible deep tectonic-related heating event(s) could have taken place
during the Cenozoic within the central part of the North Sea and, theoretically, could then have been
responsible for the difficulties in reproducing the increased temperature within that area where the
increased radiogenic heat generation has been assigned to the crystalline crust. In fact, the hypothetical
heating event in the Cenozoic could have triggered the formation of the Cenozoic depocentre there.
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Figure 31. Simplified illustration of the
thermal processes during erosion and
deposition: (A) thermal state prior to erosion and
deposition, (B) thermal state during the
erosion and deposition and (C) thermal state
shortly after the erosion and deposition.
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