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Preface

This document contains information on bedrock temperature and geothermal heat flow in Forsmark 
and Laxemar, to be used in the safety assessment SR-Site. The information will be used in e.g. the 
report “Climate and climate-related issues for the safety assessment SR-Site”.

Stockholm, May 2009

Jens-Ove Näslund

Person in charge of the SKB climate programme
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Summary

This report presents modelling of temperature and temperature gradients in boreholes in Laxemar 
and Forsmark and fitting to measured temperature data. The modelling is performed with an analytical 
expression including thermal conductivity, thermal diffusivity, heat flow, internal heat generation and 
climate events in the past. As a result of the fitting procedure it is also possible to evaluate local heat 
flow values for the two sites. However, since there is no independent evaluation of the heat flow, 
uncertainties in for example thermal conductivity, diffusivity and the palaeoclimate temperature 
curve are transferred into uncertainties in the heat flow. 

Both for Forsmark and Laxemar, reasonably good fits were achieved between models and data on 
borehole temperatures. However, none of the general models achieved a fit within the 95% confi-
dence intervals of the measurements. This was achieved in some cases for the additional optimised 
models.

Several of the model parameters are uncertain. A good model fit does not automatically imply that 
“correct” values have been used for these parameters. Similar model fits can be expected with different 
sets of parameter values.

The palaeoclimatically corrected surface mean heat flow at Forsmark and Laxemar is suggested to 
be 61 and 56 mW/m2 respectively. If all uncertainties are combined, including data uncertainties, 
the total uncertainty in the heat flow determination is judged to be within +12% to –14% for both 
sites. The corrections for palaeoclimate are quite large and verify the need of site-specific climate 
descriptions. 

Estimations of the current ground surface temperature have been made by extrapolations from 
measured temperature logging. The mean extrapolated ground surface temperature in Forsmark 
and Laxemar is estimated to 6.5° and 7.3°C respectively. This is approximately 1.7°C higher for 
Forsmark, and 1.6°C higher for Laxemar compared to data in /SKB 2006/. Comparison with air 
temperature measurements shows that the extrapolated ground temperature is also higher, 1–1.5°C 
for Forsmark, and 0.9°C for Laxemar. The difference between the air temperature and the extrapo-
lated values is probably due to factors such as local climate conditions, heat contact resistance, and 
freezing processes near the ground surface. The results differ slightly from calculations made in  
/SKB 2006/.

The parameters that seem to have the greatest impact on the calculated temperature gradient and 
temperature profiles are heat flow, thermal conductivity and current ground surface temperature. 
The calculated temperature gradient and temperature profiles are also very sensitive to the modelling 
of the climate (surface ground temperature) during the last 10 kyrs. Another conclusion is that the 
calculated temperature gradient profile is affected by palaeoclimate temperatures more than 240 kyrs 
back in time, even though the influence from the early part of this period is quite small. 
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2	 Theory 

2.1	 Heat flow, geothermal gradient and thermal conductivity
The relation between heat flow, temperature gradient and thermal conductivity is as follows (the heat 
flow in Equation 2‑1 is uncorrected for the influence of historical climate changes; see Section 2.2.3):
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However, the vertical heat flow involves two components, the heat flow from large depth and heat 
generation within the rock due to radiogenic decay of mainly uranium, thorium and potassium. In 
Equation 2‑2 these parameters have been included.
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where
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∫
d

dzzA
0

)(

dz
T






δ
δ

),( Tz
z
T

δ
δ∆

z
T

δ
δ

	 integral of volumetric heat generation (A) from surface to depth d (W/m3) 
∫
d

dzzA
0

)(

dz
T






δ
δ

),( Tz
z
T

δ
δ∆

z
T

δ
δ

	 geothermal gradient at depth d (K/m)

λd	 thermal conductivity at depth d (W/(m∙K)) 
z	 vertical depth (m)

Thermal gradient is normally calculated from temperature determined by fluid temperature loggings, 
according to Equation 2‑3: 
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where

zL	 borehole length
T	 measured temperature (K)
φ	 angle between the borehole and a horizontal plane (°)
n	 number of temperature measurements used for each calculation of gradient

However, the gradient is also influenced by historical climate changes; see Section 2.2.3.

Heat flow is contributed by the primordial heat from the forming of the Earth and by radiogenic 
sources in the mantle and crust. The heat flow originates mainly from the mantle and the crust. 
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Heat generation in the outer crust originates mainly from decay of radioactive isotopes, but also from 
friction of intraplate strain and plate motions, and heat from exothermic metamorphic and diagenetic 
processes /Beardsmore and Cull 2001/. These heat sources are of different importance in different 
areas. For example, the radioactive elements are more common in younger granites and such areas 
have often an anomalous geothermal gradient.

The radioactive decay is not the only heat source transporting heat to the rock at the investigated 
sites, but it is the dominating one. Decay of thorium, uranium and potassium is the source of about 
98% of the heat generated by decay of unstable isotopes. Because of this, only these three are used 
in the calculation. This can be seen in Equation 2‑4 /Beardsmore and Cull 2001, Balling et al. 1981/:

( )KThU cccA ⋅×+⋅×+⋅××= −−− 966 105.3103.26107.96ρ 			  Equation 2‑4

where
A	 radiogenic heat production (W/m3)
ρ 	 rock density (kg/m3)
cU 	 concentration of uranium, 238U (ppm)
cTh 	 concentration of thorium, 232Th (ppm)
cK 	 concentration of potassium, 40K (%)

2.2	 Influences and disturbances 
2.2.1	 Pressure influence on thermal conductivity
The effect of pressure on thermal conductivity is small in water saturated crystalline rock /Walsh 
and Decker 1966/. Therefore pressure can usually be ignored, and is not further discussed here.

2.2.2	 Temperature influence on thermal conductivity and heat capacity
Temperature has a significant effect on thermal conductivity and heat capacity. Studies of the 
temperature dependence of thermal conductivity of common rocks presented in the literature have 
shown a decrease in thermal conductivity with increasing temperature. The decrease may be in 
the order of 5–15% per 100°C /Sibbit et al. 1979/. In Laxemar there is no pronounced temperature 
effect on thermal conductivity in the dominating rock types /Sundberg et al. 2008b/. In Forsmark, 
the temperature effect on thermal conductivity is about 10% decrease in per 100°C for the main rock 
type and somewhat smaller for secondary rock type /Sundberg et al. 2008a/.

An increase of the heat capacity with increasing temperature has been reported in the literature  
/Sibbit et al. 1979/. Data from the site investigations indicates an increase in heat capacity in the 
order of 25% per 100°C for the two sites Forsmark and Laxemar /Sundberg et al. 2008ab/.

2.2.3	 Surface temperature variations
Variations in air temperature affect the temperature in the rock. The temperature fluctuations 
propagate into the crust and decays exponentially with depth. Cyclic variations in air temperature, 
such as diurnal variations, only affect the ground temperature to one or a few m depth. In crystalline 
rock, the wavelength of the annual wave might be up to 30–50 m. Climate changes, including the 
formation and decay of ice sheets, periods of submerged conditions, the land elevation above sea 
level, affect the temperature and the thermal gradient to a deeper level. The depth depends on the 
magnitude of the temperature change, the length of the temperature change, time since the change, 
and the thermal diffusivity of the rock (thermal conductivity divided by volumetric heat capacity). 
The change in thermal gradient at a specified depth can be calculated by approximation of the Earth 
as a half space, according to Equation 2‑5 /Jaeger 1965, Balling et al. 1981/:
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It is possible to superimpose the effect of different step changes of the ground surface temperature 
and use Equation 2‑5 to simulate long term effects in the bedrock. A number of factors cause the 
ground temperature to deviate from the air temperature. The local topography of the surface, radiation, 
thermal contact resistance between ground and air, presence of vegetation and snow cover, as well 
as the degree of saturation and processes in soils such as freezing and thawing have an impact on the 
ground surface temperature and the geothermal gradient. These factors are however only indirectly 
considered in this report. It is possible to estimate the current ground surface temperature by calcula-
tions /SKB 2006/ and from extrapolation of borehole temperature loggings. 

2.2.4	 Ground water movement
In crystalline rocks, groundwater migrates in fractures and fracture zones. The fractures make it 
possible for the groundwater to enter the borehole at one level and leave the borehole at a different 
level, thereby affecting the borehole temperature by advection of heat. Some pathways to and from 
the boreholes are natural and some were opened during the drilling of the borehole. Large ground 
water flow in permeable features in the rock may also effect changes in the gradient. The effect of 
ground water perturbations has been discussed in for example /Drury and Jessop 1982, Kukkonen 
1988, Sundberg 1993/. 

2.2.5	 Drilling
The drilling of a borehole is also affecting the temperature in the borehole and the surroundings. 
There are two reasons for this: (1) heat is generated during the drilling, and (2) the media used 
for flushing (water or air) can be either cooling or heating. The time for the borehole to regain 
pre-drilling conditions can be rather long, and depends mainly on the drilling time, the temperature 
of the water or air used for flushing and on the thermal properties of the rock. This can be calculated 
according to Equation 2‑6:

)))(4/())4/((()4/( 0
2

2
2

1 ttrEtrEqT −−⋅= κκπλ 			   Equation 2‑6

where

T		  temperature (°C)
q		  heat generation in borehole due to drilling (W/m)
r		  radius of borehole (m)
t		  time from start of drilling (s)
t0		  time when drilling is completed (s)
E1, E2	 exponential integrals

However, the equation can only be used to give an idea of the magnitude and time for the distur-
bance since the heat (source or sink) generated, and the time of drilling, is not constant along the 
borehole. 

The time needed for the temperature to stabilise after drilling is exemplified in Table 2‑1. In the 
calculations, different drilling times and different degrees of recovery in terms of dimensionless 
temperature have been used. The stabilising times in Table 2‑1 give only of an estimation of the real 
conditions. In reality the disturbance is not the same in the whole borehole or in different boreholes. 
However, the times in the table give an indication of the long stabilising times needed for deep bore-
holes in order to obtain high quality temperature measurements. This has been used in the approving 
procedure for temperature logging results in both Forsmark and Laxemar /Sundberg et al. 2008ab/ 
and is not further discussed in this report. 



12

Table 2‑1. Time needed for the temperature to stabilize after drilling. Recovery status expressed 
as dimensionless temperature. Tmax – temperature at completed drilling.

Drilling time 1-T/Tmax

t0 0.9 0.99 0.999

24 h 1.3 days 18 days 6 months
1 week 6 days 13 weeks 3 years
1 month 21 days 11 months 9.4 years
6 months 96 days 4.5 years 47 years

2.3	 Influence on geothermal temperature and gradient
Equation 2‑2 and Equation 2‑5 are combined in Equation 2‑7: 
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With Equation 2‑7, it is possible to calculate the geothermal gradient and compare it with the 
measured gradient.

The above equation determines the temperature gradient profile vs. depth. With the current surface 
temperature and temperature gradient at different depths, the temperature at those depths can be 
calculated; see Equation 2‑8:

Tx = T0 + G1 ∙ dz + G2 ∙ dz + ....+ Gx ∙ dz					     Equation 2‑8

Where

x	 Depth index (0 at ground surface)
Tx 	 Temperature at depth index x (T0 = temperature at ground surface)
Gx	 Gradient at depth index x
dz	 Length of depth index interval
Depth	 Calculated from dzּx

The presented Equation 2‑7 has a number of limitations, the most important ones being:

•	 No spatial variability of thermal properties in the rock mass is considered, i.e. constant values are 
assumed for thermal conductivity and thermal diffusivity.

•	 No temperature influence on thermal conductivity and thermal diffusivity considered. 

•	 The model is only capable of handling linear or step changes in surface temperature (only step 
change is described above).
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The different influencing parameters discussed earlier are affecting each other, see Equation 2‑7, and 
independent determinations of them are not always available. This means that there are uncertainties 
related to for example the determination of heat flow in Equation 2‑7. Heat flow maps in the literature 
can be based on geothermal gradients but may have large uncertainties in thermal conductivity and 
the influence on the gradient from recent or historical climate variations. The effects of different 
influences on the temperature and temperature gradient are exemplified and analysed by sensitivity 
analysis in coming chapters. 
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3	 Data overview

3.1	 Geothermal heat flow
The distribution of heat flow data in Scandinavia has been investigated by e.g. /Balling 1995/,  
/Landström et al. 1979/ and /Näslund et al. 2005/. There are also several published heat flow atlases. 
The heat flow consists of two components, heat produced in the core and the mantle and heat produced 
in the lithosphere as radiogenic heat production. In this report, heat flow refers to surface heat flow. 
The site-specific heat flow is evaluated in Chapter 6 and 7 for Forsmark and Laxemar respectively, 
and discussed further in Chapter 8. 

3.2	 Radiogenic heat production
The heat production is calculated from Equation 2‑4. Data on U, Th and K for different rock types is 
taken from the Sicada database at SKB, if available. 

3.3	 Thermal conductivity and thermal diffusivity
Site-specific data on thermal conductivity and thermal diffusivity at rock domain level is obtained 
from the site descriptive models for Forsmark and Laxemar respectively /Back et al. 2007, Sundberg 
et al. 2008ab/. The thermal diffusivity is calculated from the mean thermal conductivity and heat 
capacity for each domain. 

3.4	 Temperature and geothermal gradient data
Temperature and gradient data is derived from approved fluid temperature loggings in investigation 
boreholes /Sundberg et al. 2008ab/.

3.5	 Palaeoclimate data
Site-specific estimates on ground surface temperature data were presented in /SKB 2006/ (Figure 3-50) 
for the past 120 kyrs (120,000 years). /SKB 2006/ compiled information on climate related issues 
relevant for the long-term safety of a repository and supported the safety assessment SR-Can. The 
extended climate models in the present study are presented in Chapter 5. The ground surface tem-
perature data set for Forsmark has been used for sensitivity studies in Chapter 4. In the temperature 
modelling for Forsmark and Laxemar in Chapter 6 and 7 respectively, modified ground temperature 
models have been used. 

3. 6	 Data availability
Input and output data from the calculations are available in a database at SKB (Excel-files).
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4	 General sensitivity analysis

4.1	 Introduction
Knowledge of how the different parameters of Equation 2‑7 affect the temperature and temperature 
gradient is useful in the modelling described in Chapter 6 and 7. The following sensitivity analysis 
was made with settings valid for the situation at Forsmark; see Table 4‑1. The parameters are set 
to be independent of depth, i.e. to a constant value. The geothermal gradient and temperature are 
modelled by Equation 2‑7. Concerning Section 4.3, “Influence of climate changes and thermal 
diffusivity”, the climate model in Figure 4‑6 is used. The analysis should be regarded as general and 
therefore, applicable to the thermal parameters and climate for both the Forsmark and Laxemar sites. 

4.2	 Influence of heat flow, thermal conductivity and internal 
heat production

4.2.1	 Sensitivity to heat flow
In Figure 4‑1 the impact of the heat flow parameter is investigated. The internal heat generation is 
assumed to be zero. The influence on the gradient of changing the heat flow parameter is merely a 
parallel movement of a straight line (the second part of Equation 2‑7 is set to zero). In the following 
figures, the models in black represent the reference values from /SKB 2006/, whereas the blue and 
red models represent the uncertainty in the reference value, usually based on max/min values if 
available.

4.2.2	 Sensitivity to thermal conductivity
In Figure 4‑2 it can be seen that the effects of variations in thermal conductivity on the geothermal 
gradient and temperature are similar to the influence from heat flow. 

4.2.3	 Sensitivity to internal heat generation
In Figure 4‑3 the impact of internal heat production of radiogenic origin is analyzed. The influence 
of radiogenic heat production is small compared to the influence of heat flow and thermal conductivity. 
The impact of 1 μW/m3 is a change of the surface heat flow by only 1 mW/m2 for 1,000 m rock.

4.2.4	 Sensitivity for thermal conductivity in superficial rock
In Figure 4‑4 theoretical changes in the apparent thermal conductivity in the superficial rock (repre-
senting e.g. potential convective effects) is illustrated. The models represented by the black curves 
illustrate the case where the thermal conductivity is constant with depth. The red and blue models 
illustrate alternative cases where the apparent thermal conductivity increases linearly from depth 300 m 
up to the ground surface. The increase is 0.05 W/(m·K) per 100 m (red) and 0.1 W/(m·K) per 100 m 
(blue). 

Table 4‑1. Heat flow, heat production and thermal conductivity data used in the sensitive analysis 
based on Forsmark data /SKB 2006/. 

Thermal property Reference Min Max

Surface geothermal heat flow (mW/m2) 59 48 65
Radiogenic heat production (μW/m3) 2.5 1.0 3.0
Thermal conductivity (W/(m∙K)) 3.6 3.2 4.0
Thermal diffusivity (mm2/s) 1.57 1.28 1.9
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Forsmark - Calculated temperature
sensitivity for heat flow
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Figure 4‑1. Modelled temperature gradient (left) and temperature (right) at Forsmark, illustrating the 
sensitivity to heat flow (constant heat flow is used). The black models are based on the reference value in  
/SKB 2006/. The red and blue models illustrate the corresponding uncertainty interval.

Figure 4‑2. Modelled temperature gradient (left) and temperature (right) at Forsmark, illustrating the 
sensitivity to thermal conductivity (constant thermal conductivity with depth is used). 
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Figure 4‑4. Modelled temperature gradient (left) and temperature (right) at Forsmark, illustrating the 
sensitivity to higher apparent thermal conductivity in the upper part of the rock mass. The black models 
illustrate the scenario where the thermal conductivity is constant with depth. The red and blue models 
illustrate alternative scenarios where the apparent thermal conductivity increases linearly from depth 300 m 
up to the ground surface. The increase is 0.05 W/(m·K) per 100 m (red) and 0.1 W/(m·K) per 100 m (blue). 
The models consider both internal heat production and past climate variations. However, the diffusivity is 
held constant. 
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Figure 4‑3. Modelled temperature gradient (left) and temperature (right) at Forsmark, illustrating the 
sensitivity to internal heat production. 
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4.3	 Influence of climate changes and thermal diffusivity
4.3.1	 Sensitivity to length of modelled climate period
It was investigated whether an increase in the length of the modelled climate period would affect the 
result; see Figure 4‑5. A 120 k year climate model was thus compared with a 240 k and a 360 k year 
model. The 240 k and 360 k climate models consist of the 120 k year model (Figure 4‑6) re-used 
subsequently, i.e. the climate for the period 240–120 kyrs ago is set to be identical to the climate 
for the period 120 k – 0 years ago, and the same is done for the 360 k year period. This is however 
a very crude model, and should not be seen as historically realistic.

This analysis shows that climate data older than 120 kyrs ago clearly affects the temperature gradient. 
The effect is relatively small but consistent. The difference in gradient effect between using a 120 kyrs 
and a 240 kyrs climate model is larger (approximately twice) than the difference in gradient effect 
between using a 240 kyrs and a 360 kyrs climate model.

4.3.2	 Sensitivity to thermal diffusivity
In Figure 4‑7, the impact of diffusivity is analyzed. The models in black represent the reference 
values from /SKB 2006/, whereas the blue and red models represent the uncertainty in the reference 
value, usually based on max/min values.

4.3.3	 Sensitivity to a step change in temperature
It is interesting to analyse how deep different lengths of a step change in surface ground temperature 
penetrate the rock. In Figure 4‑8 and Figure 4‑9, a step change of 1 K has been applied at the ground 
surface. Recent 1 K step changes in climate (100 years ago) are visible down to about 300 m and 
episodes 1,000 years ago penetrate down to about 700 m. The thermal diffusivity is important for 
the penetration depth and is analysed below. 
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Forsmark - Calculated gradient: Sensitivity 
to length of modelled climate period
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Figure 4‑5. The left graph shows how the change in modelled climate period length affects the temperature 
gradient, while the right graph shows how the temperature is affected. 
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Figure 4‑6. Ground surface temperature model for Forsmark spanning 120 kyrs. The temperature model 
is a simplified version of the palaeotemperature model for the last glacial cycle used in SR-Can safety 
assessment /SKB 2006/.

Figure 4‑7. Modelled temperature gradient (left) and temperature (right) at Forsmark, illustrating the sen-
sitivity to thermal diffusivity (constant thermal diffusivity with depth is used). The black models are based 
on the reference value in /SKB 2006/. The red and blue models illustrate the corresponding uncertainty 
interval. The models consider both internal heat production and estimated past climate variations during 
the last glacial cycle.
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Forsmark - Calculated temperature: climate 
effects, sensitivity for thermal diffusivity 
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Figure 4‑8. The effect on temperature gradient (left) and temperature (right) in the rock when the ground 
surface temperature is increased by 1 K (step increase). Gradient in K/km. Thermal diffusivity=1.57∙10–6 m2/s. 
Compare with Figure 4‑9 where depth is increased and the times for step change of temperature are different. 

Figure 4‑9. The effect on temperature gradient (left) and temperature (right) in the rock at large depths 
(compare with Figure 4‑8) when the ground surface temperature is increased 1K (step increase). Gradient 
in K/km. Thermal diffusivity=1.57∙10–6 m2/s.
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4.3.4	 Sensitivity to ground surface temperature in climate data
The ground surface temperature (Figure 4‑6) is an important boundary condition for the model. 
Figure 4‑10 and Figure 4‑11 show the sensitivity to the present ground surface temperature and the 
ground surface temperature 120 kyrs before present, respectively. The black models are based on 
the temperature model in Figure 4‑6. In Figure 4‑10 the red and blue models illustrate alternative 
temperatures (7° and 6°C respectively, during the last 1,000 year BP). The present ground surface 
temperature has a substantial effect on the temperature gradient at low to middle depth. In Figure 4‑11 
the red and blue models illustrate alternative and reasonable temperatures (10° and 0°C respectively, 
for 120 kyrs BP). This factor gives a smaller but depth-consistent effect on the temperature gradient. 
The models consider both internal heat production and past climate variations according to Figure 4-6. 

4.4	 Sensitivity analysis conclusions
The results from this sensitivity analysis are useable in the coming geothermal calculations. Heat 
flow, thermal conductivity and current ground surface temperature are as expected the parameters 
that seem to have the greatest impact on the calculated temperature profiles. Another finding is that 
the geothermal profiles (temperature and temperature gradient) down to 1,000 m depth are affected 
by palaeoclimate more than 120 kyrs ago, and differ depending on the length of the climate model used.

Forsmark - Calculated gradient: climate effects,
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Forsmark - Calculated temperature: climate
 effects, sensitivity for present ground temperature
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Figure 4‑10. Modelled temperature gradient (left) and temperature (right) at Forsmark, illustrating the 
sensitivity to present ground temperature in the model. The black models are based on the temperature 
model in Figure 4‑6. The other models illustrate alternative temperatures. 
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Figure 4‑11. Modelled temperature gradient (left) and temperature (right) at Forsmark, illustrating the 
sensitivity to the ground temperature at 120 kyrs BP in the model. 
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5	 Climate models

5.1	 Climate models in SR-Can
Figure 5‑1 and Figure 5‑2 presents the original climate models for Forsmark and Laxemar spanning 
the past 120 kyrs used in SR-Can safety assessment /SKB 2006/. The temperature curve is based on 
the palaeotemperature curve from the GRIP ice core /Dansgaard et al. 1993/, modified by the numer-
ical ice sheet model used in SR-Can, and in this process also extracted for each site /SKB 2006/. It is 
important to note that the uncertainty in these temperature reconstructions is considerable, estimated 
to up to around ±5 degrees for parts of the curve. The motivation for using these curves in the safety 
assessment lies in the chosen approach. The temperature curve is used for a reference evolution, 
which is subsequently complemented by other climate developments with potentially larger impact 
on repository safety, e.g. by doing dedicated sensitivity studies with the temperature curve, for 
instance by changing the temperature curve according to its estimated uncertainty and more /SKB 
2006/. The uncertainty and applicability of the temperature curve for various studies will be further 
evaluated in the SR-Site climate report.

The temperature step models, used in this study, are simplified versions of these climate curves  
/SKB 2006/. 

Ground surface temperature - Forsmark
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Figure 5‑1. Ground surface temperature model (red) for Forsmark spanning the past 120 kyrs. The 
temperature model is a simplified version of the estimated palaeotemperature model (black) for the last 
glacial cycle used in SR-Can safety assessment /SKB 2006/ (Figure 3-50).




