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ROCK THERMAL PROPERTY MEASUREMENTS WITH THE POSIVA 
TERO56 DRILL HOLE DEVICE IN THE FORSMARK STUDY SITE 
 
 
ABSTRACT 
 
Thermal properties were measured in situ in Forsmark at the SKB study site constructed 
for large-scale thermal conductivity investigations in an outcrop of anisotropic granite. 
The Posiva TERO56 drill hole tool was used for in situ measurements in four 20 m deep 
boreholes KFM90C, D, E and F located within very short distances of each other (less 
than 2.3 m). Measurements were done at depths of 10-18 m in water-filled holes. The 
bedrock is granite with thin amphibolite and pegmatite layers and thin felsic veins.  
 
The measurement principle of the TERO56 logging device is based on conduction of 
heat from a cylindrical source placed in a borehole and the thermal parameter values are 
calculated with a least squares inversion algorithm. 
 
Measurements in Forsmark consisted typically of 6 hours heating time followed by 10 
hours cooling time, but in one measurement the heating time was reduced to of 2 h 45 
min and the cooling time to 5 hours.   
 
Average thermal conductivity values range from 3.37 to 3.91 W m-1K-1 with standard 
deviations between 0.01 and 0.04 W m-1K-1. The result is plausible considering the quite 
homogeneous target geology and short distances between different experiment stations. 
Diffusivity values, however, vary much more, and averages range from 0.68 to 2.08 · 
10-6 m2s-1 with standard deviations ranging from 0.04 to 0.09 · 10-6 m2s-1. Variations 
may be attributed to small flow effects or time-dependent temperature trends related to 
thermal equilibration of the probe. 
 
Key words: Thermal conductivity, thermal diffusivity, specific heat capacity, nuclear 
waste disposal, Forsmark, TERO56 logging device, in situ measurement 
 
 



 

 

KALLION TERMISTEN OMINAISUUKSIEN MITTAUKSET POSIVAN 
TERO56-REIKÄLAITTEELLA FORSMARKISSA 
 
 
TIIVISTELMÄ 
 
Kivien termisiä ominaisuuksia mitattiin Forsmarkissa käyttäen Posivan TERO56-reikä-
laitteistoa. Mittauskohde on tarkoitettu kallion anisotrooppisen lämmönjohtavuuden 
tutkimuksiin suuressa mittakaavassa. TERO56-laitteistolla mitattiin kallion termiset 
ominaisuudet neljässä 20 m syvässä 56 mm kairareiässä (reiät KFM90C, D, E ja F). 
Reiät ovat toisistaan alle 2.3 m päässä. Mittaukset tehtiin 10-18 m syvyydellä vesi-
täytteisissä rei’issä. Kohteen kallioperä on graniittia, jossa on ohuita amfiboliitti- ja 
pegmatiittikerroksia sekä ohuita felsisiä juonia. 
 
TERO56-laitteen mittausmenetelmä perustuu sylinterin muotoisen lämpölähteen lämpö-
tilavasteen mittaamiseen ja mittaustulosten inversiotulkintaan pienimmän neliösumman 
optimointimenetelmällä. 
 
Forsmarkin mittauksissa käytettiin tavallisesti 6 h lämmitysaikaa ja 10 h jäähtymisaikaa. 
Yhdessä mittauksessa käytettiin lyhyempää 2 h 45 min lämmitysaikaa ja 5 h jäähty-
misaikaa. 
 
Inversiotulkinnan mukaan lämmönjohtavuus on tutkituissa mittauskohdissa 3.37 - 3.91 
W m-1K-1 ja johtavuuden standardipoikkeama 0.01 - 0.04 W m-1K-1. Tulosten pieni 
vaihtelualue heijastaa tutkimuskohteen homogeenista geologiaa ja mittauspisteiden 
pieniä keskinäisiä etäisyyksiä. Diffusiviteettiarvot vaihtelevat suhteellisesti enemmän, ja 
keskiarvot ovat välillä 0.68 - 2.08 · 10-6 m2s-1 ja niiden standardipoikkeamat välillä 0.04 
- 0.09 · 10-6 m2s-1. Diffusiviteetin vaihtelu voi johtua pienistä virtaushäiriöistä tai 
reikäanturiin vaikuttavista lämpötilatrendeistä.  
 
Avainsanat: Lämmönjohtavuus, terminen diffusiviteetti, tilavuuslämpökapasiteetti, 
ydinjätteen loppusijoitus, TERO56-laitteisto, in situ -mittaus 
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PREFACE 

This study has been carried out at the Geological Survey of Finland (GTK) on contract 

for Posiva Oy. On behalf of the orderer, the supervising of the work was done by Maiju 

Paunonen, Aimo Hautojärvi, (Posiva Oy), Rolf Christiansson (Svensk Kärnbräns-

leförhantering Ab), Jan Sundberg (Geo Innova Ab) and Erik Johansson (Saanio & 

Riekkola Oy). The measurements, interpretation and reporting were done by Ilmo 

Kukkonen, Ilkka Suppala and Arto Korpisalo (GTK).  
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1  INTRODUCTION 

We present result of measurements of thermal properties of bedrock in shallow drill 

holes at the Forsmark study site in Sweden. The measurements were carried out with the 

TERO56 in situ logging device of Posiva Oy. The TERO56 and TERO76 devices, 

measurement principle and interpretation techniques have been described in detail by 

Kukkonen et al. (2005, 2006a). 

At Forsmark, Svensk Kärnbränsleförhantering Ab (SKB) has designed and constructred 

a study site for studying the thermal properties of anisotropic rocks in situ in a large 

scale (Figure 1). Six shallow drill holes (18.2-24.2 m deep) have been drilled and used 

in an in situ heating and multiprobe experiment by SKB. Geological Survey of Finland 

(GTK) as a contractor for Posiva Oy carried out comparative measurements in these the 

boreholes using the TERO56 drill hole tool.  A general view and borehole plan of the 

test site is shown in Figures 1 and 2. 

Figure 1. SKB test site in Forsmark for studying the thermal properties of anisotropic 

rocks in situ in a large scale. The drill holes are indicated by letters A-F. Photo taken in 

November 2005 before the SKB experiments. Photo I. Kukkonen, GTK. 
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Figure 2. Plan view of the boreholes KFM90A – KFM90F at the Forsmark study site 

(adopted from Sundberg, 2005). 

Figure 3. Rock types of the drill holes KFM90E-KFM90F (Sundberg, 2005). 
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The drill holes are sub-vertical (inclinations about 82º) and their diameter is 56 mm, 

exluding the hole B which is 76 mm. The main rock type is granite-granodiorite with 

thin interlayers of amphibolite and pegmatite (Döse and Samuelsson, 2006, Sundberg 

2005). In addition, thin quartz veins are relatively frequent (Figure 3). Schistosity is 

parallel or semi-parallel with the boreholes’ orientation. Fracturing is generally scanty 

and completely fracture-free 1-2 m long sections alternate with sections of low 

frequency (< 3 fractures/m open fractures). In previous studies of thermal rock 

properties at Forsmark, thermal conductivity of the granite has been reported to be 

anisotropic with anisotropy factors ranging from 1.35 to 6.47 (Sundberg 2005). 
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2  METHOD OF MEASUREMENT AND THE TERO DEVICE 

The TERO logging device comprises the borehole probe, logging cable and winch 

together with the computer and current source located at the surface (Fig. 4, Kukkonen 

et al., 2005). The measurement principle is based on conduction of heat from a 

cylindrical source placed in a borehole. When the probe is heated, its temperature as a 

function of time depends on the applied heating power, heat losses into rock, and the 

thickness of the water layer between the probe and borehole wall. Recorded 

temperatures are also dependent on the internal structure of the probe and its material 

properties.

The TERO56 probe is a hollow aluminium cylinder, which is 1630 mm long and whose 

outer diameter is 50 mm. The length of the heating section is 1500 mm. Heating is done 

from the inner surface of the cylinder with a maximum power of 22 W. The probe 

temperature is monitored with 28 thermistors arranged in four lines along the probe. 

Mild water flow in the hole is prevented with soft silicon rubber packers.  

Figure 4. The components of the TERO56 device (Kukkonen et al., 2005) 

Usually a borehole measurement consists of a heating period with duration of about 

6 hours followed by a cooling period of about 12 hours. Before the measurement, the 

probe is allowed to thermally stabilize at the depth of interest for about 2-3 hours. 

The TERO56 measurements are interpreted using numerical modelling of heat transfer 

in the probe, borehole and surrounding bedrock. Forward solutions are calculated with 

FEMLAB® using finite element techniques. Optimization of thermal properties (inverse 

solution) is done with a Levenberg-Marquardt algorithm. In inversion, three parameters 

can be estimated, i.e., conductivity, diffusivity (alternatively volumetric heat capacity) 
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and borehole radius. When borehole radius data is available it is usually kept constant in 

inversion for more stable estimation of particularly diffusivity. TERO56 measurements 

are sensitive for the thermal properties in the radial direction from the borehole. This 

should be taken into account when comparing the TERO56 measurements with 

laboratory measurements on drill cores. 

For details of modelling and inverting the TERO56 measurements, see the report by 

Kukkonen et al. (2005). 
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3  MEASUREMENTS IN FORSMARK 

Measurements were carried out in the drill holes C, D, E and F at depths of 10-18 m in 

May 2006 (Figure 1 and Appendix). Depths of measurement were selected so that the 

results would be comparable with the GeoInnova Ab in situ measurements but on the 

same time to avoid fracture zones in the holes which could introduce non-conductive 

temperature disturbances by groundwater flow. Because of the considerable friction of 

the soft silicon rubber packers applied in the TERO56 probe we had to use an extra 

weight of 16 kg at the lower end of the probe. This constrained the maximum depth of 

measurement as about 1 m above the hole bottom. John Wrafter (GeoInnova Ab) was 

consulted on the site in deciding the measurement depths. 

In the measurements, heating time was 6 hours followed by cooling time of 10 hours. In 

hole C also a shorter heating time of 2 h 45 min was used with a cooling time of 5 hours 

at the depth of 12.4 m (Table 1). One experiment (hole E, 11.25 m) failed due to power 

failure. 

Figure 5. TERO winch was placed at the edge of the excavation pit in Forsmark. Photo 

A. Korpisalo, GTK. 



9

Figure 6. Ilkka Suppala is lowering the TERO56 probe into borehole C. The cable 

clamp is seen on the outcrop surface. Photo A. Korpisalo, GTK. 

During measurements the TERO56 logging winch was placed at the edge of the 

excavation pit on the study site (Figure 5), and the logging cable was lying free on the 

ground. The TERO56 probe was anchored at the exact depths of measurement in the 

drill holes with a simple clamp attached to the steel-armoured cable (Figure 6). 

In all drill holes the groundwater level was so high that all measurements could be done 

in water-filled holes. Water was flowing out of hole C during all our measurements, and 

together the results of Döse and Samuelsson (2006) it indicates  a hydraulically active 

fracture(s) at 1-10 m depth interval. 
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Table 1. Sequence of TERO56 measurements in Forsmark. 

Notes, 1: Experiment failed due to power failure. 

Hole and Probe into hole Start of experiment End of experiment

depth (m) Date Time Date Time Date Time Notes

C 10.88 16-May-06 14:30:00 16-May-06 17:17:00 17-May-06 10:37:00

E 11.25 17-May-06 10:53:00 17-May-06 14:44:00 18-May-06 (a.m.) 1

D 11.30 18-May-06 8:55:00 18-May-06 12:44:00 19-May-06 6:50:00

C 12.40 19-May-06 7:09:30 19-May-06 9:43:53 19-May-06 17:30:40

F 11.04 19-May-06 17:50:00 19-May-06 21:07:00 20-May-06 14:53:00

E 17.31 20-May-06 15:15:00 20-May-06 18:16:00 21-May-06 11:46:33

D 17.54 21-May-06 11:50:00 21-May-06 17:26:17 22-May-06 11:01:30

F 17.31 22-May-06 11:17:00 22-May-06 14:55:40 23-May-06 8:32:30

C 17.54 23-May-06 8:46:00 23-May-06 12:59:20 24-May-06 8:24:00

E 12.00 24-May-06 8:38:00 24-May-06 12:50:30 25-May-06 7:12:00
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4  RESULTS AND DISCUSSION 

Results of measurements are given in Table 2 and in Figures 7-24. Generally, the 

temperature records appear to represent conductive heat transfer conditions, but there 

are minor disturbances, noisy data sections and minor flow effects, particularly in the 

temperature records of thermistors no. 1 and 7 (see, e.g. Figures 13, 17 and 21). The 

high frequency noise seen in Figure 21 may have been produced by disturbances from 

the electricity net. However, these effects are relatively small and do not prevent the 

determination of thermal properties. 

In previous TERO measurements in Olkiluoto and Oskarshamn, the inversions were 

based either on the complete heating-cooling cycle or the cooling part of the response 

(Kukkonen et al. 2005, 2006b). As discussed by Kukkonen et al. (2005), estimation of 

thermal properties from the probe response is a challenging task because conductivity, 

thermal diffusivity and the contact layer thickness are mutually coupled in the heat 

transfer problem. More stable results, particularly in terms of diffusivity, can be 

obtained from the cooling part of experiment. During the cooling phase, when the first 

most transient temperature changes are over, the probe response is mainly controlled by 

diffusivity. Theoretically, it would be simple to obtain the diffusivity value using only 

the cooling part, but in practice data noise, occasional flow effects and possible 

temperature trends complicate the inversion. Therefore, we applied here an approach 

which recursively uses different parts of the heating-cooling cycle and attempts global 

fitting of data for all three unknowns, conductivity ( ), diffusivity (s) and hole radius 

(Hrad). We are aiming at estimation of diffusivity as independent of conductivity as 

practically possible. 

The inversion takes place in four steps:

(1) First an estimate of  and Hrad is obtained from the heating part of the experiment, 

keeping s constant. The value for s is obtained from a conductivity-diffusivity

relationship (Kukkonen, 2000); 

(2) Second, s is inverted from the cooling part using temperature data measured at times 

later than about 1.4  duration of heating.  and Hrad values are taken from phase 1 

and kept constant;

(3) New estimates for  and Hrad are inverted from the heating part, and s from phase 3 

is used and kept constant;

(4) Final estimate of s is inverted from the cooling part (at times later than 1.4 

duration of heating), and  and Hrad obtained from phase 3 are used and kept 

constant.

The results are shown in Table 1. Average thermal conductivity values range from 3.37 

to 3.91 W m
-1

K
-1

 with standard deviations in the range of 0.01 to 0.04 W m
-1

K
-1

. The 

result can be considered plausible regarding the quite homogeneous target geology and 

short distances between different experiments. Diffusivity values, however, vary much 

more, and averages range from 0.68 to 2.08 · 10
-6

 m
2
s

-1
 with standard deviations ranging 

from 0.04 to 0.09 · 10
-6

 m
2
s

-1
 (the distinctly anomalous result of hole C at 10.88 m was 

excluded here).
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The very high and low values of diffusivity should be taken with caution, which is also 

suggested by the corresponding volumetric heat capacity values (Table 2). We attribute 

this to problems in separating the influences of conductivity, diffusivity and hole radius 

in the inversion. Further, possible temperature trends in the data may have gone 

unrecognized. Tests using synthetic data with a temperature trend indicated that 

diffusivity estimation can be biased by as much as about 6 % when a linear temperature 

change of only 1 mK in 60,000 s is added.

A trend in the data can be generated, for instance, by transient rock temperatures if flow 

in the hole is prevented by the probe packers. Another potential source of temperature 

trend is insufficient thermal equilibration of the probe before the experiment. We 

simulated this effect with a 1D cylinder symmetric finite difference model of the 

TERO56 probe cooling in a drill hole. Assuming that the probe temperature was 

initially 5 K higher than the steady-state temperatures in the hole and surrounding rock, 

a small transient can be observed at surprisingly long times (Figure 25). It suggests that 

in the worst case considerable transients may exist in the probe temperature record. 

Most of them would affect the temperature records during the heating phase, but even 

during the cooling phase the probe temperature would experience a transient change 

from about 0.1 to 0.05 K between 30,000 and 60,000 s.  

Such a transient is superposed with the experiment temperatures and adds a time-

dependent trend to the probe response. In principle, the trend can be removed from the 

data, but because it is not linear, proper handling requires numerical modeling of the 

thermal equilibration. To this end, the probe temperatures should be recorded also 

during breaks when the probe is on the surface. This was not done continuously, but 

some temperature readings were taken during the 3-5 hours long equilibration time 

before starting a new heating-cooling experiment. This data shows very small 

temperature variations mostly within 0.02 K and does not indicate big temperature 

variations during experiment breaks. The breaks between experiments were typically 

about 20 minutes during which the recording and controlling software was reset, and the 

probe was shifted to the next measurement point in another hole. The probe spent 

usually only a couple of minutes on the surface before we lowered it to the next hole. 

The change of holes between experiments was due to the applied sequence of 

measurements in which all uppermost stations at 11-12 m were measured first and the 

deeper levels at 17-18 m were measured last. During the Forsmark project, air 

temperature was about 10-13 ºC and bedrock temperature about 7 ºC, which could in 

principle allow quite large probe temperature variations. With the present data we 

cannot completely exclude the possibility of small temperature trends in the data.  

In normal TERO measurements in deep holes the initial probe temperature is not such 

an important issue, because the maximum temperature differences between 

measurement stations are typically only a few tenths of a K or much smaller.  
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Table 2. Results of TERO56 measurements in Forsmark. 

Hole Depth Therm. Power t Heating tEnd tScaling
c s Hrad Misfit Notes

(m) no. (line) (W) (s) (s) (s) (Wm
-1

K
-1

) (Jm
3
K

-1
) (m

2
s

-1
 10

-6
) (mm) (K

2
)

C 10.88 4(1) 20.5 21300 60000 30000 3.38 795801 4.25 28.0 1.3E-05

C 10.88 4(2) 20.5 21300 60000 30000 3.41 800189 4.26 28.3 4.8E-05 1

C 10.88 4(3) 20.5 21300 60000 30000 3.38 826533 4.09 28.1 1.0E-04

C 10.88 4(4) 20.5 21300 60000 30000 3.37 725576 4.64 28.0 9.2E-06

Mean = 3.38 787025 4.31

Std = 0.02 43155 0.24

C 12.40 4(1) 19.8 9400 28000 16500 3.61 3972105 0.91 29.6 1.0E-05 1

C 12.40 4(2) 19.8 9400 28000 16500 3.62 3761926 0.96 29.6 4.5E-06

C 12.40 4(3) 19.8 9400 28000 16500 3.70 3413085 1.08 29.6 5.7E-06

C 12.40 4(4) 19.8 9400 28000 16500 3.65 3468463 1.05 29.4 4.0E-06

Mean = 3.65 3653895 1.00

Std = 0.04 261599 0.08

C 17.54 4(1) 19.6 21300 60000 30000 3.91 1959593 2.00 28.5 7.7E-06 1

C 17.54 4(2) 19.6 21300 60000 30000 3.89 1914313 2.03 28.5 5.1E-05

C 17.54 4(3) 19.6 21300 60000 30000 3.93 1884156 2.08 28.5 1.1E-04

C 17.54 4(4) 19.6 21300 60000 30000 3.91 1774879 2.20 28.3 2.6E-06

Mean = 3.91 1883235 2.08

Std = 0.02 78609 0.09

D 11.30 4(1) 19.6 21300 60000 30000 3.90 1999929 1.95 29.0 6.8E-06

D 11.30 4(2) 19.6 21300 60000 30000 3.84 1912139 2.01 28.8 4.7E-05

D 11.30 4(3) 19.6 21300 60000 30000 3.93 1921244 2.05 29.1 1.3E-04

D 11.30 4(4) 19.6 21300 60000 30000 3.91 1840645 2.12 28.8 2.7E-05

Mean = 3.90 1918489 2.03

Std = 0.04 65167 0.07

D 17.54 4(1) 19.8 21300 60000 30000 3.37 2517593 1.34 29.3 2.3E-05

D 17.54 4(2) 19.8 21300 60000 30000 3.35 2459599 1.36 29.1 2.9E-05

D 17.54 4(3) 19.8 21300 60000 30000 3.37 2420844 1.39 29.1 5.6E-05

D 17.54 4(4) 19.8 21300 60000 30000 3.37 2304228 1.46 29.0 3.6E-06

Mean = 3.37 2425566 1.39

Std = 0.01 90134 0.05

E 12.00 4(1) 19.8 21300 60000 30000 3.58 5594428 0.64 30.4 9.8E-06

E 12.00 4(2) 19.8 21300 60000 30000 3.59 5535101 0.65 30.4 2.7E-05

E 12.00 4(3) 19.8 21300 60000 30000 3.62 5247172 0.69 30.4 6.9E-05

E 12.00 4(4) 19.8 21300 60000 30000 3.63 4996662 0.73 30.2 5.4E-06

Mean = 3.60 5343341 0.68

Std = 0.02 276436 0.04

E 17.31 4(1) 19.8 21300 60000 30000 3.64 2910630 1.25 29.3 9.3E-06

E 17.31 4(2) 19.8 21300 60000 30000 3.63 2848663 1.27 29.2 1.6E-05

E 17.31 4(3) 19.8 21300 60000 30000 3.67 2666019 1.38 29.2 3.1E-05

E 17.31 4(4) 19.8 21300 60000 30000 3.64 2738666 1.33 29.1 3.9E-06

Mean = 3.65 2790995 1.31

Std = 0.02 109538 0.06

F 11.04 4(2) 19.8 21300 60000 30000 3.33 6179368 0.54 30.7 1.3E-05 2

F 17.31 4(1) 19.6 21300 60000 30000 3.44 2452671 1.40 28.7 8.1E-06

F 17.31 4(2) 19.6 21300 60000 30000 3.43 2379764 1.44 28.6 9.0E-05

F 17.31 4(3) 19.6 21300 60000 30000 3.45 2262758 1.53 28.7 1.7E-04

F 17.31 4(4) 19.6 21300 60000 30000 3.44 2230745 1.54 28.5 3.7E-06

Mean = 3.44 2331485 1.48

Std = 0.01 103100 0.07

Therm. no (line) indicates the identification number of the sensor and the number of thermistor column in 

parentheses, used in inversion. For instance, sensors no. 4(2) and 4(4) are on the opposite sides in the middle of the 

probe.

Power is the heating power of the probe. 

t Heating is the end time of heating and tEnd is the total length of the heating-cooling cycle.  

TScaling is the time of scaling used in parameter estimation.  

 is thermal conductivity, c volumetric heat capacity, and s thermal diffusivity, Hrad is drill hole radius, and Misfit

is the degree of fit in inversion.  

Notes, 1: Flow of water out of hole during experiment; 2: Trend in the data 
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Figure 7. Measured and modeled temperatures of thermistors during the in situ 

measurement at 10.88 m in drill hole C. The temperature curves labeled 1-7 indicate 

temperatures at different parts of the probe. Thermistor 4 is in the centre, and others 

are located at 24, 48 and 72 cm above (thermistors 1-3) or below (thermistors 5-7) the 

centre of probe. The interpreted values are averages based on the temperature 

responses of thermistor no. 4 in columns 1-4. 

Figure 8. Maps of temperature changes measured in the probe 10 s before the  end of 

heating period (left) and 490 s after beginning of cooling (right). The horizontal 

numbering (1…4) identifies the vertical columns of thermistors, and vertical numbers 

(rows), the vertical positions, respectively.  Hole C, depth of measurement 10.88 m. 
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Figure 9. Measured and modeled temperatures of thermistors during the in situ 

measurement at 12.40 m in drill hole C. The temperature curves labeled 1-7 indicate 

temperatures at different parts of the probe. Thermistor 4 is in the centre, and others 

are located at 24, 48 and 72 cm above (thermistors 1-3) or below (thermistors 5-7) the 

centre of probe. The interpreted values are averages based on the temperature 

responses of thermistor no. 4 in columns 1-4. 

Figure 10. Maps of temperature changes measured in the probe 10 s before the  end of 

heating period (left) and 490 s after beginning of cooling (right). The horizontal 

numbering (1…4) identifies the vertical columns of thermistors, and vertical numbers 

(rows), the vertical positions, respectively.  Hole C, depth of measurement 12.40 m. 
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Figure 11. Measured and modeled temperatures of thermistors during the in situ 

measurement at 17.54 m in drill hole C. The temperature curves labeled 1-7 indicate 

temperatures at different parts of the probe. Thermistor 4 is in the centre, and others 

are located at 24, 48 and 72 cm above (thermistors 1-3) or below (thermistors 5-7) the 

centre of probe. The interpreted values shown are based on the temperature responses 

of thermistor no. 4 in columns 1-4. 

Figure 12. Maps of temperature changes measured in the probe 20 s before the  end of 

heating period (left) and 600 s after beginning of cooling (right). The horizontal 

numbering (1…4) identifies the vertical columns of thermistors, and vertical numbers 

(rows), the vertical positions, respectively.  Hole C, depth of measurement 17.54 m. 
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Figure 13. Measured and modeled temperatures of thermistors during the in situ 

measurement at 11.30 m in drill hole D. The temperature curves labeled 1-7 indicate 

temperatures at different parts of the probe. Thermistor 4 is in the centre, and others 

are located at 24, 48 and 72 cm above (thermistors 1-3) or below (thermistors 5-7) the 

centre of probe. The interpreted values are averages based on the temperature 

responses of thermistor no. 4 in columns  1-4. 

Figure 14. Maps of temperature changes measured in the probe 10 s before the  end of 

heating period (left) and 600 s after beginning of cooling (right). The horizontal 

numbering (1…4) identifies the vertical columns of thermistors, and vertical numbers 

(rows), the vertical positions, respectively.  Hole D, depth of measurement 11.30 m. 
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Figure 15. Measured and modeled temperatures of thermistors during the in situ 

measurement at 17.54 m in drill hole D. The temperature curves labeled 1-7 indicate 

temperatures at different parts of the probe. Thermistor 4 is in the centre, and others 

are located at 24, 48 and 72 cm above (thermistors 1-3) or below (thermistors 5-7) the 

centre of probe. The interpreted values are averages based on the temperature 

responses of thermistor no. 4 in columns 1-4. 

Figure 16. Maps of temperature changes measured in the probe 10 s before the  end of 

heating period (left) and 600 s after beginning of cooling (right). The horizontal 

numbering (1…4) identifies the vertical columns of thermistors, and vertical numbers 

(rows), the vertical positions, respectively.  Hole D, depth of measurement 17.54 m. 
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Figure 17. Measured and modeled temperatures of thermistors during the in situ 

measurement at 12.00 m in drill hole E. The temperature curves labeled 1-7 indicate 

temperatures at different parts of the probe. Thermistor 4 is in the centre, and others 

are located at 24, 48 and 72 cm above (thermistors 1-3) or below (thermistors 5-7) the 

centre of probe. The interpreted values are averages based on the temperature 

responses of thermistor no. 4 in columns 1-4. 

Figure 18. Maps of temperature changes measured in the probe 10 s before the  end of 

heating period (left) and 600 s after beginning of cooling (right). The horizontal 

numbering (1…4) identifies the vertical columns of thermistors, and vertical numbers 

(rows), the vertical positions, respectively.  Hole E, depth of measurement 12.00 m. 
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Figure 19. Measured and modeled temperatures of thermistors during the in situ 

measurement at 17.31 m in drill hole E. The temperature curves labeled 1-7 indicate 

temperatures at different parts of the probe. Thermistor 4 is in the centre, and others 

are located at 24, 48 and 72 cm above (thermistors 1-3) or below (thermistors 5-7) the 

centre of probe. The interpreted values are averages based on the temperature 

responses of thermistor no. 4 in columns 1-4. 

Figure 20. Maps of temperature changes measured in the probe 10 s before the  end of 

heating period (left) and 600 s after beginning of cooling (right). The horizontal 

numbering (1…4) identifies the vertical columns of thermistors, and vertical numbers 

(rows), the vertical positions, respectively.  Hole E, depth of measurement 17.31 m. 
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Figure 21. Measured and modeled temperatures of thermistors during the in situ 

measurement at 11.04 m in drill hole F. The temperature curves labeled 2-7 indicate 

temperatures at different parts of the probe. Thermistor 4 is in the centre, and others 

are located at 24, 48 and 72 cm above (thermistors 1-3) or below (thermistors 5-7) the 

centre of the probe. The interpreted values are based on the temperature response of 

thermistor no. 4 in column 2. 

Figure 22. Maps of temperature changes measured in the probe 10 s before the  end of 

heating period (left) and 600 s after beginning of cooling (right). The horizontal 

numbering (1…4) identifies the vertical columns of thermistors, and vertical numbers 

(rows), the vertical positions, respectively.  Hole F, depth of measurement 11.04 m. 



22

Figure 23. Measured and modeled temperatures of thermistors during the in situ 

measurement at 17.31 m in drill hole F. The temperature curves labeled 2-7 indicate 

temperatures at different parts of the probe. Thermistor 4 is in the centre, and others 

are located at 24, 48 and 72 cm above (thermistors 1-3) or below (thermistors 5-7) the 

centre of the probe. The interpreted values are averages based on the temperature 

responses of thermistor no. 4 in columns 1-4. 

Figure 24. Maps of temperature changes measured in the probe 10 s before the  end of 

heating period (left) and 600 s after beginning of cooling (right). The horizontal 

numbering (1…4) identifies the vertical columns of thermistors, and vertical numbers 

(rows), the vertical positions, respectively.  Hole F, depth of measurement 17.31 m. 
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Figure 25. Numerical modeling results on thermal equilibration of the TERO56 probe 

in water-filled drill hole assuming an initial temperature difference of 5 K between the 
probe and its surroundings. Rock diffusivity of 1.2 · 10

-6
 m

2
s

-1
 was used. The 

equilibration for other initial probe temperature values can be linearly approximated 

from these results. 



24

5 SUMMARY  

Thermal properties were measured in situ in Forsmark at the SKB study site for large-

scale thermal conductivity investigations in an outcrop. The Posiva/TERO56 drill hole 

tool was used for in situ measurements in four 20 m deep boreholes KFM90C, D, E and 

F located within very short distances of each other (less than 2.3 m). Measurements 

were done at depths of 10-18 m.  

The measurement principle of the TERO56 logging device is based on conduction of 

heat from a cylindrical source placed in a borehole. Temperature of the cylinder source 

is monitored during heating and cooling. The thermal parameter values are calculated 

with a least squares inversion algorithm from the temperature records. 

Measurements in Forsmark consisted typically of 6 hours heating time followed by 10 

hours cooling time, but in one measurement the heating time was reduced to 2 h 45 min 

and the cooling time to 5 hours.   

Average thermal conductivity values range from 3.37 to 3.91 W m
-1

K
-1

 with standard 

deviations between 0.01 and 0.04 W m
-1

K
-1

. The result is plausible considering for the 

quite homogeneous target geology and short distances between different experiment 

stations. Diffusivity values, however, vary much more, and averages range from 0.68 to 

2.08 · 10
-6

 m
2
s

-1
 with standard deviations ranging from 0.04 to 0.09 · 10

-6
 m

2
s

-1
.

Variations may be due to small flow effects or time-dependent trends related to thermal 

equilibration of the probe. 
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APPENDIX: TERO56 measurement intervals in Forsmark boreholes 
KMF90C - KMF90F 

Borehole: Forsmark KFM90C 

Geological borehole data from Döse and Samuelsson (2006) 

    TERO56 measurement intervals 
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Borehole: Forsmark KFM90D 

Geological borehole data from Döse and Samuelsson (2006) 

    TERO56 measurement intervals 
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Borehole: Forsmark KFM90E 

Geological borehole data from Döse and Samuelsson (2006) 

    TERO56 measurement intervals 
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Borehole: Forsmark KFM90F 

Geological borehole data from Döse and Samuelsson (2006) 

    TERO56 measurement intervals




