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Summary:

This study presents an evaluation of the deep geothermal energy potential of Mgre & Romsdal
County based on an integrated analysis of geological, geophysical, and thermal datasets. The
research integrates borehole temperature logs, laboratory-measured rock properties, heat flow
density estimates, and regional tectonic features to perform a 3D thermal modelling. The results
indicate that temperatures increase from inland areas toward the coast and offshore regions, where
sedimentary insulation enhances the geothermal gradient.

Key controlling factors include lithospheric thickness, crustal radiogenic heat production,
groundwater flow dynamics, and the insulating effect of low-conductivity sediments. Offshore areas
exhibit the highest geothermal potential, with temperatures at 5 km depth reaching ~150°C,
sufficient for electricity generation. In contrast, mainland temperatures at similar depths remain
lower (~124°C at 5 km), making them more suitable for direct heat applications rather than power
production. The study also identifies structural complexities as a critical issue for accurate thermal
modelling.

The results support the possibility of deep geothermal energy as a sustainable alternative to fossil
fuels, particularly near coastal urban areas and offshore hydrocarbon platforms. Future work should
refine the 3D thermal model with higher-resolution data and assess fluid flow dynamics to optimize
geothermal resources assessment. This research contributes to regional and national energy
strategies, supporting Norway’s ftransition toward renewable energy with future reducing
greenhouse gas emissions.
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1. INTRODUCTION

As part of a collaborative research initiative between the Geological Survey of Norway (NGU) and
Mgre & Romsdal County, a comprehensive assessment of the region’s deep geothermal energy
potential has been conducted. This evaluation is based on an analysis of available geological and
geophysical datasets, including temperature measurements, subsurface structural interpretations,
and existing lithosphere-scale 3D thermal models (Maystrenko & Gernigon, 2018; Maystrenko,
2019).

The study integrates multiple constraints, such as borehole thermal logs, laboratory-measured rock
properties, heat flow density estimates, and regional tectonic features, to construct a temperature
distribution model at significant depths within the study area. By integrating these diverse datasets,
the research provides a better understanding of subsurface thermal conditions, helping to identify
zones with favorable geothermal characteristics.

Beyond advancing scientific knowledge of Norway’'s deep geothermal resources, this work
contributes to broader national and regional energy strategies. It supports the transition toward
sustainable energy solutions by assessing the feasibility of geothermal systems as a realistic
alternative to fossil fuels, thereby aiding in the reduction of greenhouse gas emissions and
enhancing energy supply.

2. LARGE-SCALE GEOTHERMAL OVERVIEW
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Figure 1: Map showing lithospheric thickness, derived from Steinberger and Becker (2018),
together with the locations of deep and superdeep boreholes in Fennoscandia and Iceland. The
boundaries of Mgre & Romsdal County are highlighted in magenta. Both onshore boreholes and
offshore hydrocarbon wells near the county are displayed. The position of temperature profile Line
1 is also indicated. The Holocene volcanoes distribution according to the data from Global
Volcanism Program (2024).

The thickness of the lithosphere is a key controlling factor for deep temperature patterns in the
Earth's crust and upper mantle. The lithosphere, Earth's solid outermost layer, acts as an insulating
layer over the hotter, convecting asthenosphere. Its base is defined by the 1300-1333°C isotherm



(Turcotte & Schubert, 2002), marking the transition from solid rock above to molten material below.
A thicker lithosphere restricts heat flow, leading to a colder subsurface. On the other hand, a thinner
lithosphere allows faster heat escape, resulting in higher crustal temperatures. Consegeuntly, a
thicker lithosphere correlates with colder shallow crust (accessible via deep boreholes), while a
thinner lithosphere leads to higher crustal temperatures. This regularity explains regional variations
in heat flow, magma generation, and tectonic activity/stability. Although lithospheric thickness is
the primary factor, other factors can modify deep thermal patterns.

The major three additional factors affecting the thermal regime of the subsurface are related to (1)
crustal radiogenic heat production due to the internal decay of radioactive elements (e.g., uranium,
thorium and potassium); (2) fluid circulation, represented by groundwater flow within the upper
crust, which redistributes heat through advection, locally changing subsurface thermal patterns and
(3) blanketing thermal effect of low-thermal conductive sediments, which slow down heat transfer
from deeper levels toward the surface, effectively storing heat below the sediments.

Mgre & Romsdal County occupies a place, located at the dynamic transition between two different
lithospheric domains (Fig. 1). To the east, it borders the ancient and stable Fennoscandian Shield,
a crystalline bedrock formation that extends across Russia, Finland, Sweden and Norway. Beneath
this shield, the lithosphere reaches remarkable thicknesses of over 200 km, reflecting its long-term
tectonic stability. In contrast, to the west, the county faces the North Atlantic Ocean, where the
lithosphere thins dramatically to less than 10 km at the Mid-Oceanic Ridge. Therefore, this
geological setting makes Mgre & Romsdal a region of geothermal complicity since it is situated
within a transition zone from the thick, rigid and cold continental lithosphere of Fennoscandia
towards the much thinner, younger and warmer oceanic lithosphere.
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Figure 2: Plot showing the measured temperatures from superdeep boreholes in Sweden, Finland,
and Russia (Popov et al., 1999; Popov, 1999; Balling, 2024; Heikkinen et al., 2021; Kukkonen &
Pentti, 2021), compared to temperature data from Iceland (Seifu, 2004; Hokstad et al., 2017;
Fridleifsson et al., 2020). Additionally, temperature logs from selected onshore boreholes (NGU
and Asplan Viak measurements) are displayed together with bottom hole and drill stem test
temperatures from the selected hydrocarbon wells onshore (NOD, 2024). The depth of onshore,
both deep and superdeep, boreholes is shown relative to the Earth's surface, while the depth of
offshore wells is referenced to sea level.

It is important to note that the precise thickness of the lithosphere beneath the study area remains
uncertain, and the map in Figure 1 should be considered as a preliminary approximation rather
than a detailed representation. Further research in this region could provide valuable insights into



lithosphere-asthenosphere interactions, whereas at present, it is essential to know that Mgre &
Romsdal represents not only a transition from thinner to thicker lithosphere but also a shift from the
mainland, where crystalline rocks are exposed at the surface, to the deep sedimentary basins of
the Mid-Norwegian continental margin.

The specific location of Mgre & Romsdal is evident in the temperature variations measured in deep
boreholes across the region. Relatively low temperatures have been recorded in superdeep
boreholes in Sweden, Finland, and Russia, while significantly higher temperatures are measured
in deep boreholes in Iceland (Fig. 2). This contrast is due to Iceland's position on the Mid-Atlantic
Ridge, the boundary between lithospheric plates, where magma lies close to the surface, causing
a significant temperature increase in the uppermost crust. The presence of active volcanoes further
demonstrates that hot magmatic rock can even reach the surface.

Temperature measurements from onshore boreholes in Mgre & Romsdal, which are less than 1
km deep, already exceed those from superdeep boreholes like Gravberg-1 in Sweden, Espoo in
Finland, and Kola in Russia (Fig. 2). Furthermore, bottom-hole and drill stem test temperatures
from selected onshore hydrocarbon wells are higher than those from central and eastern
Fennoscandia’s superdeep boreholes. Nevertheless, these temperatures remain much lower than
those measured in Iceland.

Despite these higher temperatures, the offshore wells remain significantly lower than those
observed in Iceland, where thin lithosphere and magmatic activity are responsible for one of the
highest geothermal gradients globally. This comparison reveals the regional variability in
subsurface thermal regimes, influenced by variations in lithosphere thickness.
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Figure 3: Profile showing the modelled subsurface temperatures along the selected 2D vertical
cross-section through the 3D thermal model of the Mid-Norwegian continental margin (Maystrenko
& Gernigon, 2018; see Figs. 1 and 4 for slice location). Vertical exaggeration is 2 times.

Therefore, the temperature increases from the near-coastal zones of the Mgre & Romsdal mainland
toward offshore areas according to the measured temperatures in the onshore boreholes and
offshore oil&gas wells (Fig. 2). This is consistent with the results of regional-scale 3D thermal
modelling (Maystrenko & Gernigon, 2018), as illustrated in Figure 3. This trend suggests a
progressive increase in subsurface temperatures farther from the coast. The modelling results
provide support for this thermal pattern in the lower crust and upper mantle, following the observed
spatial temperature distribution within the upper crust.



3. SUBSURFACE THERMAL CONDITIONS OF MZRE & ROMSDAL COUNTY

3.1 Temperature measurements within and near Mgre & Romsdal County
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Figure 4: Overview map of the Mgre & Romsdal region, showing the locations of available
boreholes with temperature logs on the mainland, as well as offshore bottom-hole temperatures
(BHT) and drill-stem test (DST) temperatures. The relief (topography and bathymetry) data were
provided by the Norwegian Mapping Authority (Kartverket).

As already mentioned earlier, Mgre & Romsdal County lies at the transition from thicker to thinner
lithosphere at a large scale, extending from exposed crystalline bedrock on land to the deep
offshore sedimentary basins at the Mid-Norwegian continental margin. These features are evident
in the temperature data collected from the boreholes drilled in the region.



The map in Figure 4 shows the locations of selected onshore boreholes deeper than 200 m,
together with nearby offshore hydrocarbon wells. The available onshore dataset includes
temperature measurements from twelve boreholes within Mgre & Romsdal County and four
additional boreholes in close proximity to the county. However, eight of these boreholes are
clustered in two distinct areas: four in the Aknes area and four in the Raudsand area, representing
two sites rather than eight separate locations. Temperature well-logging in the Aknes, Aure, Hjerkin,
Lakken, Raudsand and Veiholmen boreholes was conducted by NGU. Additionally, boreholes 19,
21, 23, and 79 are shallow geothermal wells, with temperature measurements provided by Asplan
Viak. While the precision and accuracy of these measurements are lower than those from NGU,
they help to fill data gaps between the more detailed NGU data.
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Figure 5: Plot showing the measured temperatures in the selected boreholes within the Mgre &
Romsdal County and the adjacent areas on the mainland. NGU data combined with Asplan Viak
data for boreholes 19, 21, 23, and 79.

A detailed description of the temperature logging for the NGU boreholes is available in the following
reports and manuscripts: the Aknes boreholes are described in Elvebakk and Pless (2018); the
Aure (Kjgrsvik), Hjerkinn, and Lakken boreholes are covered in Balling and Breiner (2005); the
Raudsand boreholes are documented in Elvebakk and Lutro (2017); and the Veiholmen borehole
is detailed in Elvebakk (2019) and Maystrenko et al, (2021). The Aknes boreholes were drilled to
investigate the possibility of draining the landslide-prone mountain area. The purpose of drilling the
Aure borehole is not known. The Hjerkinn and Lakken boreholes were drilled within the respective
mines for mineral prospecting. The Raudsand boreholes were drilled to assess large rock storage
facilities for inorganic hazardous waste. The Veiholmen borehole was drilled by NGU as part of the
oil and gas industry-funded project COOP3, aiming to study the composition of basement rocks
and the thermal state of the area near the Fragya High.



Table 1: List of the selected onshore boreholes with the measured temperature.

Borehole WE, NS, Bottom hole DeEt;rtziOW Altitude.
name UTM32N UTM32N temperature, °C surface, m m
NGU measurements
Aknes 17-1 395716 6895672 7,05 270,34 506,8
Aknes 17-2 395369 6895890 4,228 298,03 733,7
Aknes 18-1 395318 6895693 5,84 218,97 592,9
Aknes 18-2 395448 6895529 6,396 199,04 482
Aure 486454 7031460 14,7 367,74 5
Loekken 530797 7001453 19,52 966,49 310
Hjerkinn 532846 6904427 13,78 678,18 960
Raudsand 1 454333 6968628 9,52 298,11 245
Raudsand 2 453606 6968294 10,14 345,26 315
Raudsand 3 453788 6968322 10,39 352,9 298
Raudsand 5 453710 6968058 10,24 352,63 349
Veiholmen 448535 7043010 19,54 801,3 3

Asplan Viak measurements
Bh. 19 529138 6942956 8,4 250 -
Bh. 21 461179 6861330 9,6 272 -
Bh. 23 407651 6958395 10,2 250 -
Bh. 79 402081 6944862 11,3 250 -

The detailed descriptions of the Asplan Viak boreholes are not publicly accessible. All these
boreholes were drilled for shallow geothermal heat extraction. Specifically, Borehole 19 supplies
heat to Midtbygda School, Borehole 21 serves Skjak School, Borehole 23 supports Romsdal High
School in Molde, and Borehole 79 provides heating for Vestnes Nursing Home.

The measured temperatures from the onshore boreholes are presented in Figure 5, illustrating the
thermal state of the subsurface at depths ranging from nearly 200 m to almost 1 km. Unfortunately,
no deeper onshore boreholes exist in Mgre & Romsdal. As shown in Figure 5, the thermal pattern
indicates a gradual increase in temperature from inland areas toward the near-coastal regions (cf.
Figs. 4 and 5). This trend is particularly evident in the three deep boreholes, the Lakken, Hjerkinn,
and Veiholmen boreholes, where temperatures rise distinctly from the Hjerkinn site through the
Lagkken area to the Veiholmen borehole. The nearly 960 m altitude of the Hjerkinn borehole location
likely contributes to its relatively low temperature, whereas the Lokken borehole is situated at a
much lower elevation (Table 1). The shallower boreholes also support this temperature trend,
confirming that this thermal pattern is not coincidental. However, the temperature measurements
in the Aknes boreholes are not fully representative of their respective depths. The thermal regime
in these boreholes is influenced not only by vertical heat transfer but also by horizontal heat
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conduction due to their proximity to steep mountain slopes. Additionally, the Aknes boreholes are
significantly affected by groundwater flow, which will be discussed in more detail later.
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Figure 6: Plot showing the measured temperatures in the selected onshore boreholes within the
Mgre & Romsdal County and the adjacent areas (NGU data combined with Asplan Viak data) and
bottom hole and drill stem test temperatures from the selected hydrocarbon wells onshore (NOD,
2024).

Therefore, a clear trend of increasing temperatures toward the coast is evident. This factor must
be considered in future deep geothermal drilling projects. To better understand this pattern,
temperature data from nearby offshore hydrocarbon wells have been taken into account as well.
The available measurements from the offshore wells are plotted in Figure 6 together with the
onshore borehole data. Notably, temperatures recorded offshore are even higher than those
observed in the near-coastal onshore boreholes. This contrast would be even more pronounced if
offshore temperatures were referred to the seafloor rather than sea level, as illustrated in Figure 6.
Among the selected offshore wells, the more distant ones (6305/7-1 and 6305/8-1) show lower
temperatures at comparable depths than those closer to the coast (e.g. 6305/12-2 and 6306/10-1)
(cf. Figs. 4 and 6). This discrepancy can be at least partly attributed to the significant difference in
water depth: wells 6305/7-1 and 6305/8-1 are drilled at water depths exceeding 800 m, whereas
6305/12-2 and 6306/10-1 are located in shallower waters, less than 150 m (Table 2). This over 650
m difference in vertical depth further supports the observed trend of increasing temperatures at
equivalent depths when moving from the near coastal areas toward the open ocean.

Itis important to note that bottom-hole temperatures were recorded near the base of the wells either
during or shortly after drilling. Therefore, these measurements are often unreliable due to thermal
disturbances caused by drilling fluid circulation (which cools the bottom) and frictional heat
generated during drilling. In contrast, drill-stem test temperatures reflect equilibrium conditions
between formation fluids and surrounding sedimentary rocks, offering more accurate thermal data.
Unfortunately, only two drill-stem test temperatures are available for the study area (Fig. 6).
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Nevertheless, deviations in bottom-hole temperatures could not destroy the observed thermal trend
due to the significant temperature difference between onshore and offshore measurements.

Table 2: List of the selected offshore hydrocarbon wells (NOD, 2024).

Well name WE, NS, Bottom hole Depth below Sea water
UTM32N UTM32N temperature, °C sealevel, m depth. m
6205/3-1 R 344993 6983968 155 5230 159
6305/7-1 313104 7031511 100 3350,9 857
6305/8-1 320901 7043695 90 3149,8 837
6305/9-1 349013 7022561 86 2630 187
6306/10-1 365423 7005917 114 3158 83
6306/5-1 379385 7065777 74 2019 227,5
6306/6-1 391521 7043191 43 1293 284
6306/9-1 387942 7029466 39 1025 228
6305/12-1 337587 6992299 146 4273 176,5
6305/12-2 331419 6992168 121 3138 146
6306/5-2 380274 7069474 115 3190,5 226
6306/6-2 384838 7064163 74 2039,8 224
6204/11-1 260665 6903634 83 2939,6 199
6204/11-2 263045 6904506 85 2894 197
Well name WE, NS, Drill-stem test Depth below Sea water
UTM32N UTM32N temperature, °C sealevel, m depth. m
6205/3-1 R 344992,78 | 6983968,16 138 4302,7 159
6305/7-1 313103,74 | 7031511,44 90 2906 857

The highest temperature of 155°C was recorded in well 6205/3-1R at a depth of 5230 meters (Fig.
6; Table 2). This temperature meets the threshold for direct electric power generation. While the
measurement represents bottom hole temperature, which may show minor deviations from the
given temperature, a temperature correction will most likely increase this already high value.

3.2 Key factors controlling the subsurface temperature in the study are

Certainly, the thinning of the lithosphere toward the ocean plays a significant role. However, this
factor alone cannot explain the pronounced temperature variations observed across Mgre &
Romsdal County and adjacent regions (Fig. 6). At least three other key factors contribute to these
variations, including the insulating thermal effect of low-conductivity sediments, groundwater flow
dynamics and palaeoclimatic influence.
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3.2.1 Insulating thermal effect of low-conductivity sediments
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Figure 7: Map showing the total thickness of sedimentary rocks in the Norwegian Sea near Mgre
& Romsdal County (based on Maystrenko et al., 2018; layers 2, 3, 4, 6, 7, 8 in Table 3).

A distinct contrast exists between the mainland and offshore regions of Mgre & Romsdal in terms
of sedimentary cover. The mainland is predominantly characterized by exposed crystalline rocks,
without thick sedimentary sequences above. Only thin Quaternary deposits are occasionally
present onshore. In contrast, the offshore Mid-Norwegian Continental Margin hosts extensive
Paleozoic, Mesozoic, and Cenozoic sedimentary successions within the adjacent Mgre Basin and
Trondelag Platform, where total thickness of the sedimentary cover exceeds 10 km (Fig. 7). Near
the coast, thickness of sediments increases rapidly from zero to over 6 km within relatively short
distances, particularly offshore Molde and Alesund (Fig. 7).

Thermal conductivity differences between crystalline and sedimentary rocks play a key role in heat
distribution. Crystalline rocks exhibit higher thermal conductivity, promoting efficient heat escape
(the so-called chimney effect). In contrast, thick, low-conductivity sedimentary layers, particularly
young, porous sediments, act as thermal insulators, storing heat beneath them (the so-called
blanketing effect). The combined influence of these effects leads to elevated subsurface
temperatures offshore, where thick sediments dominate, while onshore areas experience greater
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heat escape due to the very thin sedimentary cover or its absence. In particular, the uppermost
Cenozoic sedimentary successions on the Mid-Norwegian margin have the lowest thermal
conductivities, contributing to higher measured temperatures within the sedimentary cover in the
offshore wells compared to the onshore ones.

3.2.2 Groundwater flow

Another important factor, influencing subsurface thermal conditions is related to groundwater flow.
While this phenomenon may not have a broad regional impact, its local thermal effect can be
significant. This is particularly evident in areas with intense groundwater flow, where the circulation
of water can significantly affect temperature distributions within the subsurface. A clear example of
this effect is illustrated by Figure 8, which shows temperature logs from the selected onshore
boreholes with strong groundwater flow. These logs demonstrate notable deviations from expected
geothermal gradients, highlighting how advective heat transfer, driven by groundwater flow, can
change the thermal profile of the subsurface. Active groundwater flow within these boreholes is
responsible for the relatively high amplitude peaks in the temperature curves (Fig. 8). Even vertical
water flow, both upward and downward, has been detected in the Aknes boreholes, reaching rates
of approximately 2400 I/h (Elvebakk & Pless, 2018). Similarly, in the Raudsand borehole 1, strong
downward water flow was audibly observed (Rgnning et al., 2017) and temperature irregularities
(Fig. 8) most likely indicate water intrusions through fracture zones.
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Figure 8: Plot showing the temperature logs, influenced by groundwater flow (NGU data
combined with Asplan Viak data).

Such strong variations point to the importance of considering hydrological conditions when
assessing subsurface thermal regimes, even if their influence is not uniformly distributed across
the Mgre & Romsdal region. In general, there are hundreds of groundwater boreholes in Mgre &
Romsdal that indicate groundwater flow within the first hundred meters of the subsurface
(GRANADA - National Groundwater Database, 2025). However, evidence of deep, strong
groundwater flow is lacking, as the only deep Veiholmen borehole was drilled in the region. These
local but potentially strong thermal perturbations point to a need for specific investigations during
future geothermal studies, particularly in the areas where high-permeability fracture zones and
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significant hydraulic/topographic gradients may enhance groundwater-driven heat redistribution
within Mgre & Romsdal County.

3.2.3 Palaeoclimatic influence
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Figure 9: Maps showing dynamics of the ice cover during the Weichselian glaciation (after Olsen
etal., 2013). Mgre & Romsdal County is outlined in magenta, with selected onshore boreholes and
offshore hydrocarbon wells displayed.
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The next important factor is associated with the alternating sequence of cold and warm periods
during the Quaternary. It is well known that Norway was entirely covered by an ice sheet during the
last glacial period when the air temperature was much colder than today (e.g., Olsen et al., 2013).
This cooling also penetrated the subsurface, leaving a persistent thermal signature, similar to how
the ground remains cold long after winter.

The impact of the ice age was particularly intense in regions without the ice sheet, with its influence
persisting at depths of up to 2 km. A critical factor is that the thick ice sheet (1-3 km in thickness)
acted as a thermal insulator, shielding the ground from extremely cold open-air conditions during
the last glaciations. In Mgre & Romsdal, where onshore boreholes were frequently exposed to free-
air conditions due to the partial absence of the ice cover (Fig. 9), subsurface cooling was more
pronounced than in regions under continuous ice cover within the central Fennoscandia. As a
result, temperature measurements from these onshore boreholes (Fig. 6) still reflect the ancient
cooling events, displaying a disturbed thermal profile. To accurately predict deeper geothermal
conditions, these palaeoclimate-related disturbances must be corrected. A slight temperature
increase is expected at approximately 2 km depth, marking a transitional zone that separates the
strongly disturbed upper thermal regime from the relatively undisturbed deeper levels.
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Figure 10: Plots showing lithology, thermal gradient, thermal conductivity, calculated uncorrected
heat flow density, palaeoclimatic correction and calculated corrected heat flow density in the
Veiholmen borehole (from Maystrenko et al. 2021).

The thermal impact of the last glacial periods is clearly demonstrated by palaeoclimatic corrections
applied to calculated heat flow density for the Veiholmen borehole (Fig. 10). According to
Maystrenko et al. (2021), this influence can be significant, reaching up to 20 mW/m2, in the case of
the Veiholmen borehole. Although the palaeoclimatic signal diminishes with depth, its effects
remain important and must be accounted for even at approximately 2 km depth. This persistent
influence highlights the importance of correcting for past climate variations when interpreting
subsurface thermal regimes, particularly in regions affected by Pleistocene glaciations, such as the
Mgre & Romsdal region.
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4. 3D THERMA MODELLING
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Figure 11: Overview map of western Scandinavia (relief from the Norwegian Mapping Authority)
with the location of two 3D thermal models: (1) the COOP?2 lithosphere-scale 3D thermal model of
the Mid-Norwegian continental margin and adjacent mainland (Maystrenko & Gernigon, 2018;
orange frame) and (2) the lithosphere-scale 3D thermal model of the Frgya area (Maystrenko,
2019; red frame).

The 3D temperature distribution across the Mgre & Romsdal area was calculated by combining
two existing lithosphere-scale thermal models (Figs. 11 and 12): (1) the regional 3D thermal model
of the Mid-Norwegian continental margin, covering the Vgring and Mgre basins and adjacent
mainland (Fig. 12a; Maystrenko & Gernigon, 2018) and (2) a more detailed 3D thermal model of
the Frgya High and its surrounding areas (Fig. 12b; Maystrenko, 2019). The second is a more
detailed 3D thermal model focusing specifically on the Frgya High and its surrounding regions (Fig.
12b; Maystrenko, 2019). While the Frgya High model offers higher resolution in its coverage area,
its spatial extent is limited compared to the broader Mid-Norwegian margin model, meaning it does
not fully cover the entire Mgre & Romsdal County (Fig. 11). To achieve a comprehensive thermal
representation, the large-scale Mid-Norwegian margin model was refined by incorporating some
structural details from the Frgya High model, along with additional constraints for the mainland.
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However, due to time and data limitations, it still lacks the necessary resolution to fully represent
all fine-scale subsurface structural variations across Mgre & Romsdal County, particularly in
complex geological zones where local heterogeneities can significantly influence temperature
distributions.
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Figure 12: 3D temperature distributions within: (a) the lithosphere-scale 3D model of the Mid-
Norwegian continental margin and adjacent areas of the Norwegian mainland (Maystrenko &
Gernigon, 2018) and (b) the lithosphere-scale 3D model of the Frgya high area (Maystrenko, 2019).

4.1 Methodology

The detailed descriptions of the methodology are available in Maystrenko & Gernigon (2018) and
Maystrenko (2019). Only the key details are provided here.

The 3D temperature distribution across the structurally complex model of the Mid-Norwegian
continental margin and adjacent mainland was computed using the commercial finite-element
analysis software COMSOL Multiphysics. This software is widely used for simulating diverse
physical processes. For the 3D thermal modelling, the Heat Transfer Module was utilized to
simulate both steady-state and transient heat transfer in solid materials by thermal conduction,
which is the dominant heat transfer mechanism at the regional scale within the subsurface of the
study area. The calculations were based on the physical principles of conductive thermal fields,
implemented through the numerical solution of the heat equation (1):

pCp AT/ =7 (k IT)+Q (1)

where p is density [kg/m?], Cp is specific heat capacity [J/kg-K], T is temperature [K], k is thermal
conductivity [W/m-K], VT is the temperature gradient [K/m], tis time [s], Q is internal heat production
(radioactive heat production) [W/m?3], dT/ot represents the temporal temperature change, and
V-(kVT) accounts for spatial variations in temperature.

The solution of this equation depends critically on the thermal properties (specific heat capacity,
thermal conductivity, and radiogenic heat production), density, and the imposed thermal boundary
conditions (Fig. 13).
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4.1.1 Thermal boundary conditions

The thermal modelling was conducted in 3D, a suitable approach given the complex geometry of
the Mid-Norwegian continental margin and adjacent areas. The lateral boundaries were defined as
thermally insulated, preventing heat transfer by assuming a zero temperature gradient across them.
For the upper thermal boundary condition, time-dependent temperatures at the seafloor and Earth’s
surface (Fig. 13) were applied. The base of the lithosphere (Fig. 13) served as the lower thermal
boundary, corresponding to the conventional 1300 °C isotherm (Turcotte & Schubert 2002).

The present-day surface temperature of the Earth (Fig. 3a) is based on the 1961-1990 annual
average air temperatures for the region, taken from the Norwegian Meteorological Institute (Tveito
et al. 2000) and the National Atlas of Sweden (Raab & Vedin 1995). Seafloor temperatures were
derived from published sea bottom temperature data in the Norwegian Sea (Ottersen 2009;
Korablev et al. 2014) with values adjusted according to bathymetry. Additionally, seasonal average
seafloor temperatures from the North Sea (1997-2002; ICES 2012) were used to validate
temperatures in the northernmost part of the model area.
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Figure 13: Schematic illustration displaying 3D conductive heat transfer calculation between
thermal boundaries. The present-day upper thermal boundary is defined by annual average air
temperatures (1961-1990) over Norway (Tveito et al., 2000) and sea-bottom temperatures derived
from Ottersen (2009), ICES (2012), and Korablev et al. (2014). The lower thermal boundary
corresponds to the 1300 °C isotherm at the lithosphere-asthenosphere boundary.
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The 3D thermal modelling workflow also incorporates the detailed palaeoclimatic variations in
surface temperature over the past 228,000 years before present. To reconstruct palaeoclimatic
thermal conditions at the Earth's surface across Mgre & Romsdal County, a model of spatio-
temporal ice cover variations in Scandinavia during the Weichselian glacial period has been used,
based on maps from Olsen et al. (2013). Figure 9 illustrates the ice cover distribution together with
the position of Mgre & Romsdal County, the selected onshore boreholes and the offshore
hydrocarbon wells. According to Olsen et al. (2013) and Siegert et al. (2001), the study area was
not continuously covered by a dynamic Weichselian ice sheet, which reached up to 3 km thickness
during the Last Glacial Maximum. The same palaeoclimatic scenario was extended to the Saalian
glacial and Eemian interglacial periods (220,000-118,000 years BP), as climatic conditions during
these phases were broadly comparable to those of the Weichselian glacial and Holocene
interglacial (Andersen & Borns 1994; Slagstad et al. 2009).

During glaciation, a subglacial temperature of -0.5 °C was set at the Earth’s surface beneath the
ice cover, consistent with estimates for Antarctic ice sheets (Pattyn, 2010). This assumption is
supported by the presence of subglacial lakes in Antarctica (Price et al., 2002) and drilling at Lake
Vostok (Jones, 2012; Lake Vostok Drilling Project, 2014). Palaeotemperatures within the ice-free
areas were derived from Schmittner et al. (2011) which were ~20 °C lower during the Last Glacial
Maximum than pre-industrial levels. Similar estimates were reported by Otto-Bliesner et al. (2006),
Bartlein et al. (2010), and others. This estimation, however, applies specifically to the Last Glacial
Maximum, when air temperatures reached their lowest recorded values during the Weichselian
glaciation. To account for this, temperatures below -11 °C from Schmittner et al. (2011) were
slightly reduced by 1-4 °C to better align with the modelled mean annual temperatures for the
Younger Dryas (Renssen & Isarin 1998), a period with comparatively warmer palaeoclimatic
conditions. The adjusted palaeotemperatures from Schmittner et al. (2011) were then applied to
ice-free land surfaces. However, detailed temperature data for the marginal zones of the ice sheet
remain uncertain. To fill this gap, a simple linear interpolation was used between -0.5 °C (under
the central ice sheet) and the derived temperatures over adjacent ice-free regions.

Additionally, the 3D thermal modelling roughly accounts for the influence of early Cenozoic
continental breakup. Two lithosphere-asthenosphere boundary scenarios were considered: (1)
shortly after breakup (=55 Ma) and (2) near the end of Brygge Formation deposition (~23 Ma).
These time intervals allow me to simulate the increased geothermal gradient due to continental
breakup and subsequent lithosphere cooling throughout the Cenozoic.

For the Cenozoic palaeoclimatic conditions, | assume a gradual decrease in surface temperature
from 19 °C at 55 Ma to present-day mainland temperatures (e.g., Zachos et al., 2001; Eldrett et al.,
2009). In deep-sea areas, temperatures are considered to decline from 9 °C at 45 Ma to 0 °C at
the present-day seafloor (e.g., Hansen et al., 2013). Intermediate temperatures between the
mainland and the deep sea were derived through interpolation.

The thermal disturbance of the study area is additionally related to the syn-breakup magmatism,
including lower-crustal underplating, mid- to upper-crustal dyke intrusions, and surface volcanic
activity. While magmatic processes can locally elevate the geothermal gradient, their complexity
necessitates more detailed investigation, which falls beyond the scope of this study. Consequently,
the effects of syn-breakup magmatism have been largely excluded from the current analysis.

Beyond magmatism, the post-breakup deposition of the Brygge (Eocene—lower Miocene) and Kai-
Naust (middle Miocene—Pleistocene) formations (layers 1 and 2, respectively) has been
approximately incorporated into the 3D thermal model. This accounts for transient near-surface
thermal perturbations caused by post-Paleocene sedimentation.

4.1.2 The thermal modelling workflow

The thermal modelling workflow involves the following three steps:

(1) Steady-state calculation (55 Ma ago): A 3D conductive thermal field was modelled with the
lithosphere-asthenosphere boundary (1300°C) as the lower thermal boundary and the temperature
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at the top of Paleocene deposits (or older rocks where the Paleocene is absent) as the upper
thermal boundary. The Brygge and Kai-Naust formations were excluded from the modelling. Pre-
breakup porosity of sediments was adjusted for shallower depths by removing post-breakup
sediments and correcting for the palaeo-seafloor position.

(2) Transient calculation (55—-18 Ma ago): The 3D thermal field was modelled from break-up to the
early Miocene, using the previous step’s results as the initial temperature condition. The lower
thermal boundary was set to the inferred lithosphere-asthenosphere boundary at 23 Ma, while the
temperature at the upper thermal boundary was the Brygge Formation top (or older rocks where
the Brygge Formation is absent). The Kai-Naust Formation was excluded from the modelling.
Porosity was adjusted by removing the Kai-Naust Formation and correcting depths. Only full Brygge
Formation thickness was considered, ignoring gradual basin infill.

(3) Transient calculation (18 Ma—present day): The final 3D thermal field was obtained using the
previous step’s results as the initial temperature distribution. The present-day lithosphere-
asthenosphere boundary (1300°C) was the lower thermal boundary, while the temperature at the
seafloor (offshore) and Earth’s surface (onshore) served as the upper thermal boundary. Porosity
was based on present-day depths.

In all steps, upper thermal boundary temperatures varied with time.

4.2 Input data and thermal properties

4.2.1 Structural data

Bathymetry and topography data for the study area were obtained from the Norwegian Mapping
Authority. The sedimentary cover of the used 3D structural model is described in Maystrenko et al.
(2018).
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Figure 14: Maps showing thicknesses of the upper and middle crustal layers: (a) the upper crust
(layer 10 in Table 3); (b) the middle crust (layer 11 in Table 3).

The configuration of the crystalline crust was derived from integrated 3D density and magnetic
modelling (Maystrenko et al., 2018). This modelling incorporated the most recent geophysical
datasets, primarily deep seismic profiles (Mjelde et al., 1997, 2001, 2002, 2003, 2005, 2009; Raum
etal., 2000, 2002, 2006; Breivik et al., 2006, 2009, 2011; Kvarven et al., 2014), along with structural
data from Maystrenko & Scheck-Wenderoth (2009), Ebbing & Olesen (2010), Nirrengarten et al.
(2014), & Gernigon et al. (2015). The crystalline basement is relatively complex in the offshore
areas, where it is overlain by thick sedimentary rocks, whereas the mainland is characterized by
mostly exposed crystalline rocks. The uppermost crystalline layers are represented by the upper
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and middle crustal layers (Fig. 14a, b). The upper crustal layer varies in thickness, ranging from
less than 8 km offshore to ~20 km in southeastern Mgre & Romsdal County (Fig. 14a). The middle
crustal layer displays a more complex structural pattern, with localized thinning (less than 5 km)
and thickening (more than 15 km) (Fig. 14b). The base of the crystalline crust, the Moho
topography, is deeply located beneath the Norwegian mainland, contrasting with a much shallower
position beneath the Mid-Norwegian continental margin and the oceanic domain.

4.2.2 Thermal properties

Table 3: Thermal properties of the layers of the 3D thermal model. Lithology of sediments has
been taken from Bell et al. (2014) and NOD (2024).

Specific Thermal_ . Radiogenic
conductivity
Ne Layer of the Dominant lithology heat of the heat .
~ | 3D structural model capacity : production
matrix kr 3
Cp [IkgK] [W/mK] S [uW/m3]
Kai and Naust
1 | (middle Miocene- 92% shale, 8% 1180 53 0515
Pleistocene sandstone
- 0, 0
2 | Brygge (Eocene 98% shale, 2% 1180 29 0.47-15
lower Miocene) sandstone
0 0,
3 | paleocene 80% shale, 20% 1180 3.0 0.6-1.39
sandstone
4 | Oceanic layer 2AB | Basalts and tuffs 880 1.8 0.4
0 0,
5 Upper Cretaceous 95% shale, 5% 1180 2.5 0.7-1.68
sandstone
6 92% shale, 3%
Lower Cretaceous sandstone, 1180 24 0.81-1.83
0 0,
7| Pre-Cretaceous 80% shale, 20% 1180 3.3 0.8-1.64
sandstone
g | Upper-crustal high- | gabbro to anorthositic
density crystalline rocks, metamorphic 880 2.9 0.4
9 | Low-density upper- metgsedlments or 880 3.0 0.4-2.2
crustal body granite
10 | Upper-crustal granite and gneiss 880 3.2 1.5 (0.9-2.5)
regional layer
11 | Middle crust granitoids and/or 950 3.1 0.9 (0.4-2.5)
gneiss
12 1 | ower crust metamorphic rocks 1050 3.0 0.32
13 _H|gh-den3|ly mafic granulites, 1050 3.0 0.32
intracrustal layer gabbros
14 | High-density gabbros, hl'gh-grade 1100 s8and32 | 0.2
Lower-crustal layer | metamorphic rocks
15 | Lithospheric upper | o tite 1200 4.79 0.03
mantle
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Before conducting the 3D thermal modelling, thermal properties were assigned to each layer of
the 3D structural model, as detailed in Table 3.

Thermal conductivities for sedimentary rocks were derived from estimates, made for the northern
Viking Graben (Brigaud et al. 1992), the Mid-Norwegian margin (Eldholm et al. 2005; Pascal 2015),
and the Vgring Basin (Midttamme et al. 1995). These were cross-validated with (1) North Sea
borehole measurements (Evans 1977), (2) lab data for similar lithologies (Cermak & Rybach 1982;
Clauser 2011), and (3) literature reviews (Midttamme & Roaldset 1999). Basalts (Layer 5) were
assigned 1.8 W/mK based on Faroe Islands data (Balling et al. 2006). Upper crustal thermal
conductivities are based on the lab measurements (Olesen et al. 1993; Slagstad et al. 2009).
Deeper crust/mantle values came from published sources (Cermak & Rybach 1982; Hofmeister

1999; Scheck-Wenderoth & Maystrenko 2013).

Thermal conductivities were set as temperature-dependent to account for porosity reduction with
depth. For the upper crust, empirical Equation (2) from Sass et al. (1992) has been used.

K(T) = ko /(1.007+T(0.036-0.0072/ko)) (2)

where Kk(T) is the thermal conductivity at temperature T [W/m-K], ko is the thermal conductivity at
0°C [W/m-K], T is the temperature [°C].

For deeper crust (>300°C), empirical Equation (3) from Vosteen & Schellschmidt (2003) has been
applied.

K(T) = ko / (0.99+T(a-b/ko)) (3)

where Kk(T) is the thermal conductivity at temperature T [W/m-K], k, is the thermal conductivity at
0°C (273.15 K) [W/m-K], T is the absolute temperature [K]. The constants a and b are defined as:
a =0.0030 £ 0.0015 and b = 0.0042 + 0.0006.

Mantle conductivities used Hofmeister (1999)’s pressure- and temperature-dependent equations
(4 and 5).

K(T,P) = ki(298/T)2exp[-(4y+1/3)a(T-298)](1+K'oP/Ko) + Kraa  (4)
Krag = 4.7(0.01753-0.00010365T+2.2451T%107-3.407T3/1011)  (5)

where the thermal conductivity k(T,P) [W/m-K] is a function of temperature T [K] and
pressure P [Pa]. Here, kr represents the thermal conductivity [W/m-K] at room temperature, vy is the

Gruneisen parameter (typically y=1to 1.4), and o is a phonon fitting parameter (ranging
from 0.25 to 0.45). The term a denotes the volumetric thermal expansion coefficient as a function
of temperature. The bulk modulus Ko is given as 261 GPa, with its pressure derivative K'o=5.
Additionally, krag accounts for the radiative component of thermal conductivity, enhanced as
described by van den Berg et al. (2001).

The porosity of sedimentary rocks has been assigned to decrease with depth via exponential
density functions (Maystrenko et al., 2018). Fluid thermal conductivity followed water properties
(Wagner & Kretzschmar 2008). For details, please see Maystrenko & Gernigon (2018). Heat
capacities have been taken to be constant (Table 3), derived from Clauser (2011).

To determine the radiogenic heat production of sedimentary rocks and upper crustal crystalline
rocks, natural gamma-ray logs were used. The radiogenic heat production in the selected boreholes
was calculated using the empirical relationship between total natural gamma-ray intensity and
radiogenic heat production (Equation 6) established by Blicker & Rybach (1996).

S =0.0158 (GR-0.8) (6)

where S is the radiogenic heat production (uUW/m?) and GR is the total gamma-ray intensity (API
units).

Radiogenic heat production values for the lower crust and lithospheric mantle have been taken to
be constant (Table 3). Since predicting radiogenic element content in deep crustal layers lacks
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precise mathematical methods. The radiogenic heat production typically decreases with depth and,
therefore, constant average values were adopted based on published data for assumed lithological
compositions (Cermak & Rybach 1982b; Scheck-Wenderoth & Maystrenko 2008; Vila et al. 2010;
Hasterok et al., 2017).
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Figure 15: Plots display the calculated radiogenic heat production using running-mean averages
at 5 m depth intervals. The radiogenic heat production values for the Veiholmen (a) and Raudsand
5 (b) boreholes were derived from natural gamma spectrometry (Maystrenko et al., 2021), while
those for the Aknes 18-1 borehole were obtained from natural gamma-ray logs (Elvebakk and
Pless, 2018).

Natural gamma logs are available for onshore boreholes logged by NGU. To assess the potential
range of radiogenic heat production in the upper crust of Mgre & Romsdal County, natural gamma
logs and natural gamma spectrometry from the Aknes, Raudsand, and Veiholmen boreholes were
used to calculate radiogenic heat production according to Equation 6. The calculation results for
these boreholes are presented in Figure 15. The Veiholmen borehole has an average radiogenic
heat production of 2.2 yW/m3, which has been applied to most of the Mgre & Romsdal upper crust
(Fig. 16a). In contrast, the Raudsand boreholes show higher radiogenic heat production values.
However, since these boreholes are shallower than the Veiholmen one, using their average values
(around 3 pW/m3) for the entire upper crust would be problematic. Instead, a lower value of 2.5
uW/m3 has been assigned to the area surrounding the Raudsand boreholes to account for the
elevated radioactive element content in the uppermost crystalline rocks drilled there (Fig. 16a). The
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Aknes boreholes, being less than 200 m deep, are not representative of the entire upper crust but
still serve as a useful check on the probability of 2.2 pW/ms3 value, derived from the Veiholmen
borehole. While the upper crust lithology in the Veiholmen borehole may differ from other parts of
the study area, this value effectively aligns the modelled and measured temperatures in the
Veiholmen borehole. Due to the lack of other deep data for the mainland, the Veiholmen-derived
value remains the preferable estimate.
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Figure 16: Maps showing the assigned radiogenic heat production values for the upper and
middle crustal layers: (a) the upper crust and (b) the middle crust.

The upper-crustal regional layer (Layer 10) displays a relatively simple distribution of radiogenic
heat production values (Fig. 16a). An area of elevated heat production has been defined near the
Raudsand boreholes, while a linear zone of reduced heat production has been included along the
coast off Molde and Alesund (Fig. 16a). This adjustment corresponds to a region where the upper
crust undergoes significant thinning (Fig. 14a) and can partially consist of lower-crustal rocks, which
typically contain fewer radioactive elements than upper-crustal crystalline material.

In the middle crust (Fig. 16b), radiogenic heat production is nearly uniform at 0.9 pW/m3 across
most of Mgre & Romsdal County, except for an offshore zone of lower heat production near Molde,
where the middle crust is notably thin and the lower crustal rocks can be present there (Fig. 14b).
These values reflect the expected decrease in radioactive element concentrations with depth in the
crystalline crust.

4.3 Results of the 3D thermal modelling

During the 3D thermal modelling process, the 3D structural data was successfully transformed into
a consistent 3D thermal model. The results provide insights into the present-day temperature
distribution beneath the Earth's surface in Mgre & Romsdal County (Fig. 17). Figure 17 illustrates
the subsurface temperature patterns at six selected depths below sea level within the upper part
of the 3D thermal model.

Figure 17 reveals a distinct zone of reduced modelled temperatures near the coastline of Mgre &
Romsdal County, observable across all depth levels. This “cooling” pattern is particularly prominent
at shallower depths of 1, 2, and 3 km (Figs. 17a—c). It is still clearly visible at deeper levels (4, 5,
and 6 km) where the temperature contrast is slightly less pronounced (Figs. 17d-f). One of the
contributing factors to this low thermal anomaly is the thinning of the upper and middle crust in that
area (cf. Figs. 14 and 17). However, this is not the only single explanation. Another key factor,
amplifying this “cooling” effect, is the high topographic relief, particularly, in the southeastern part
of Mgre & Romsdal, where mountain elevations exceed 1 km (Fig. 4). It is important to note that
the depths referenced in Figure 17 are measured below sea level. Consequently, in areas with high
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topography, the true vertical distance from the Earth’s surface to a given depth interval equals the
depth below sea level plus the elevation of the overlying terrain. As a result, the southeastern
portion of Mgre & Romsdal effectively lies 800-1000 m deeper than coastal areas at the same
nominal depth below the Earth’s surface. This topographic variation means that if the inland relief
were smoother, the temperature distribution would also appear more uniform. Moreover, a part of
this low thermal anomaly coincides with regions where the water depth ranges from 50 to 200
meters, further enhancing the temperature contrast in relation to the elevated terrain of the

mainland.
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Figure 17: Maps showing the modelled temperatures within the uppermost part of Mgre &
Romsdal County represented by the horizontal slices 3D thermal model for the depths of 1 km

(@), 2 km (b), 3 km (c), 4 km (d), 5 km (e) and 6 km (f). The depths are below sea level.
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An offshore band of elevated temperatures along the northwestern boundary of Mgre & Romsdal
is primarily attributed to the thermal blanketing effect of low-conductivity sedimentary rocks.
Additional contributions come from crustal thinning and a shallower lithosphere-asthenosphere
boundary in that region. Nevertheless, the dominant factor in generating this high thermal anomaly
is the insulating effect of the sedimentary cover, which becomes particularly pronounced where the
thickness of sediments increases (cf. Figs. 7 and 17).

Therefore, the interaction of crustal structure, bathymetry/topography, and sediment insulation
collectively shapes the region's subsurface thermal regime, with each factor leaving a distinct
imprint on the observed temperature patterns. The effect of lithospheric thinning is also present,
though it appears smoothed due to the study area's relatively small size, comparable to the distance
from sea level to the base of the lithosphere.

Measured temperature (°C)
30 40 50 60 70 80 20 100 110 120 130 140 150 160

-500, : \ ‘
-1000 63089—1
é}()(i'G-T

@
-1500 i
| \\\ 6306/6-2
-2000

T 8
| \Q 6306/5-1
-2500 ™ 6305/9-1
\ \ ©
4/11-2 6305/7-1

| 620,
De® o
-3000 1 | \6204’,1}_1 | I~ 6306/10-1 6305/12-2
\. [ &

Depth (m)

I I 6305/8-1 6305/7-1 ARRIE D
\ \ \. 6306/5-2
-3500 T N \\
-4000 < N ‘,.er
A Q).
| | "Q, “ 66, szosgs-ﬂ? ®
e’,.; %o @o 6305/12-1
-4500{ - — i i N o s !
(J Qé
%/‘ ,G &
>
) 9
-5000| @ - Bottom-hole temperatures (BHT) | [ [ I | QQ\ "205'.“ R
4 s2083-
@ - Drill-stem test (DST) temperatures ‘ ’7),@
-5500 N

Figure 18: Plot showing a comparison of measured temperatures from selected onshore boreholes
and offshore wells with modelled temperatures for the hypothetical deep borehole in Molde. The
preferred modelled temperature-depth profile is indicated in red. The reddish-brown line represents
a scenario with 0.5 yW/m? higher radiogenic heat production in the upper and middle crust, while
the bluish-violet line corresponds to a 0.5 yW/m? lower radiogenic heat production in these layers.

In addition to the temperature maps presented in Figure 17, Figure 18 shows the temperature
profile for a hypothetical 5.5-km-deep borehole in Molde. The preferred temperature curve
corresponds to the thermal pattern displayed on the temperature maps in Figure 17. Furthermore,
the graphs include modelled temperatures for two alternative scenarios: one with reduced
radiogenic heat production and another with increased heat production in the upper and middle
crustal layers. These cases illustrate potential deviations in subsurface temperature predictions,
highlighting the uncertainty in thermal modelling at greater depths. The uncertainty range widens
progressively with depth, starting at approximately 10°C at 1.5 km and reaching slightly more than
30°C at 5.5 km. This trend reflects the diminishing availability of reliable constraints as depth
increases, leading to greater variability in temperature estimates.
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Thus, the impact of radiogenic heat production in the middle-upper crystalline crust, which governs
temperature pattern, has been evaluated, enabling an estimation of the first-order uncertainty in
the modelled temperatures. Sensitivity analysis results in Figure 18 reveal that temperatures at
5.5 km depth can range from approximately 120°C to slightly over 150°C, with the most probable
value being around 136°C (Table 4).

Table 4: The predicted temperatures for a conceptual 5.5 km deep borehole in Molde.

Scenario with 0.5 pyW/m? Preferable | Scenario with 0.5 pW/m?3
lower radiogenic heat scenario, higher radiogenic heat Depth below sea
production, °C °C production, °C level, m
32,7 37,5 42,3 1500
38,1 43,7 49,2 1750
43,6 49,8 56,1 2000
49,0 56,0 63,0 2250
54,7 62,4 70,2 2500
60,3 68,8 77,3 2750
66,0 75,2 84,5 3000
71,7 81,6 91,6 3250
77,1 87,6 98,4 3500
82,5 93,7 105,1 3750
87,9 99,8 1118 4000
93,3 105,8 118,6 4250
98,7 111,9 125,3 4500
104,1 118,0 132,1 4750
109,5 124,1 138,8 5000
1149 130,1 145,5 5250
120,3 136,2 152,3 5500

5. DISCUSSION
5.1 Constraints problems and limitations of the methodology

The main uncertainties affecting the results of the 3D thermal modelling are the following: (1) 3D
model resolution (vertical/horizontal), (2) thermal properties of deep layers, (3) heat advection by
fluid flow (groundwater flow), (4) palaeoclimatic scenario, (5) lower thermal boundary condition and
(8) thermal effect of erosion on the mainland.

The modelled temperatures clearly depend on layer geometry, thermal properties, and the
resolution of the input structural data. A key problem of the present 3D thermal modelling is related
to the resolution of the structural model, which was originally designed for a regional-scale study of
the Mid-Norwegian continental margin rather than the adjacent Norwegian mainland. As a result,
the upper crustal layer in Mgre & Romsdal County was not properly subdivided into local
compositional blocks. Only a rough approximation of radiogenic heat production was applied by
dividing the upper crust into three broad units (Fig. 16a). A more accurate representation would
require subdividing the upper crust into smaller, geologically constrained blocks based on surface
geology and airborne radiometry data. The geometries of these blocks could be further refined
using magnetic and gravity datasets. However, due to time constraints, the analysis was completed
in just over one month, this level of detail was not incorporated. An additional limitation is associated
with the horizontal resolution of the input grids, which were subsequently converted into a low-
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resolution mesh with 4 km horizontal cell size. This coarse resolution fails to adequately capture
the steep topographic gradients, characteristic for the Mgre & Romsdal region. The vertical
resolution is more detailed, but it can still be improved by incorporating additional layers of the
crystalline crust. While inherent 3D modelling limitations exist, they have been reduced using new
borehole data onshore.

The assigned values of the thermal properties of rocks in the deeper sections of the 3D model are
not well-constrained, meaning that the adopted values (Table 3) may vary within a plausible range,
leading to some deviations in the modelled temperatures.

Conductive heat transfer has been considered as the dominant heat transfer mechanism during
the 3D thermal modelling. However, onshore borehole data provide direct evidence of groundwater
flow in the uppermost crust of Mgre & Romsdal County (Fig. 8). While no data are available on
deeper groundwater flow, its presence cannot be excluded and its thermal effect should be
explored, particularly, in the areas with steep topographic gradients and fractured crystalline rocks.
Moreover, the thermal effect of post-Paleocene deposition has been approximately evaluated, but
the simultaneous erosion over the mainland has not been included in the 3D modelling workflow.
Incorporating this effect into the modelling would require additional data to constrain erosional rates
in both time and space. Uplift and subsequent erosion can elevate isotherms in the upper crust,
generating a transient positive thermal anomaly beneath eroded regions. However, palaeo- and
present-day groundwater flow may significantly dampen this thermal signal (e.g., Maystrenko et al.,
2015), particularly during Quaternary ice sheet melting, when enhanced fluid flow could further
reduce the erosion-related thermal influence.

Palaeoclimatic reconstructions play a key role in determining the uppermost thermal regime of the
study area. However, these reconstructions inherently carry multiple uncertainties, such as
incomplete proxy data, temporal resolution limitations, and interpretive ambiguities, which can
affect the accuracy of the 3D thermal modelling results. Addressing these uncertainties is
necessary to improve the reliability of the model's predictions.

Additional uncertainties remain regarding the depth of the lithosphere-asthenosphere boundary,
which serves as the lower thermal boundary of the model. Maystrenko et al. (2014) examined the
thermal effects of the lithosphere-asthenosphere boundary depth variations by comparing two
scenarios: a 20 km deviation from the reference depth of 120 km for the base of the lithosphere.
Their findings indicate that a 20 km deeper lithosphere-asthenosphere boundary results in a ~4%
temperature variation at 6 km depth, whereas a 20 km shallower lithosphere-asthenosphere
boundary leads to a more pronounced ~12% difference. This suggests that the impact of the lower
thermal boundary at shallower depths is higher since the distance between the lower and upper
boundaries decreases.

Future improvements could include higher horizontal resolution, more lithological layers, and
coupled fluid-flow and heat-transfer simulations. The possible fluid flows require better
hydrogeological, lithological, and structural constraints. A more detailed palaeoclimatic scenario
would also help to improve the resulting output distribution of temperatures. Therefore, a 3D
modelling of coupled groundwater flow and heat transfer incorporating groundwater flow could
improve the results, but such an approach would require additional input data and more time to
conduct the study.

5.2 Implication of the results to deep geothermal potential

Mgre & Romsdal County currently faces an energy deficit, which could be at least partially mitigated
using deep geothermal energy. The findings of this study indicate that the most promising areas
for high subsurface temperatures are located offshore, where temperatures at a depth of 5 km can
reach nearly 150°C which is already sufficient for electricity generation.

In contrast, the mainland areas at similar depth levels exhibit lower temperatures, making them
less suitable for power generation since water-based geothermal systems typically require
temperatures higher than 150°C for efficient electricity generation. However, theoretical studies
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suggest that CO, could serve as an efficient working fluid for power generation in deep geothermal
systems with temperatures below the typical 150°C threshold, as CO,-based systems can operate
at lower temperatures (as low as 70-100°C). Nevertheless, deep geothermal energy extraction
remains feasible on the mainland through alternative approaches: (1) direct heat extraction from
great depths for district heating or industrial applications and (2) heat pump-assisted heat extraction
from shallower geothermal reservoirs. The extracted heat can be used to warm buildings. However,
transporting heat over long distances is inefficient, meaning deep geothermal boreholes intended
solely for heat extraction must be located near the buildings they supply. In contrast, electricity
generated from geothermal sources can be transmitted over long distances, even from offshore
sites to the mainland.

Offshore areas are particularly promising because existing oil and gas platforms could be converted
into deep geothermal power plants with some additional investment, though costs should be
assessed beforehand. Since electricity can be transported efficiently over long distances, even
remotely located oil and gas platforms could be repurposed for offshore power generation,
supplying clean energy to the mainland.

The three largest urban centers in Mgre & Romsdal, Molde, Alesund, and Kristiansund, are all
situated along the coast, positioning them as possible candidates for deep geothermal drilling. The
current thermal model indicates only minor variations (5—-7°C differences) among these locations,
which is still within the range of the modelling uncertainties. As a result, there is insufficient data to
prioritize one site over another at this stage. To refine these assessments, a new, high-resolution
3D thermal model of Mgre & Romsdal County is required. Such a model would provide more
precise temperature distribution within the subsurface, enabling better decision-making regarding
optimal drilling locations and energy extraction methods. Further exploration, including geophysical
modelling, drilling and more detailed 3D thermal numerical modelling, could help validate the
presented findings and unlock the details of the region's geothermal potential.

The possible deep groundwater flow in Mgre & Romsdal could represent an additional advantage
for geothermal energy extraction, since circulating fluids may advectively transport heat from
deeper reservoirs toward shallower levels. Such a mechanism could enhance heat transfer and
improve the efficiency of geothermal systems. However, the current understanding of deep
groundwater flow patterns in the region remains uncertain, making it difficult to assess the extent
of this effect. Further hydrogeological studies would be necessary to evaluate the role of deep fluid
circulation in the area's geothermal potential.

The deep geothermal boreholes can also serve as thermal storage during peak hydropower
generation, particularly when energy consumption is lower than production. This scenario may
occur after extended periods of rain when water reservoirs risk overflowing.

6. CONCLUSIONS

The analysis of temperature measurements from deep onshore boreholes and offshore
hydrocarbon wells (Figs. 5 and 6) indicates that the highest deep geothermal potential is found
within offshore areas. This observation is further supported by the results of 3D thermal modelling
(Figs. 17 and 18), which indicates elevated subsurface temperatures in the offshore sedimentary
basin compared to the mainland regions. Additionally, a clear trend of increasing temperature at
equivalent depths from the Earth's surface is observed when moving from inland areas toward the
coast (Fig. 5). Based on these findings, the most promising location for a deep geothermal site in
Mgre & Romsdal would be near the coast or, optimally, offshore on the existing hydrocarbon
platforms, where more favorable geothermal conditions are expected (Fig. 19).

The preference for a near-coastal or offshore geothermal site is not only supported by temperature
data and the 3D thermal modelling but also by logistical considerations. The region's major
population centers, including Alesund, Molde, and Kristiansund, are all situated along the coastline,
ensuring proximity to potential end-users of geothermal energy. Furthermore, existing offshore
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infrastructure, such as hydrocarbon platforms, could help the development of geothermal systems
by providing ready-made access points to deep, high-temperature reservoirs.

Figure 19: Sketch showing potential methods for extracting deep geothermal energy at the
continental-oceanic transition zone in the Mgre & Romsdal region.

Modelled temperature projections for a hypothetical deep geothermal site in Molde provide
additional insights into the geothermal gradient of the region. At a depth of 5 km, the predicted
temperature is 124°C (x15°C), while at 4 km, it decreases to 100°C (+12°C), and at 3 km, it reaches
75°C (¥9°C). These values align well with expectations for near-coastal transition zones between
the mainland and deep offshore sedimentary basins. The uncertainty ranges further strengthen the
reliability of these estimates, suggesting that the region holds viable potential for deep geothermal
exploitation. Further refinement of the 3D thermal model, supported by newly acquired geophysical
data and new geological maps, could improve the precision of deep geothermal resource
assessments and provide stronger support for future deep geothermal drilling in the region.

In summary, the integration of direct temperature measurements, 3D thermal modelling, and
logistical advantages strongly supports the prioritization of near-coastal or offshore locations for
future geothermal development in Mgre & Romsdal. Further deep geothermal exploration and
targeted drilling in these areas could help confirm and optimize the utilization of this renewable
energy resource. By investing in deep geothermal energy production, Mgre & Romsdal County
could move closer to energy self-sufficiency, contributing to Norway's transition towards
sustainable and renewable energy sources.
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