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information with gravity and magnetic data in order to estimate the geothermal potential of the Løvstakken
Granite, which shows a particularly high concentration of radioactive elements. The geometry of the
near-surface horizons in the model is consistent with geological observations and interpretations. The basement
structure is, in contrast, associated with greater uncertainties due to the lack of land seismic or deep borehole data. To improve the geological model, we performed stochastic inversions of the gravity and magnetic
fields resulting in three plausible models for the Løvstakken Granite. Based on these modelling results,
the subsurface temperatures were predicted by numerical simulation and the various influencing factors
were investigated, whilst the 516 m-deep Fyllingsdalen borehole provided important thermal constraints.
Especially the radiogenic heat production affects the thermal structure of the crust in the Bergen Arcs and
we show that the concentration of radioactive elements in the entire basement is on average 50% smaller
than at the surface. The geometry of the Løvstakken Granite also influences the geothermal gradient, but
the differences between the three crustal models of 3°C/km are rather moderate. Furthermore, a correction
for the paleoclimatic conditions in western Norway is applied which has an effect of up to 7 ± 4°C. Lastly,
the groundwater influence was determined by creating a coupled fluid flow and heat transport model. Local
temperature changes of up to ± 5°C are found, but there is no significant cooling at the Fyllingsdalen borehole due to groundwater. According to the calculated geothermal gradient in the Bergen Arcs System, the
potential for the generation of electricity is relatively low. In comparison, there is an intermediate potential
for the extraction of heating energy, in particular in the urban area of Bergen.

Introduction
Until a few years ago, it was presumed that heat flow and the geothermal gradient are relatively low in
the whole of the Norwegian mainland due to its stable tectonic conditions. Consequently, there would
be only a small potential for the exploitation of deep geothermal energy (e.g., Sigfússon & Uihlein, 2015).
However, recent investigations, e.g. the Crustal-Onshore-Offshore-Project (COOP) of the Geological Survey of
Norway (NGU), revealed that the concentration of radioactive isotopes and thus the radiogenic heat
production show large variations (Olesen et al., 2013; Slagstad & Lauritsen, 2013). In particular, the heat
production rates of granitic plutons are up to five times higher than those of the basement gneiss and
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hence they are a possible target for geothermal exploration. One example is the Løvstakken Granite in
the centre of the Bergen Arc System (Pascal & Rudlang, 2016).
In order to examine the thermal state of the crust in the Bergen Arc System, the Fyllingsdalen borehole was drilled through the upper 516 m of the Løvstakken Granite in 2011 (Elvebakk & Storrø, 2013).
Unfortunately, the measured thermal gradient was only 16.5°C/km and therefore lower than expected .
Elvebakk & Storrø (2013) suggested that the cooling effect of groundwater flow would be the main
reason for this observation. This hypothesis is supported by the highly fractured rocks in the borehole
and the abundance of fracture and shear zones in the Bergen Arcs that represent hydraulic pathways for
fluids in the subsurface (Fossen & Rykkelid, 1990; Fossen, 1998; Hermansen, 2019).
Maystrenko et al. (2013) and Maystrenko et al. (2015a) developed 2D crustal and thermal models of
the Bergen Arc System to estimate the subsurface temperature distribution. They concluded that a
regional groundwater flow from the highland in the east to the northern North Sea in the west significantly
affects the thermal gradient. However, the validity of 2D models is limited since lateral heterogeneities are only partly considered. Therefore, we present here a comprehensive 3D model of the Bergen
Region by combining all available geological constraints, and geophysical and petrophysical data. The
emphasis was on the geological structure of the Løvstakken Granite since this horizon is probably the main
source of radiogenic heat production. Based on the crustal model, we present predictions of the subsurface temperature distribution and investigate the different influencing factors, such as the geological
structure, heat production in the basement, paleoclimate conditions, and groundwater flow. Thereafter,
we use the models to assess the deep geothermal potential in the Bergen Region.

Geology
The Bergen Arc System is located around the city of Bergen in western Norway and occupies a total area
of about 5000 km² (Fig. 1). The region comprises several arcuate Caledonian nappes of different origin
and metamorphic history, which have been intensively studied since the 19th century (Reusch, 1882;
Kolderup & Kolderup, 1940). In the following, a summary of the tectonic events leading to the formation
of the Bergen Arcs is given and the main geological units are briefly described.

Tectonic evolution of the Bergen Arc System
The present structure of the Bergen Arcs is closely linked to the Caledonian Orogeny, which took place
from the late Cambrian to the early Devonian (Gee & Sturt, 1985; McKerrow et al., 2000; Corfu et al.,
2014). The 70 mill.yr lasting convergence of Laurentia, Baltica and Avalonia led to the closure of the
Iapetus Ocean and subsequently to a continent-continent collision that formed the Himalaya-like
Caledonide Orogenic Belt (Gee et al., 2008). During the main collisional event (Scandian phase), a nappe
wedge consisting of oceanic and continental domains was thrust eastwards onto the Fennoscandian
Shield (Fossen et al., 1998; Fossen & Dunlap, 2006). This resulted in an extreme thickening of the
crust with an increasing thickness in a northwesterly direction accompanied by high- and ultrahighpressure (HP and UHP) conditions between approximately 420 and 400 Ma (Austrheim & Griffin, 1985). The
Scandian phase was followed by an intensive crustal extension along large-scale shear zones like the
Bergen Arcs Shear Zone (Fossen, 1992; Wennberg, 1996; Wennberg et al., 1998). This post-orogenic
collapse led to a rapid exhumation of the Fennoscandian Shield at around 400 Ma.
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Figure 1. Simplified geological map and profile of the Bergen Arc System (modified after Ragnhildstveit & Helliksen,
1997).

Main tectonic features
The Basement consists of two main units in the study area, the so-called Western Gneiss Region (WGR)
to the northeast and the Øygarden Complex to the west of the Bergen Arc System. Both formed during
several tectonic events in the Precambrian (Sturt et al., 1975). The WGR occupies a total area of about
25,000 km² between the cities of Bergen and Trondheim and is characterised by uniform, grey gneisses.
The Øygarden Complex is found on the islands of Sotra, Øygarden, Askøy and the Laksevåg peninsula.
In general, it consists of heterogeneous, migmatite gneisses and partly mafic rocks (Kolderup &
Kolderup, 1940).
The Løvstakken Granite is an intrusive body within the Øygarden Complex (Fig. 1) which is distinguished
by an extremely high content of radioactive elements such as uranium, thorium and potassium (Pascal
& Rudlang, 2016). It consists of granitic gneiss and augen gneiss covering almost the entire Laksevåg
peninsula and some parts of Sotra. Structural information suggests that this body is extending
underneath the Caledonian nappe structures; however, there are no depth-imaging geophysical data
supporting this assumption. Another small basement window with an area of 18 km² is located to the
southeast of the Bergen Arc System. The so-called Kikedal Complex is dominated by red granites that are also
enriched in radioactive elements. Whether this complex is a separate body or somehow connected to
the WGR or the Løvstakken Granite has not yet been clarified (Maystrenko et al., 2013).
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The Caledonian thrust sheets in the Bergen Arc System can be divided into four main units: The Minor
and Major Bergen Arc (MiBA and MaBA), the Lindås Nappe and the Blåmanen Nappe. The MiBA and
MaBA are directly overlying the basement. They are part of the Hardangerfjord Nappe (Ragnhildstveit &
Helliksen, 1997) and composed of several complexes of mostly oceanic origin (Fossen & Dunlap, 2006).
The three main units of the MaBA are the Gullfjellet Ophiolite Complex (GOC), the structurally underlying Samnanger Complex which is a tectonic mélange of various geological formations, and the Krossnes
Granite (Fig. 1) (Fossen & Ingdahl, 1987; Dunning & Pedersen, 1988; Fossen & Austrheim, 1988;
Heskestad et al., 1994). The rocks of the MiBA are similar to those found in the MaBA, but usually much
more deformed (Fossen, 1989). Dominant rock types in the MiBA are mica schist, conglomerate, gneiss,
quartzite and greenstone that form a complex imbricated structure.
The Lindås Nappe, also known as the Anorthosite Complex, is the largest Caledonian thrust
sheet in the Bergen Arc System. It comprises a series of geochemically related rocks of the anorthositemangerite-charnockite-granite suite that are exposed in an area of approximately 1000 km² (e.g.,
Middlemost, 1970). This complex is commonly interpreted as a former part of the deeper crust (e.g.,
Austrheim, 1990). In the western part, eclogites can also be found in zones of strong deformation, which
indicates that this nappe was temporarily subducted during the Caledonian Orogeny (Austrheim, 1987;
Kühn et al., 2002; Glodny et al., 2008).
The Blåmanen Nappe is located between the MiBA and the Lindås Nappe (Fig. 1). It includes the Ulriken
Gneiss Complex (UGC) and the partially overlying Rundemanen formation. The UGC makes up by far the
largest part of the nappe and consists of different thrust sheets of migmatite with a Precambrian age
(Sturt et al., 1975). The Rundemanen formation contains psammitic metasedimentary rocks preserved in
three smaller shear zones (Fossen, 1988; Sylvester & Janecky, 1988).
To the east and southeast of the Bergen Arcs, there are a number of other Caledonian thrust sheets.
The largest one is the Bergsdalen Nappe which extends over an area of approximately 3,000 km² to the
northeast. This tectonic unit consists of detached Precambrian rocks that are located in a décollement
zone between the WGR and the thrust sheets of the Bergen Arc System (Fossen, 1993). It can be divided
into a Lower and an Upper Bergsdalen Nappe (Fig. 1) that are separated by a thin unit of mica schist.

Data
Structural constraints for the 3D modelling were mostly given by geological maps and cross-sections, but
they only provided information on the uppermost crust in the Bergen Arc System. In order to develop a
plausible model for the basement, we additionally used gravity and magnetic data. These are combined
with petrophysical analyses of rocks from the surface and the Fyllingsdalen borehole. A description of the
different datasets is presented in the following.

Topography, magnetic and gravity data
Information on the topography was required to construct an accurate model of the shallow geological
structures. The data were extracted from the ETOPO1 global relief model (Amante & Eakins, 2009), which
has an original resolution of 1 arc minute. The elevation ranges from about - 200 m on the Norwegian
shelf to more than 1000 m in the eastern highland (Fig. 2A).
The magnetic data are a compilation of the BESTAS-10 and STAS-13 airborne surveys which were
drape-flown with a profile spacing of 250 m and 1000 m, respectively, and a flight altitude of 60 m and
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Figure 2. (A) Topography, (B) magnetic anomalies, (C) observed Bouguer anomalies with station locations, and (D)
calculated residual Bouguer anomalies in the Bergen Arcs System. BN – Blåmanen Nappe, GOC – Gullfjellet Ophiolite
Complex, KC – Kikedal Complex, KG – Krossnes Granite, LG – Løvstakken Granite, LN – Lindås Nappe, ØC – Øygarden
Complex, SC – Samnanger Complex, WGR – Western Gneiss Region.

200 m, respectively (Fugro, 2010; EON Geosciences, 2013). The compiled grid has a nominal resolution
of 250 m (Nasuti et al., 2015), but the actual resolution varies across the study area because of the
different survey parameters. Compared with the gravity field, the short-wavelength content is much
higher in the magnetic anomalies. Because this is difficult to explain with a discretised crustal model,
we smoothed the anomaly grid by applying an upward continuation of 1 km (Fig. 2B). Thereafter, we
re-sampled the dataset with a resolution of 1 km.
The magnetic anomalies are mostly in the range of - 200 to + 400 nT, but also higher values are
observed. Large anomaly highs are situated at the Øygarden Complex and WGR; however, there is
generally no clear correlation with the geological structures in these areas. One distinct positive anomaly is
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associated with the Løvstakken Granite, but it extends by several kilometres to the west. This could
indicate that the granite or fragments of it are partly located underneath the Øygarden Complex.
Apart from the basement, larger highs are associated with the Lindås Nappe. Here, the orientation of
the anomalies seems to follow the main strike trend and a correlation between the amplitude and the
surface lithology is found (see Fig. 1). The two strongest magnetic lows are associated with the
Samnanger complex, the GOC and the Blåmanen Nappe.
For the gravity modelling, we used point data from the NGU which were acquired during various ship
and land measurements (Fig. 2C). Bouguer and terrain corrections were carried out by the NGU with a
reference density of 2.67 g/cm³ and with a special focus on the effect of fjords (Olesen et al., 2010).
Based on that, we calculated a Bouguer anomaly grid with a cell size of 1 km. Afterwards, we obtained
a residual anomaly (Fig. 2D) by subtracting a regional trend from the observed data, because only the
structure of the upper crust including the Løvstakken Granite was of interest in this study. The trend was
extracted from the large-scale 3D IGMAS model of Maystrenko et al. (2017), whose uncertainties are
consequently also affecting our investigations.
The values of the residual Bouguer anomaly range from about - 15 to + 40 mGal in the Bergen Arc
System. The largest anomaly highs are associated with the Lindås Nappe and the GOC. Broader highs of
up to 10 mGal are found to the southwest on the continental shelf and to the northeast in the WGR and
Bergsdalen region. Larger anomaly lows are located in the north of the Øygarden Complex and in the
areas where the Løvstakken Granite and Kikedal Complex crop out.

Figure 3. Results of the surface rock analysis in the Bergen Arc System: (A) density, (B) magnetic susceptibility, and (C) radiogenic heat
production. BN – Blåmanen Nappe, GOC – Gullfjellet Ophiolite Complex, KC – Kikedal Complex, KG – Krossnes Granite, LG – Løvstakken
Granite, LN – Lindås Nappe, ØC – Øygarden Complex, SC – Samnanger Complex, WGR – Western Gneiss Region.
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Petrophysical data
Detailed knowledge about the spatial distribution of petrophysical properties was required to
developed reasonable crustal and thermal models for the Bergen Arc System. The NGU analysed in
total 449 surface rock samples in the study area with regard to the density and magnetic susceptibility
(Torsvik & Olesen, 1988; Olesen et al., 1993). The results are illustrated in Fig. 3A, B. The density usually
correlates well with the geology. Especially the GOC and the Lindås Nappe consist of high-density rocks
and stand out against the other tectonic units. In contrast, the distribution of magnetic properties is
much more complex and variable, but nevertheless there are some correlations with the geology. The
Lindås Nappe and the basement including the Løvstakken Granite are in general characterised by high
susceptibilities. The other Caledonian nappes are on average less magnetic.
For each geological unit, we extracted the density and susceptibility from the dataset to calculate mean
values and standard deviations, which were important input parameters for the subsequent modelling
and inversion. The obtained petrophysical statistics are summarised in Table 1.
For the temperature prediction, also information on thermal properties was needed. In particular,
the radiogenic heat production is significantly controlling the thermal state of the crystalline crust
(Turcotte & Schubert, 2002). For this reason, the NGU determined the trace-element concentrations
of about 650 surface rock samples in the Bergen Region mostly by XRF, LA–ICP–MS analysis, and in situ
gamma-ray spectrometry (Slagstad & Lauritsen, 2013; Pascal & Rudlang, 2016). Based on the estimated
concentration of the radioactive isotopes 238U, 232Th and 40K, the heat production was calculated using
the empirical law of Rybach (1988) shown in Equation 1.
(1)

A = ρ ∙ ( 9.52CU+ 2.56CTh + 3.48 CK ) ∙ 10-5

where S is the heat production, ρ is the rock density, and C the isotope concentration.

Basement

Caledonien Nappes

Table 1. Summary of the main geological units in the Bergen Arc System with their petrophysical properties.

Horizon

Density [g/cm³]

Susceptibility [SI]

Krossnes Granite

2.64 ± 0.02

0.0042 ± 0.0053

5.4 ± 2.9

3.0

~1000

Samnanger Complex

2.78 ± 0.09

0.0031 ± 0.0090

1.9 ± 1.0

2.8

~1000

Gullfjellet Ophiolite Complex

3.01 ± 0.13

0.0027 ± 0.0055

0.3 ± 0.5

2.75

~1000

Lindås Nappe

2.82 ± 0.12

0.0060 ± 0.0120

0.8 ± 0.8

2.5

~1000

Blåmanen Nappe

2.67 ± 0.06

0.0005 ± 0.0003

2.7 ± 0.8

3.0

~1000

Upper Bergsdalen Nappe

2.70 ± 0.06

0.0003 ± 0.0006

2.4 ± 1.3

3.0

~1000

Lower Bergsdalen Nappe

2.76 ± 0.05

0.0021 ± 0.0073

2.1 ± 1.0

3.0

~1000

Kikedal Complex

2.65 ± 0.02

0.0009 ± 0.0010

5.1 ± 1.4

3.05

~1000

Northwestern Gneiss Region

2.69 ± 0.09

0.0057 ± 0.0060

2.9 ± 1.1

3.0

~1000

Løvstakken Granite

2.66 ± 0.04

0.0135 ± 0.0145

8.0 ± 3.1

3.05

~1000

Øygarden Complex

2.70 ± 0.04

0.0114 ± 0.0258

2.9 ± 1.7

3.0

~1000
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The results are shown in Fig. 3C. Granitic plutons are characterised by the highest heat production rates
in the study area. Especially high values in the range of 2 to 13 μW/m³ were measured at the Løvstakken
Granite, but radioactive isotopes are also enriched in the Kikedal Complex and the Krossnes Granite.
The heat production of basement gneisses in the Øygarden Complex and WGR is intermediate with an
average of ~3 μW/m3. The Lindås Nappe, the GOC and the mica schists of the Samnanger complex
contain only small amounts of radioactive elements, thus the heat production is low in these areas. In
the same way, as for the density and susceptibility, we calculated mean values and standard deviations
of the radiogenic heat production for each geological unit (Tab. 1).
Besides, also the specific heat capacity and thermal conductivity affect the conductive heat transport.
However, laboratory measurements of these parameters are not available for the Bergen Arcs. The
chosen values for these parameters are, therefore, based on the analyses of similar lithologies (Čermak
& Rybach, 1982).

Borehole information
Following the petrophysical investigations in the Bergen Region, the 516 m deep Fyllingsdalen borehole was drilled through the Løvstakken Granite in September 2011 (see Fig. 1 for location). It is the
only information source on the properties and composition of the granite at greater depth. In March
and June 2012, downhole logging of several rock properties was carried out, but the temperature logs
were particularly important for the thermal modelling (Elvebakk & Storrø, 2013). The average thermal
gradient was 16.5°C/km and, therefore, lower than expected. Likewise, the rock resistivity was lower than
normal values for granites. These observations suggest that cold groundwater might be flowing through
fractures in the Løvstakken Granite leading to a decrease of the temperature.

Methods
A set of methods was used to assess the deep geothermal potential of the Bergen Arc System. The
datasets presented above provide a good starting point for 3D modelling of the upper crust. Stochastic
inversions were carried out to verify and improve the geological models. The obtained structures of the
main tectonic units served then as the basis for the subsurface temperature prediction around the Løvstakken Granite. The applied workflow is illustrated in Fig. 4, and a detailed description of the different
methods is given below.

Crustal modelling
The 3D modelling of the Bergen Arcs System was carried out in several steps. First, a relatively
simple model was created using the IGMAS software, which provides an overview of the main geological
units (Götze & Lahmeyer, 1988; Götze, 2013). We defined the model geometry on 14 parallel sections
with an E–W orientation. Afterwards, 3D objects, socalled polyhedrals, were generated by automatic
triangulation. The software allowed for the forward calculation of the gravity field after assigning the
statistical densities from the petrophysical analysis to the individual horizons. The misfit between the
calculated and observed gravity anomalies was then iteratively reduced by modifying the geological
boundaries and petrophysical properties.
Subsequently, we transferred the 3D IGMAS model to the software GeoModeller (Intrepid Geophysics, 2013). This allowed it to refine the model geometry and to perform inversions as well as
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Figure 4. Summary of the different methods used to assess the geothermal potential of the Bergen Arcs System.

thermal calculations. Further geological constraints, especially geological contacts and orientation data
(strike and dip), were imported from geological maps and profiles to create a subsurface model which
is as realistic as possible. We defined additional contacts on auxiliary sections after computing the
model to match the observed surface geology. This introduced a certain degree of subjectivity but was
necessary to obtain a consistent geological structure. Moreover, it should be mentioned that the
density of geological profiles varies across the Bergen Arcs, hence the uncertainty of the model also
changes laterally.
The 3D model has a size of 88 by 56 km, a total depth of 20 km, and the model domain covers the
whole Bergen Arc System and some of the adjacent Caledonian nappes. The marine Mesozoic
sediments to the west were excluded because of the high density contrast to the crystalline basement
and Caledonian nappes.

Inversion
The so-called Markov-Chain-Monte-Carlo (MCMC) algorithm is implemented in GeoModeller, which
is a stochastic inversion method (e.g., Guillen et al., 2004). This approach has the advantages that no
complicated mathematical operations, like derivations, have to be performed and that the output is not
just one but a collection of possible models. This allows us to estimate the uncertainty of the results.
Initially, the developed crustal model was discretised by converting it into a 3D matrix of cells,
called voxels. We used a cell size of 1 km in most parts of the model. At shallow depths, between - 200
and 1200 m above sea level, we assigned a smaller cell height of 100 m to sample the topography
adequately. At the beginning of the inversion, density and susceptibility values are randomly chosen
for each voxel from the defined probability density functions (mean + standard deviation). Based on
this distribution of petrophysical properties, gravity and magnetic anomalies are forward calculated.
In the next step, either petrophysical properties or the lithology of every cell is randomly changed by
the software. However, the interfaces of the Caledonian nappes were fixed during the inversion to limit
the number of variables. The anomalies are later re-calculated and the results are compared with the
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previous model. If the misfit is smaller for the disturbed model, it will be kept. In the other case, it is
randomly decided if a model is accepted. This ensures that the inversion explores a variety of possible
models and does not get stuck in local minima. This procedure is repeated for 10 million iterations and
all accepted models are combined to a summary voxel cube which contains information about the mean
density and susceptibility, the standard deviation, and the most probable lithology of a cell.

Thermal modelling
Finally, we performed the prediction of the subsurface temperatures in the Bergen Arcs based on the
crustal modelling and inversion results. The temperatures under pure conductive conditions are forward
calculated in GeoModeller by solving Equation 2, a simplified heat transport equation (Gibson et al.,
2008).

∇ κ ∇T = - S/(ρcp )

(2)

where T is the temperature, κ the thermal conductivity, S the heat production, ρ the rock density and
cp the heat capacity.

We assumed that there is no heat flow across the 4 vertical sides of the model. A constant temperature
was set at the top, which is the annual mean of the study area. According to Tveito et al. (2000), the
average temperature was about 6.5°C between the years 1961 and 1990 in the Bergen Region. At the
bottom, we defined a constant heat flux q from below that can be estimated with Fourier’s law of heat
conduction shown in Equation 3.

q = - κ ∇T					

where κ is the thermal conductivity and ∇T the temperature gradient.

(3)

For a LAB depth of 110 km (e.g., Jones et al., 2010), a LAB temperature of 1300°C, a temperature at the
Moho of 600°C and an average thermal conductivity of 3 to 4 J/(KgK) in the mantle (Turcotte & Schubert,
2002), the heat flux is about 30 mW/m².

Paleoclimate correction
Western Norway was greatly affected by advances and retreats of ice sheets during the past glaciation
periods. This was accompanied by changes in the mean surface temperature, which had a significant
effect on the crustal thermal gradient (Beardsmore & Cull, 2001; Slagstad et al., 2009). We performed
the paleoclimate correction by applying Equation 4 after Westaway & Younger (2013).

δT ( z,t )= ∫tτ=0 Φ ( τ ) exp (- z2/4κ ( τ-t ) ) ( t-τ )-3/2 dτ

where τ is the time step, Φ(τ) the surface temperature at time step τ and κ the thermal diffusivity.

(4)

The correction was done for the past 220,000 years and the different paleoclimate scenarios
tested are based on the ice-cover model of Olsen (2006). At times when the Bergen Arc System was
covered by ice, a surface temperature of - 0.5°C is assumed (Fig. 5A), which agrees with observations from
Antarctica (Pattyn, 2010). In contrast, the surface temperatures are more uncertain for ice-free
conditions. Maystrenko et al. (2015b) suggested an annual mean temperature of - 6°C, but we
investigated also warmer (+ 8°C) and colder (- 8°C) scenarios. Fig. 5B shows the resulting paleoclimatic
effect.
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Figure 5. (A) Paleotemperatures at the Fyllingsdalen borehole for the last 220,000 years (Maystrenko et al., 2015b; Olsen, 2006); black line – preferred temperatures, orange line – warm scenario, blue line – cold scenario. (B) Resulting deviation from the normal thermal gradient.

Groundwater modelling
As stated before, there are several indications of substantial groundwater flow in the Bergen Arcs. It
is very likely that this mass flow is contributing quite significantly to the heat transport and thereby
affecting the vertical temperature gradient in the study area. In order to quantify the effect, we
developed a coupled flow and heat transport model in addition to the pure conductive temperature
predictions described above. For this purpose, the software SHEMAT (Clauser, 2003) was used and the
modelling was, for simplification, performed in 2D along profile A–A’ (see Fig. 1 for location). We chose
a cell size of 100 x 100 m to achieve a reasonable resolution which resulted in a total number of 110,000
cells. A specific lithology was assigned to each cell according to the results of the crustal modelling.
At first, we performed the thermal modelling again for pure conductive heat transport to
obtain a reference temperature field. Like before, a constant temperature of 6.5 °C and a heat flux of
30mW/m² were defined as boundary conditions at the surface and at the base of the model,
respectively. The boundary conditions at the eastern and western sides of the model were set to
no-flow. Afterwards, the conductive heat transport was coupled with the groundwater flow in the
simulation under steady-state conditions and without groundwater sources and sinks. Therefore,
Equation 5 was solved in SHEMAT.
- S/( ρcp ) = ∇ (κ ∇T - uT )

(5)

where S is the heat production, ρ the rock density, cp the heat capacity, κ the thermal conductivity, T is
the temperature and u the groundwater velocity.

Because comprehensive hydrogeological constraints are not available in the Bergen area, we
applied simplified boundary conditions for the groundwater flow. The hydraulic head was set to the
elevation of each cell above sea level and kept constant at the surface. Even though this assumption is
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a strong simplification of the reality, it is still a good approximation considering the size of the model.
Groundwater flow through the bottom and the sides of the model was not allowed in the simulation.
For the permeability of the bedrock, we used the empirical law after Shmonov et al. (2003) shown in
Equation 6.

log k ≈-12.56 - 3.225 z0.223

where k is the permeability in m² and z the depth in km.

(6)

Crustal models
Forward modelling
Initially, we developed a simple IGMAS model which provided an overview of the main geological
structures in the study area. This model was then refined using the software GeoModeller. A 3D view
and three cross-sections of the modelling result are given in Fig. 6.
The upper 10 km of the crust were of particular interest, as the Løvstakken Granite is presumably
located in this depth interval. Therefore, we excluded deeper crustal structures, in contrast to the
models of Maystrenko et al. (2013). The shallow model geometry is mostly in agreement with the geological
profiles, but we adjusted the depth of some interfaces by a few hundred metres in order to fit the gravity
anomalies.
The most distinct Bouguer anomalies in the central part of the Bergen Arcs are produced by the GOC and
Lindås Nappe, which have a mean density of 3.01 g/cm³ and 2.82 g/cm³, respectively. The thickness of

Figure 6. Results of the crustal modelling in GeoModeller. Left: 3D overview of the model, right: three cross-sections
through the model.
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these two units reaches up to 5 km in our model, but there are lateral variations. Almost in the entire
Bergen Arc System, an approximately 1 km thick layer of mica schist forms the base of the Caledonian
nappes which leads altogether to a maximum thickness of the thrust sheets of about 6 km.
We divided the basement into the four units; Øygarden Complex, Western Gneiss, Løvstakken
Granite and Kikedal Complex. However, it should be noted that the locations and depths of the modelled
interfaces are associated with great uncertainties because there are no geophysical data that image
the subsurface structures in the Bergen Region. The contact between the Øygarden Complex and the
WGR was modelled according to the interpretation of Fossen (1992). In contrast, the separation of the
Løvstakken Granite and the Kikedal Complex was based mainly on the different magnetic properties and
the observed anomalies (see Fig. 2). In our model, these two bodies form a continuous granite horizon
underneath the Caledonian nappes with a maximum depth of about 10 km.
For this model, there is broad consistency between the forward calculated and observed Bouguer
anomaly with a standard deviation of about 7 mGal. All major gravity anomalies can, therefore, be
explained by known geological bodies. Larger deviations of up to 15 mGal occur mainly at the Øygarden
Complex, but also at the Krossnes Granite, Gullfjellet Ophiolite and southern part of the Lindås Nappe.
In comparison, the misfit of the modelled magnetic anomalies is much larger with a standard deviation
of 90 nT. Especially the short-wavelength content and the high amplitudes are not reproduced. Hence,
the main tectonic units are characterised by strong internal variations of the susceptibility, which we did
not consider in the forward modelling.

Inversion results
The developed geological model served as a starting point for the subsequent MCMC inversion.
Thereby, the misfit between the calculated and observed anomalies was minimised by stochastic
variation of the petrophysical parameters and the lithology. The probability density functions of the
density and magnetic susceptibility used during the inversion are based on the statistical values in
Table 1; however, the standard deviations are in some cases very high. They were, therefore, adjusted
because they would lead to unrealistic values of the petrophysical properties. For the density, we
used a standard deviation of 0.025 g/m³ and 0.05 g/cm³ in the basement and the Caledonian nappes,
respectively. For the susceptibility, we defined a standard deviation of 0.005 [SI] for all horizons.

Model A
At first, we only used the gravity data in the inversion. The result is referred to as Model A in the
following. Fig. 7 shows the initial and final density distribution as well as the most probable
lithology after inversion. The Caledonian nappes can be clearly distinguished from the basement in
our density model and especially the Lindås Nappe and the GOC are characterised by high densities.
Moreover, there is also a significant contrast between the Løvstakken Granite and the underlying gneiss.
However, a separation of the Løvstakken Granite and the Kikedal Complex is not possible based on the
inverted densities. At the surface, strong lateral variations of the density occur, which explain the shortwavelength part of the gravity anomalies. In contrast, the density is almost homogeneously distributed
in the lower 10 km of the model.
The most significant changes in lithology compared to the starting model can be observed at the
Løvstakken Granite. It is not a continuous horizon anymore but split into two distinct parts below
the Caledonian nappes. Besides, the thickness of the granite is increased by up to 3 km near the
Fyllingsdalen borehole in the western part of the model. The other basement units show, in contrast,
only minor changes after the inversion.
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Figure 7. Results of the gravity inversion: (A) inverted density distribution at the surface, (B) cross-section through
the initial density model, (C) cross-section through inverted density model, and (D) cross-section through the most
probable lithology model. BN – Blåmanen Nappe, GOC – Gullfjellet Ophiolite Complex, KC – Kikedal Complex, KG – Krossnes
Granite, LG – Løvstakken Granite, LN – Lindås Nappe, ØC – Øygarden Complex, SC – Samnanger Complex, WGR –
Western Gneiss Region.

Model B
Since the initial geological model is already partly based on the Bouguer anomalies, the insights
gained from a simple gravity inversion are limited. Therefore, we introduced additional constraints by
considering also the magnetic data. Model B, shown in Fig. 8A–C, is the result of the joint inversion of
both datasets using the same parameters and starting model as before. The inverted density distribution
is similar to Model A, but the variability of the parameter is higher (Fig. 8A).
There is in general no clear correlation between the inverted susceptibility distribution and the density
(Fig. 8B). The Caledonian nappes are characterised by mostly low susceptibilities. In comparison, the
parameter is very heterogeneous in the basement and there are zones of higher and lower susceptibility
which agree with the observations at the surface (see Figs. 2B & 3B). Apart from that, the Løvstakken
Granite has on average a higher susceptibility than the Kikidal Complex; hence, these two geological
bodies can be distinguished based on their magnetic properties.
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Figure 8. Results of the joint inversion of gravity and magnetic data using two different starting models. (A & D)
cross-sections through the inverted density model, (B & E) cross-sections through the inverted susceptibility model, (C
& F) cross-sections through the most probable lithology model.

Fig. 8C shows the most probable lithology model found by the inversion. In comparison to the starting
model, the base of the Løvstakken Granite is now much more undulating, but it is still a continuous
horizon. As in Model A, the thickness of the granite is highest at the Fyllingsdalen borehole and
decreases underneath the Caledonian nappes. Besides, the interfaces of the Øygarden Complex,
Western Gneiss and Kikedal Complex were shifted by several hundred metres.

Model C
The outcome of the MCMC inversions depends furthermore on the starting model. For this
reason, we tested an alternative to the model shown in Fig. 6, in which the Løvstakken Granite has a
considerably smaller volume and is only extending over a few kilometres underneath the Caledonian
nappes. A joint inversion of gravity and magnetic data was again performed and the resulting Model C is
presented in Fig. 8D–F. The inverted density and susceptibility distributions are very similar to
Model B. One major difference, howev-er, is that the density of the basement is considerably smaller directly
below the Caledonian nappes. Again, the thickness of the Løvstakken Granite is greatest in the area of the
Fyllingsdalen borehole and decreases eastwards. The changes of the Øygarden Complex, Western
Gneiss and Kikedal Complex are in the same range as in Model B.
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Despite the differences in the basement geometry and property distribution between the Models A,
B and C, a similarly good fit of the gravity and magnetic anomalies was achieved in the inversions. The
final standard deviation is in each case about 0.5 mGal for the gravity and 16 nT for the magnetic field,
which is significantly better than the result of the forward modelling. Consequently, all three models can
be considered as plausible.

Thermal models
We used the three alternative geological models presented above to estimate the subsurface
temperatures in the Bergen Arc System. Thereby, we examined the different influencing factors such
as the radiogenic heat production, the structure of the Løvstakken Granite, and the effect of the
groundwater. Afterwards, an estimate of the deep geothermal potential was possible based on the
results.

Quantification of the influencing factors
The radiogenic heat production significantly affects the thermal state of the continental crust.
In the case of the Bergen Arcs, information on this parameter is available from the surface and the
relatively shallow Fyllingsdalen borehole, but not from greater depths. However, as the concentration
of radioactive elements tends to decrease with depth in the crust, we investigated three different heat
production scenarios (Table 2).
Fig. 9A shows a comparison of the predicted temperatures for the three parameter sets and the
temperature logs from the Fyllingsdalen borehole for Model B. We carried out a correction of the
results regarding the paleoclimatic effects as described above (see Fig. 5B). The closest match with the
observations was found for the relatively low heat production. For the other two cases, the error is
about 3 ± 2°C and 7 ± 2°C, respectively, at the base of the borehole.
Besides the subsurface temperatures, also the vertical heat flux was calculated for the three cases.
Values of more than 100 mW/m² were determined at the Fyllingsdalen borehole for the high and intermediate heat production. The relatively low heat production leads, by contrast, to a heat flux of about
75 mW/m² which is in agreement with the findings of Maystrenko et al. (2015b). Hence, it can be
concluded that the concentration of radioactive isotopes in the basement is on average ~50% smaller
than at the surface.

Table 2. Three different parameters sets of the radiogenic heat production used for the thermal modelling.

Radiogenic heat production [µW/m³]
Case I
high heat prod.

Case II
interm. heat prod.

Case III
low heat prod.

Kikedal Complex

5.1

5.1

2.5

Northwestern Gneiss Region

2.9

1.5

1.5

Løvstakken Granite

8.0

8.0

4.0

Øygarden Complex

2.9

1.5

1.5

Basement

Horizon
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Figure 9. Results of the temperature prediction: (A) comparison of different heat production rates with the temperature logs in the Fyllingsdalen borehole, (B) Comparison of the predicted temperatures for the three plausible 3D
models of the Bergen Arc System (see Fig. 7). The grey area illustrates the uncertainty of the paleoclimate correction.

We performed the temperature prediction also for the three plausible crustal models derived by the
stochastic inversion (see Figs. 7 & 8) using the relatively low radiogenic heat production. The resulting
thermal gradients range from about 22 to 25°C/km at the Fyllingsdalen borehole location (Fig. 9B). The
differences between the calculated temperatures for the Models A and B are very small especially in
the upper 2 km, but even at 5 km depth the differences are still smaller than the uncertainty of the
paleoclimate correction. The predicted temperatures for Model C are, by comparison, significantly
lower. The geothermal gradient is in this case about 3°C/km smaller.
Finally, we developed a coupled 2D groundwater and heat transport model to estimate the effect of
fluid flow on the geothermal gradient in the Bergen Arcs. The calculated groundwater velocities show
a clear correlation with the topography (Fig. 10A). The highest velocities are observed especially in the
eastern part of the study area because of the steep terrain. Moreover, the fluid flow is generally limited
to the upper 2 to 3 km of the crust and a regional groundwater flow from the highlands in the east
towards the northern North Sea, as suggested by Maystrenko et al. (2015a), was not found. Instead,
the water seems to follow the hydraulic gradient from the topographic highs to the next fjord or valley.
The coupling of groundwater flow and conductive heat transport resulted in a change of the modelled
subsurface temperatures in the range of ± 5°C which is shown in Fig. 10B. A temperature decrease was
determined at the topographic highs, for example at the Lindås Nappe, the GOC, or in the very east of
the model domain. In contrast, the simulated temperatures are higher compared to the reference value
in the lower areas. The changes at the Fyllingsdalen borehole are in the range of ± 1°C; therefore, the
groundwater flow has only a minor effect on the geothermal gradient at the drill site according to our
simulation.
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Figure 10. Results of the coupled 2D groundwater and heat transport modelling: (A) simulated groundwater velocities
and general direction of the fluid flow, (B) resulting deviation from the reference temperature field due to groundwater
flow.

Estimate of the geothermal potential
The main tectonic units in the Bergen Arcs are characterised by a relatively low permeability and
the subsurface can, therefore, be classified as a petrothermal system (e.g., Bauer et al., 2014).
Hence, the assessment of the deep geothermal potential is in particular based on the temperature
distribution in the upper crust. For the extraction of hot water, which could be fed into the district
heating network, a minimum temperature of 60°C should be reached. In comparison, the technical limit
for generating electricity is about 100°C. These two isotherms are shown in Fig. 11A, B for Model B of the
Løvstakken Granite and a low radiogenic heat production in the basement. The depth of the 60°C isotherm
ranges from 2 to 3 km below sea level and is especially low in the centre of the Caledonian nappes. This
observation can be explained by the comparatively low thermal conductivity of the thrust sheets, which
act as a ‘thermal blanket’. In these areas, there is consequently an intermediate potential for generating
heating energy. A similar pattern is also found for the 100°C isotherm, but the depth is in a range of 4
to 5.5 km. For this reason, a geothermal drilling for the production of electricity would most likely not
be economical.
The extraction of hot water for heating purposes is particularly reasonable in areas with locally high
thermal gradients. Fig. 11C shows the distribution of the vertical temperature gradient in the Bergen
Arc System. Comparatively high values between 25 and 30°C/km occur especially within the Caledonian nappes in the topographically lower regions. This includes the urban area of Bergen, so that any
potential energy production can be performed close to the consumers.
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Figure 11. Illustration of the deep geothermal potential in the Bergen Arc System: (A) depth of the 60°C isotherm, (B) depth of the 100°C
isotherm, and (C) spatial distribution of the vertical temperature gradient. BN – Blåmanen Nappe, GOC – Gullfjellet Ophiolite Complex, KC
– Kikedal Complex, KG – Krossnes Granite, LG – Løvstakken Granite, LN – Lindås Nappe, ØC – Øygarden Complex, SC – Samnanger Complex,
WGR – Western Gneiss Region.

Discussion
Structure of the Løvstakken Granite
We developed three plausible 3D models for the Bergen Arc System that describe the magnetic and
gravitational anomalies equally well (see Figs. 7 & 8). The challenge in modelling the basement
structure in this region is the relative low density contrast between the Løvstakken Granite and
the surrounding gneiss of the Øygarden Complex and WGR, which produces only a small gravity
anomaly. Furthermore, these anomalies are partly superimposed by the gravitational effects of overlying
Caledonian Nappes. However, the additional use of magnetic data has helped to separate the different
sources.
Whether the Løvstakken Granite is structurally and compositionally connected to the Kikedal Complex
remains uncertain. The differentiation of the two horizons is most likely possible on the basis of their
magnetic properties because the petrophysical analysis revealed much lower susceptibilities in the
Kikedal Complex than in the Løvstakken Granite. This observation is further supported by the measured
magnetic anomalies. Conversely, it has also been shown that the susceptibility can vary widely within
individual bodies. More precise statements about the structure of the Løvstakken Granite can,
therefore, only be made based on further geological, geophysical or geochemical investigations.
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Factors influencing the subsurface temperatures
We investigated the influence of four different factors on the subsurface temperatures in the Bergen
Arc System. A comparison of the temperature log from the Fyllingsdalen borehole with the predicted
temperatures showed that the radiogenic heat production has the strongest effect of all parameters.
We found that the estimates of the heat production based on the surface rock analysis (see Table 1) are
not a good representation of the whole crust. Instead, the concentration of radioactive elements is on
average ~50% lower in the basement than at the surface which corresponds to a mean heat production
of 1.5 µW/m³. A detailed evaluation of the heat production measured in existing deep continental drillings, such as the KTB or the Kola Superdeep Borehole, could be helpful to find a more accurate estimate
of this parameter.
Furthermore, the influence of the structure of the Løvstakken Granite was quantified by comparing the
predicted temperatures for the three geological models A, B and C (see Figs. 7 & 8). The differences in
the determined geothermal gradient are about 3°C/km and especially for the small granite in Model C
we calculated significantly lower subsurface temperatures. Nevertheless, in this region, the geological
structure seems to be of secondary importance compared with the effect of different heat production
rates.
The vertical temperature gradient was also strongly affected by the last glaciations in western
Norway. For this reason, a correction of the modelling results was carried out using a paleotemperature reconstruction after Olsen (2006) and Maystrenko et al. (2015b) (see Fig. 5). This time series
is based on simplifying assumptions about the paleoclimatic conditions in the Bergen Region and hence
subject to great uncertainties (± 8°C). Moreover, it should be noted that the correction was done for only
the past 220 ka because there is no reliable information for earlier times. However, surface temperatures varied strongly throughout the whole of the Pleistocene (e.g., Emiliani, 1955). It can, therefore, be
summarised that an improved reconstruction of the paleotemperatures would also result in a more
adequate correction.
In addition, there was clear evidence of substantial groundwater flow through the Løvstakken Granite
in the Fyllingsdalen borehole. Based on these observations, Elvebakk & Storrø (2013) concluded that
the fluid flow would considerably reduce the thermal gradient at the drill site. We developed a coupled
2D groundwater and heat transport model to test this hypothesis. Since the hydrological data were
insufficient, simplifying assumptions about the boundary conditions and hydraulic properties were
made. Above all, the modelled groundwater flow is affected by the permeability, hence the definition
of this parameter is particularly critical. We made use of the empirical permeability law after Shmonov
et al. (2003) which leads to moderate changes in the subsurface temperatures due to advection of
± 5°C. However, a significant change was not identified at the Fyllingsdalen borehole. Similar depthpermeability relationships were found by Strober & Bucher (2007) and Manning & Ingebritsen (1999)
that might lead to different modelling results. In general, the geological horizons of the Bergen Arc
System are most likely so-called joint aquifers, which means that the groundwater flow is mainly
controlled by the size and frequency of permeable fracture zones. This depends, inter alia, on the
composition, structure, stress state and tectonic history of the individual tectonic unit. For this reason,
the use of a general permeability law for the whole model should be viewed critically.
In contrast to Maystrenko et al. (2015a), we did not find a regional, but rather a local groundwater flow pattern restricted to the upper 1 to 2 km of the crust. This might again be due to varying
definitions of the permeability in the two models. Another reason for these different observations could
be that we did not include the adjacent northern North Sea in our model which probably influences the
terrestrial subsurface fluid flow. In summary, additional field and laboratory measurements on hydraulic
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properties would improve the results and coupled groundwater and heat transport modelling should
also be performed in 3D for more accurate results in future studies.
Apart from the investigated processes, several further aspects might influence subsurface
temperature distribution. Besides the paleoclimate effect described above, which is based on conduction, the last glaciations most likely also affected the advective heat transport in the upper crust. In
particular, the basal flow of meltwater resulted in a cooling of the subsurface, but the magnitude of the
temperature reduction is not clear at present. Moreover, the postglacial uplift led to massive erosion in the
Quaternary which might have caused an increase in the geothermal gradient. However, we assume that
these effects are relatively small, but we did not carry out a full sensitivity analysis, which is beyond the
current study, where the emphasis is on the structure of the Løvstakken Granite.

Geothermal potential
We carried out an assessment of the deep geothermal potential in the Bergen Arc System based on the
predicted subsurface temperatures. The advantage of the developed 3D model is that the entire Bergen
Region was considered and not just a 2D line. A medium potential was determined for the extraction
of heating energy and a possible drilling location could be the urban area of Bergen because of the
increased thermal gradient there. The potential for producing electricity is in comparison rather low.
However, it should be noted that the petrothermal potential is, in addition to the temperatures,
affected by several parameters such as thermal conductivity, heat capacity, permeability or tectonic
stresses. In order to perform a detailed quantification of the energy quantities that can be exploited,
these factors must also be considered.
Moreover, the groundwater effect might be underestimated as mentioned before. This is
particularly the case if there is a regional groundwater flow as simulated by Maystrenko et al. (2015a).
Consequently, the effect of advective heat transport on the deep geothermal potential might be
stronger than determined in this study. As shown in Fig. 10, the local groundwater flow can lead to a
lowering but also to an increase of the subsurface temperatures, which makes the assessment of the
influence even more complicated.
Apart from the extraction of the inherent thermal energy in the crust, also the installation of a seasonal
heat storage is possible in the Bergen Arcs. Especially schools, supermarkets, hospitals, etc. produce
large amounts of excess heat in summer which could be transferred to the crystalline basement on
a large scale. The thermal properties of the overlying thrust sheets would thereby allow for effective
storage of the energy. In winter, the heat could be extracted again and be fed into the district heating
network.

Conclusions
We developed three plausible 3D models of the Bergen Arc System by integrating geological and
geophysical data. The emphasis was on the structure of the Løvstakken Granite which could possibly
serve as the source rock for deep geothermal energy. Predictions of the subsurface temperatures were
conducted and the results were compared with the measurements in the Fyllingsdalen borehole. Based
on these investigations, the following conclusions can be drawn:
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1.

The near-surface part of the model is in good agreement with the geological cross-sections of the
area. At greater depth, structural constraints are not available, hence the geometry and properties
of the Løvstakken Granite and the other basement units are subject to major uncertainties

2.

Depending on the geological model, the predicted vertical temperature gradient varies by about
3°C/km.

3.

The radiogenic heat production in the crust is a key factor in terms of subsurface temperatures. The
comparison of the calculated temperatures with the measurements in the Fyllingsdalen borehole
showed that the heat production is on average ~50% smaller in the entire basement than at the
surface in the Bergen Arcs which corresponds to a mean heat production of 1.5 µW/m³.

4.

The paleoclimate conditions of the Pleistocene are still significantly affecting the vertical temperature gradient in the study area. Therefore, we performed a correction of the modelling results
regarding the paleotemperatures in western Norway.

5.

As presumed, the subsurface temperature distribution in the Bergen Region is partly affected by
groundwater flow, but a significant reduction of the thermal gradient due to the groundwater
was not simulated at the Fyllingsdalen borehole. However, due to the sparse data on hydraulic
properties, the uncertainties remain high.

6.

We assessed that there is an intermediate potential for the extraction of hot water for a district
heating network in the city of Bergen. For the generation of electricity with a deep geothermal
drilling, there is only a small potential. However, an exact quantification of the geothermal
potential is not possible at present because, on the one hand, the groundwater influence has not
yet been conclusively determined and, on the other hand, the reservoir properties are still subject
to great uncertainties.
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