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ABSTRACT 

 
In stable continental regions, local variations of heat 
flow are usually related to variations in radiogenic 
heat production. Depending on the location of the 
heat source and the geological structure, areas with 
high heat flow might be suitable for geothermal 
prospecting.  Given that transient effects can be 
neglected, the thermal structure of the continental 
basement can be modeled with a steady state 
conductive model based on primarily the radiogenic 
heat production and the variation of thermal 
conductivity. 
 
The Oslo rift is situated on the Fennoscandian Shield 
and compromises a complex lithology. It has been 
subject to extensive geological and geophysical 
studies; however, there are no boreholes exceeding 
1000m within the region. Therefore, temperature and 
properties at depths relevant for geothermal energy 
have to be extrapolated from shallow measurements. 
This is further complicated by palaeoclimatic effects.  
In this study a published geophysical model of the 
Oslo rift developed by the Geological  Survey of 
Norway has been used. The model is based on 
integration of geophysical data such as magnetic and 
gravity data with geological models, and has been 
used as basis for thermal modeling. The results from 
the thermal modeling can be used both to evaluate 
geothermal potential and as a further constraint for 
the geophysical model. 

INTRODUCTION  

 
Geothermal heat flow can be used as an indicator to 
suitable areas for exploitation of geothermal energy.  
 
The majority of the continental heat flow originates 
from decay of radioactive isotopes in the crust, thus 
finding areas with a high heat flow can be equal to 
finding areas with high isotope concentration.  
 

 
Scandinavia has long been considered to have a 
lower than average heat flow, and thus to less 
suitable for deep geothermal energy.  In 2009 the 
Geological Survey of Norway presented heat flow 
data from a series of scientific wells drilled across the 
country. The wells ranged in depth between 500 and 
900 m and the results showed that the heat flow was 
on average higher than earlier measurements had 
indicated. The discrepancy can partly be explained by 
corrections for paleoclimatic influence, (Slagstad et 
al. 2009).  
 
These new heat flow data can be considered as a first 
step in a characterization of the geothermal potential 
of Norway. Some locations have shown higher than 
average geothermal heat flow, which points to more 
favorable conditions for geothermal exploration. 
However, the data are too scarce for any general 
conclusions to be drawn.  
 
The highest heat flow values were found in Hurdal 
(73 mW/m

2
) and in Fredrikstad (73 mW/m

2
). Hurdal 

is situated 65 km north of Oslo while still in the Oslo 
rift. Fredrikstad is situated southeast of Oslo. 
Significantly lower values were determinated east of 
the rift in Berger (49 mW/m

2
). The locations 

including their heat flow values can be seen in Figure 
1.   



 
 

 
Figure 1: Locations for heat flow determination, the 
average heat flow for each location is displayed in 
mW/m

2
. The figure is modified from Slagstad (2005).  

 
 
This paper focuses on the region around the Oslo rift; 
thermal modeling has been used in an attempt to 
explain the variation in thermal heat flow that has 
been determined in and around the rift.  
 
One particular aim with the study has been to explore 
whether the higher heat flow in the northern part of 
the Oslo rift is a common feature of the rift or a local 
anomaly. This is motivated by the high population 
density in the southern part of the rift, which could 
make the region a possible target for geothermal 
developments.  
 
The Oslo rift is an intercontinental rift situated on the 
Fennoscandian Shield as an incision within the 
Sveconorwegian geological province. The rift 
compromises a complex lithology which is outside 
the scope of this paper.  
 
The rift has been subject to extensive geological and 
geophysical studies; however, there are no boreholes 
exceeding 1000 m within the region. Therefore, 
temperature and thermal properties at depths relevant 
for deep geothermal energy (5000m) have to be 
extrapolated from shallow measurements. This is 
further complicated by palaeoclimatic transients.  
 

As a basis for thermal modeling a published 
geophysical model of the Oslo rift developed by the 
Geological Survey of Norway has been used. The 
model is based on integration of geophysical data 
such as magnetic and gravity data with geological 
models, (Ebbing et al. 2007). The model consists of a 
series of 2-D geological profiles that are placed 
perpendicular to the rift. For further information on 
the geophysical model the reader is referred to the 
work of Ebbing et al. (2007).  
 
The commercial finite element software Comsol 4.2a 
has been used to construct thermal models based on 
the geological profiles.  
 
The thermal structure of the ground in stable 
continental areas is governed principally by the heat 
flux from the mantle, the radiogenic heat generation 
and the thermal conductivity of the crust. These 
parameters also constitute the primary input 
parameters to the thermal model.  

Thermal conductivity and heat production  

 
Due to the absence of deep boreholes (> 1000 m) 
within the study area, there are no prior data available 
on the distribution of heat sources, or variability of 
thermal conductivity with depth. Therefore, surface 
measurements have been used as the main 
information source. There is an extensive coverage of 
surface data within and in the vicinity of the rift. 
Conductivity and heat production data have been 
retrieved primarily from the LITO-project at the 
Geological Survey of Norway, and contains more 
than 1400 measurements.  Radiogenic heat 
production data are based on XRF and LA-ICP-MS 
analysis of core samples from surface rocks.  The 
methodology and the results from this project are 
well summarized in Slagstad (2008). Thermal 
conductivity measurements were performed on dry 
samples based on the approach by Middleton (1993), 
the methodology is further described in (Ramstad et 
al. 2008).  The thermal conductivity data have as well 
been presented in Liebel et al. (2010).  

Heat generation 

Radiogenic heat production, H (µW/m
3
), is related to 

the decay of primarily the radioactive isotopes 
232

Th , 
238

U  and 
40

K and can be estimated based on the 
concentration (C) of the respective elements through 
Equation 1 (Rybach, 1988).  
 

  5

U Th K9.52C  2.56C 3.48C 10  H     (1.1) 

 
where δ is the density of the rock. High isotope 
concentrations are associated with enriched felsic 
rocks like granite, while depleted mafic rocks have 
the lowest concentration and thus lower heat 



 
 

production. The average heat production of the 
Precambrian shield has been estimated to 0.77 ± 0.08 
µW/m

3 
by Jaupart and Mareschal (2003), however, 

they also stressed that on a local scale the variation 
can be significant. Published data from the KTB deep 
borehole in Germany show high variations down to 9 
km (Jaupart and Mareschal, 2003). 
 
Heat production data have been combined with 
lithology maps from the Geological survey of 
Norway to produce a heat production map over the 
rift region. Figure 2 displays arithmetic mean values 
of heat production based on the measurements in 
each geological domain. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2: Heat production in the rift region. The map 
is based on the arithmetic mean values of the 
measurements in each geological domain.  
 
In general, the heat producing rate of the Permian 
rock within the Oslo rift is higher than in the 
surrounding Precambrian rock. According to Slagstad 
(2008) the area weighted mean value of the Oslo rift 
is 2.93 µW/m

3 
and for the Precambrian 1.76 µW/m

3
. 

The two red domains in figure 2 with noticeable 
higher heat production are the Precambrian Flå 
granite to the west and Iddefjord granite to the east. 

Thermal conductivity 

Thermal conductivity together with specific heat 
capacity and density constitute the thermal diffusivity 
which governs how quickly heat diffuses through a 
medium. This is important when considering 

transient effects; steady state heat flow on the other 
side, is only dependent on the thermal conductivity of 
the medium.  
 
As with the heat production data, the thermal 
conductivity data have been combined with lithology 
maps to display the variation of thermal conductivity 
in the rift region, see Figure 3. The figure displays 
arithmetic mean values of thermal conductivity based 
on the measurements in each geological domain. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
Figure 3: Thermal conductivity in the rift region. The 
map is based on the arithmetic mean value of the 
measurements in each geological domain.    
 
It is seen from Figure 3 that the granitic rock within 
the rift has a lower thermal conductivity than the 
surrounding domain.  
 
Thermal conductivity of crystalline rocks is known to 
have a strong dependency on temperature and 
decreases with increasing temperature. This behavior 
is dominated by the effect of phonon scattering, 
(Clauser, 2006), it is also related to changes in 
contact resistance and porosity due to thermal 
expansion of the mineral constituents of the rock, 
(Clauser, 2006), (Pridnow et al. 1996). This effect is 
less pronounced if the rock is saturated with water 
(Walsh and Decker, 1966); however, most 
measurements of the temperature dependency have 



 
 

been done with dry samples, (Abdulagatov et al. 
2006), (Mottaghy et al. 2008), (Vosteen and 
Schellschmidt, 2003). Pressure has a counter effect 
and acts to decrease the porosity (Walsh and Decker 
1966). Several authors have published empirical 
expressions for how thermal conductivity varies with 
temperature. A summary of empirical equations for 
can be found in Lee and Deming (1998) and in 
Vosteen and Schellschmidt (2003). The perhaps most 
common empirical equation was first published by 
Sass et al. (1992) in the form:  
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Where k(T) is the thermal conductivity in (W/m K) at 
a given temperature T(°C) and k0 is the thermal 
conductivity at  0°C, the coefficients a, b and c were 
fitted to data from Birch and Clark (1940) and could 
predict the temperature relationship within 
experimental error of the measurements. Equation 1.2 
has been widely used and cited in several 
publications (Clauser and Huenges, 1995), (Vosteen 
and Schellschmidt, 2003) and (Clauser, 2006), 
(Hartman, 2008). Seipold (1998) also derived a 
general equation for the temperature dependency of 
thermal conductivity for different rock types.  In the 
present study, Equation 1.2 has been used in the 
thermal model, with the coefficients from Vosteen 
and Schellschmidt (2003) for magmatic and 
metamorphic rock. 

Heat flow measurements.   

 
There is in general scarcity of data on the thermal 
heat flow in Norway. In 2009 the Geological Survey 
of Norway presented results from a study in which 
measurements of thermal gradients and thermal 
conductivity from 9 sites in Norway were used to 
determine the heat flow. The values were corrected 
for topography and paleoclimatic disturbances and 
the average values ranged between 50-60 mW/m

2
, 

while locally higher values were found. The results 
were in general higher than what had been earlier 
measured (Slagstad et al. 2009). This can to some 
extent be attributed to paleoclimatic corrections that 
were applied and which constituted between 10- 20 
% of the final values.  
 
The highest values were obtained in Hurdal and in 
Fredrikstad (see Figure 1). The data from Hurdal 
were derived from 4 wells of which the deepest 
reached 900 m. Hurdal is situated 65 km North of 
Oslo while still in the Olso rift. The average 
corrected heat flow based on the four wells was 73 
mW/m

2
. The same value was found at Fredrikstad 

where only one well, 733m deep was used.  In 
Berger, which is on the east side of the rift, 49 

mW/m
2 

was determined from a well extending to 640 
m (Slagstad et al. 2009). 
 
There was no core available from the borehole in 
Berger. Therefore, the thermal conductivity was 
based on surface lithology and interpretation of 
televiewer recordings down to 480 m (Slagstad et al. 
2009). The result from Berger might thus contain a 
larger uncertainty than the other data used in this 
paper. The results from the heat flow study are 
summarized in table 1.  
 
Table 1: Reproduced heat flow data from Slagstad et 
al. (2009) 
 

 Corrected heat flow (mW/ m
2
) 

Avg                Range 

Berger 49 48-51 

Hamar 58 53-63 

Fredrikstad 73 72-75 

Hurdal  73 66-82 

 
Slagstad et al. (2009) determined the heat flow for 
major geological provinces in Norway based on both 
the new heat flow data and earlier works. Some of the 
earlier measurements were performed as lake heat 
flow measurement, which may have a higher 
uncertainty than measurements performed in deeper 
wells (Haenel, 1979).  
 
Excluding these lake heat flow measurements, the 
average corrected heat flow was determined to be 
57.4 ± 4.6 mW/m

2
 for the Sveconorwegian province 

(Slagstad et al. 2009). 
 
Geothermal heat flow is an indirect property, and as 
such it can be subject to several uncertainties through 
both temperature logs and thermal conductivity 
measurements. There are also uncertainties involved 
with the applied corrections for topography and 
paleoclimatic influence. According to personal 
communication with Slagstad at the Geological 
Survey of Norway (2011) the largest uncertainty is 
likely associated with the paleoclimatic corrections. 
  
It is difficult to estimate the uncertainty of these 
corrections; however, recent studies on the 
Outokumpu deep borehole in Finland points to 
similar magnitude of corrections (Kukkonen et al. 
2011).  

Geophysical model.  

 
Ebbing et al. (2007) presented a geophysical model 
over the Oslo rift. The model is based on integration 
of geophysical data such as magnetic and gravity data 
with geological models. The geophysical model 
explains the rift as a differentiation of Granite- 
Diorite and Gabbro intrusions that extend down to 



 
 

roughly 10-15 km. This differentiation series is in 
line with recent results from Stratford and Thybo 
(2011) based on seismic velocities and Poisson’s 
ratio.  
 
Without going into detail on the model, the general 
geological trend that is described has been used and 
combined with data over heat production and thermal 
conductivities to construct a thermal model.  
 
While the geophysical model covers the whole extent 
of the rift, this paper presents the results based on 
only one profile. The reason for this is the lack of 
heat flow data in other regions. The profile is placed 
in the vicinity of the heat flow measurement locations 
from Slagstad et al. (2009). See Figure 4.  
 

 
 
Figure 4: The modeled profile is placed 
perpendicular to the rift, between Hurdal and Berger. 
The average heat flow for each location is displayed 
in mW/m

2
.  

 

Thermal modeling  

 
Thermal models were constructed using Comsol 
multiphysics 4.2a, which is a commercial 
multipurpose finite element software.  The profiles 
have been modeled essentially as 2-d profiles that 
extend down to the Moho.  
 
The Oslo rift was formed during the Permian and is 
around 250 million years old. This time-span should 
be sufficient to eliminate any transient thermal effects 
in the crust (Jaupart and Mareschal, 2011), hence, 
steady state models have been constructed. Thermal 
transients induced by climatic disturbances are 
neglected, this is implicit as the corrected heat flow 
values have been used.   
 

According to Jaupart and Mareschal (2011) and  
Kukkonen and Peltonen (1999),  the heat flux at the 
Moho is around 7- 15 mW/m

2
 for the Fennoscandian 

shield. Based on this the heat flux at the Moho has 
been assumed constant at 15 mW/m

2
.  

 
The average depth of the crust in southern Norway is 
38 km (Stratford and Thybo, 2011), with an assumed 
heat flux of 15 mW/m

2
 at the Moho and a surface 

heat flux of 57.4 ±4.6 mW/m
2
, the average heat 

production for the crust would be 1.11 ± 0.12 µW/m
3
. 

 
In regions of extension, the heat flux is normally 
increased by the induced heat from an up-warping 
hot mantle.  This is a transient effect, and after return 
to steady state the heat flow might actually have 
decreased. Since the majority of the heat flow 
originates from decay of radioactive isotopes in the 
crust, thinning the crust through extensional rifting 
decreases the amount of isotopes and thereby the heat 
flow (Jaupart and Mareschal, 2011). 
 
According to the geophysical model (Ebbing et al. 
2007) there is an up-warping of the Moho underneath 
the rift, this is also in accordance with seismic 
refraction of the southern part of the rift (Stratford 
and Thybo, 2011) which shows a thinning of the 
crust of about 2 kilometers under the rift. The 
magnitude of this up-warp varies through the rift and 
according to the geophysical model, the crust is 35 
km thick for the section considered in this paper. 
 
With an average heat production of 1.1 µW/m

3 
the 

thinning of the crust with 3 kilometers for the 
modeled profile would reduce the surface heat flow 
in the rift with around 3.3 mW/m

2
.  

 
The geophysical model explains the rift as a 
differentiation series from felsic rocks at the surface 
to mafic rocks. Heat production would, therefore, 
decrease with depth as mafic rocks are virtually 
depleted of radiogenic isotopes. 
 
A value of 2.93 µW/m

3 
has been used for the heat 

production of the felsic top-layer in accordance with 
Slagstad et al. (2008). The intermediate rocks 
(diorite) and mafic rocks (gabbro) have been given 
1.08 µW/m

3 
respective 0.3 µW/m

3 
with reference to 

Haenel et al. (1988). The differation series in the rift 
has also been assigned a lower thermal conductivity 
(2.5 W/m K) than the Sweconorwegian region (2.87 
W/m K) based on Figure (3).  
 
The principle outline of the model for the rift can be 
seen in Figure 5.   
 
 



 
 

 
 
Figure 5: Principle outline of the geology used in the 
thermal model.  
 
Hurdal is situated 36 km from Hamar and 52 km 
from Berger, heat flow variations within such short 
distances are usually related to variations in 
concentration of heat producing elements in the upper 
crust, (Jaupart and Mareschal, 2011), (Perry et al. 
2004), and cannot be explained by changes in heat-
flux from the Moho or by deep seated heat sources. 

RESULTS 

 
In Fredrikstad the high heat flow can be explained by 
the presence of Iddefjord granites with high heat 
production. The heat production of these granites is 
on average 6 µW/m

3
 (Slagstad et al. 2009), 

(Landström et al. 1979) and the thermal conductivity 
is 3.2 W/m K with reference to Figure 3. To explain 
the high heat flow, these granites have to extend 
down to around 3.5-5 kilometers. This is in 
accordance with earlier gravimetric studies, 
(Ramberg and Scott, 1971), which estimated the 
Iddefjord-granite to have a thickness ranging between 
3 and 5 kilometers.  Figure 6 shows a simplified 
model of the structure in Fredrikstad. It has been 
assumed here that the surrounding surface heat flow 
is 57 mW /m

2
.  Figure 7 shows the heat flow profile 

as a result of the geological structure in Figure 6. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
Figure 6: Simplified model for the structure in 
Fredrikstad, with a domain of high heat producing 
granites. The upper crust and the lower crust have 
been assigned a heat production of 1.1 µW/m

3
. 

 

 
 
Figure 7: Surface heat flow profile as a result of the 
Iddefjord granite in Fredrikstad.  
 
The vertical thickness of the Iddefjord granite 
required to generate the heat flow anomality is 
dependent on the contrast to the surrounding rock. If 
the extent of this granite could be determined in more 
detail through, for example, geophysical modeling, 
this could provide information on the variation of 
heat sources in the upper crust. 
 
The thermal state of the Oslo rift is a function of 
several factors. The thinning of the crust causes a 
decrease in heat flow, which is then compensated for 
by the geological structure of the rift. Thermal 
modeling does, however, show that an additional heat 
source is required to reach the elevated heat flow in 
Hurdal. The structure used in the simulation can be 
seen in Figure 8.  



 
 

73 mW/m
2 

57 mW/m
2 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8: Layout for the model of the model for the 
Oslo rift.  
 
The next step is to introduce a slab of granite with 
similar properties and thickness to the Iddefjord 
granite into the felsic top layer of the model. See 
Figure 9.  
 
 

 
 
 
 
 
 

Figure 9: Shallow heat source introduced in the top 
layer of the rift.  
 
This creates a situation which is fairly similar to the 
heat flow in Fredrikstad with a confined heat flow 
peak. The Iddefjord granite has similar density and 
magnetic susceptibility as the granite in the top layer 
of the geophysical model, and would therefore not 
cause any difference to the model. Measurements in 
the drilled wells in Hurdal did not indicate elevated 
heat production, thus this body would have to be 
placed at least 900 m below the surface (personal 
communication with Slagstad at the Geological 
Survey of Norway 2011). 
 
A shallow heat source such as introduced in Figure 
10 can cause the elevation in heat flow. For 
geothermal purposes it does not have any significant 
impact, the temperature increase at 5000 m depth is 
only a few degrees. Since a confined heat source is 
considered, the size required to generate the elevated 
heat flow increases rapidly if the granitic block 

would be moved downwards in the model. This is 
because heat diffuses out on the sides of the heat 
source. Heat flow contour lines in the horizontal 
plane for such a case can be seen in Figure 11 where 
a 10 km block of high heat producing granite (6 
µW/m

3
) has been placed underneath the rift. This 

would as well be inconsistent with the geophysical 
model.  
  

Figure 10: Heat flow contour lines in the horizontal 
plane for a deep seated heat source.  

DISCUSSION 

 
The results presented in this paper are based on a 
uniform heat production in the lower and upper crust 
of the Sweconorwegian province. In Slagstad et al. 
(2009) the heat production rate for this region was 
determined to be on average 1.76 µW/m

3
. Without 

further information on the variation of heat 
production in the crust, an average of 1.1 µW/m

3 
has 

been assumed. This has implications for the result 
since the contrast between the Oslo rift and the upper 
crust of the Sweconorwegian region is dependent on 
this assumption. This also affects the thermal 
structure of the crust which is a function of both the 
distribution of the heat sources and of the variability 
of thermal conductivity. Increasing the heat 
production in the upper crust implies a decrease of 
either heat production in the lower crust or heat flux 
at the lower boundary (Moho), which in turn 
decreases the temperature in the upper crust.  
 
The result from this paper indicates that the high heat 
flow in Hurdal is most likely a local phenomenon. It 
is thus not a feature of the Oslo rift, and extrapolation 
based on these heat flow measurements should be 
made with caution.  
 
Although it has been assumed for the thermal 
modeling, there is nothing that states that the heat 
flow anomality in Hurdal is the peak heat flow in the 
region. The location for the measurements might just 
as well be placed on the side of a larger heat source. 

58 mW/m
2 

57 mW/m
2 



 
 

The extent of the high producing granite cannot be 
determined based on the available heat flow data 
today. Whether a body of high heat producing 
granites extend outside the rift might be possible to 
resolve through geophysical modeling based on 
gravity and magnetic data. 
 
Likewise there might be other locations in the Oslo 
rift region that can have elevated heat flow due to 
buried heat sources. 
 
A shallow heat source such in Figure 9 can cause 
local heat flow anomalies. It does, however, not have 
any significant impact on subsurface temperatures. 
To elevate the temperatures at reachable depths for 
geothermal energy, the heat sources need to be placed 
at greater depths.  
 
It should be noted that the thermal conductivity data 
used in this paper are based on dry measurements. It 
is, therefore, likely that the actual in-situ thermal 
conductivity is slightly higher. This does not affect 
the results with respect to heat flow, but could change 
the interpretation of the thermal structure of the crust.  
Also the actual temperature dependency of the type 
of rocks considered in this paper has not been 
evaluated, the error involved with this is difficult to 
assess.   
 
The geophysical model does not contain the level of 
detail required to further evaluate the structure within 
the rift. Likewise the thermal model presented is 
coarse. The general trends are, however, captured.    
 
In absence of local data, the differentiation series in 
the rift has been assigned heat production values 
from literature, there is indeed a significant 
uncertainty involved with this assumption. 
 
Thermal modeling can provide additional 
constrictions to geophysical models. Currently the 
heat flow data are scarce in Norway and limited to 
some few boreholes that are sufficiently deep enough 
to become insensitive to the thermal transients 
induced by palaeoclimatic disturbances. 
 
In order to produce more reliable heat flow data, 
either further exploration through deep boreholes, or 
improved reliability of correction methods for 
shallow boreholes are needed.  
 
Recently, shallow ground source heat pump systems 
have been built in the vicinity of Oslo based on 500 
m deep boreholes. The increased depth compared to 
normal systems (200 m) is explained by limited 
construction area. This is an interesting development 
as it can create an opportunity for an expanded heat 
flow data base.  

CONCLUSION  

 
Thermal modeling has been used with the aim to 
explain some recent heat flow data in the vicinity of 
the Oslo rift in Norway. Thermal modeling shows 
that a shallow heat source, with the same properties 
as the Iddefjord granite, can explain the higher heat 
flow in Hurdal. This points to a local heat flow 
anomality, and should therefore not be considered as 
a feature of the Oslo rift.   
 
Shallow heat sources do not necessarily increase the 
temperature at depths reachable for geothermal 
energy.  The thermal modeling shows that the heat 
source only increases the temperature with a few 
degrees at 5000 m depth.  
 
The best estimate for the heat flow in the Oslo rift is 
around 58 mW / m2 from Slagstad et al. (2009), it is, 
however, possible that there are elevated heat flow 
also in other parts of the rift region.    
 
A larger heat flow database could resolve the 
variations in heat flow and be used to explore the 
geothermal potential in the region.     
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