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Abstract

We present new heat flow values and other geothermal data in the upper crystalline crust in the immediate vicinity of the

12.4-km deep Kola super-deep borehole, NW Russia. Our results show a systematic vertical increase in geothermal gradient and

heat flow density as deep as we could measure (1.6 km). Our results confirm earlier results on vertical heat flow trends of in the

uppermost part of the Kola super-deep hole, and imply that the thermal regime is not in steady-state conductive conditions. In

an area of 3-km�5-km measurements were performed in 1–2-km deep boreholes surrounding the Kola super-deep hole and on

core samples from these holes. Temperature logs are available from 36 holes. Core data exists from 23 boreholes with a total

length of 11.5 km at a vertical resolution of 10 m. We carried out a very detailed study on thermal conductivity with regard to

anisotropy, inhomogeneity and temperature dependence. Tensor components of thermal conductivity were determined on 1375

core samples from 21 boreholes in 3400 measurements. Additionally, we measured specific heat capacity, heat generation rate,

density, porosity, and permeability on selected subsets of core samples. Heat flow from 19 boreholes varies between 31 and 45

mW m�2 with an average value of 38 mW m�2. In most boreholes the vertical heat flow profiles show a considerable variation

with depth. This is consistent with observations in the upper part of the Kola super-deep borehole. We conclude that this

variation is not caused by technical operations but reflects a natural process. It is considered to be due to a combination of

advective, structural and paleoclimatic effects. Preliminary 3-D numerical modeling of heat and flow in the study area provides

an indication of relative contributions of each of these factors: advective heat transfer turns out to have a major influence on the
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vertical variation of heat flow, although transient changes in surface temperature may also cause a significant variation.

Heterogeneity of the rocks in the study area is less important.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The Kola super-deep borehole SG-3 is located on

the northern rim of the Fennoscandian (Baltic) Shield

at 69823VN, 30836VE. It is the deepest borehole in the

world to date. Situated in the Pechenga ore district, its

distance to the Barents Sea is about 50 km (Fig. 1).

The landscape modified by Weichselian and earlier

glaciations has a mean elevation of about 150–300 m

above sea level. Its bedrock of Proterozoic and

Archaean age is covered by Quaternary glacial

deposits, typically only a few meters thick at most.

The Proterozoic rocks consist mainly of mafic and

ultramafic metavolcanic and igneous rocks, and

metasediments in a synclinal structure within the

Archaean gneiss complex. Archaean rocks are mostly

acid and intermediate gneisses and amphibolites.
Fig. 1. Location of the Kola site and digital
Available data on heat flow from the SG-3, other

deep boreholes in Russia, and from the KTB bore-

holes in Germany indicate a significant variation with

depth (Popov et al., 1998, 1999b; Clauser et al.,

1997). In this study, we observe similar variations in

shallower holes (b2 km). The vertical variation of

heat flow with depth cannot be explained by purely

steady-state heat conduction in the crust. Steady-state

conduction of heat would imply a heat flow profile

which decreases with depth according to heat gen-

eration of rocks. Earlier results from simulations

around the Kola deep hole thermal regime suggest

in particular an important influence of advective and

refractive effects (Kukkonen and Clauser, 1994). In

order to remove the remaining uncertainty, more

detailed thermal data is needed, which is presented

here. In contrast to the super-deep Kola borehole, the
topographic map of the Pechenga area.
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holes in this study can be considered as bshallowQ, but
they are deep enough to penetrate the uppermost zone

disturbed by meteoric ground water flow systems.

Thus, this data set forms an excellent base for setting

up future heat transfer models. Understanding the

factors which control the vertical heat flow variation is

essential when using thermal data to determine

temperature at great depth, the variation of the Earth’s

temperature in the historic and geologic past, and

estimate flow rates in the subsurface.
2. Measurements and results

There is data available from altogether 36 bore-

holes, 34 of which are in the vicinity of the super-deep

borehole, one is located 10 km to the north, and one

40 km to the south of SG-3 in the Allarechenskii

district. We performed measurements of borehole

temperatures in the 1–2-km deep holes and of rock

thermal properties and hydraulic permeabilities on

core samples. Twenty two temperature logs recorded

between 1960 and 1980 were re-evaluated and

digitized. The remaining 14 new logs were measured

in 1994. The holes had been diamond drilled with

diameters less than 70 mm. Most of the logs show an

increase of inclination with depth. Where inclination

data was available, the logs were corrected to true

depth. This was possible for 10 of the 14 new logs and

for 17 of the 22 old logs. Core was obtained from 23

boreholes, not only from the boreholes logged in

1994, but also from those holes logged from 1960 to

1980. Table 1 summarizes the available data on all

considered boreholes.

2.1. Thermal conductivity of the rocks

We performed a very detailed study on thermal

conductivity with respect to anisotropy, inhomogene-

ity and temperature dependence. This variation was

studied on cores of 21 boreholes at a depth interval of

10 m.

Tensor components of thermal conductivity were

determined on 1375 core samples from 21 boreholes

in 3400 measurements at ambient temperature using

the optical scanning method. A detailed description

and comparison with outer methods can be found in

Popov et al. (1999c). This method is both fast and
reliable with an accuracy of F3%. For all samples

studied, the precision was 2%.

The optical scanning lines were oriented parallel

and perpendicular to foliation, bedding or stratifica-

tion on sawed flat surfaces of the core samples. The

length and the diameter of the cores varied from 6 to

15 cm and 4 to 7 cm, respectively. Measurements

were performed on dry rocks, since according to our

theoretical findings (Popov and Mandel, 1998), the

influence of water saturation can be neglected due to

porosities below 1% (see Section 2.4). The variation

of thermal conductivity was recorded on two to five

different scanning lines in each of two perpendicular

directions. Lines of black paint (thickness: 25–40 Am)

were applied on each scanning line in order to obtain

the same optical properties for all samples. The

average of the apparent thermal conductivity values

resulting from several scanning lines i were used to

calculate the thermal conductivity parallel and per-

pendicular to stratification, bedding or foliation, kpar

and kper. Thus, the coefficient of anisotropy K =kpar/

kper can be calculated. Further, an inhomogeneity

factor b =(kmax�kmin)/kave can be defined, consisting

of the maximum, minimum and average apparent

thermal conductivity of each line. This parameter b
characterizes the inhomogeneity of a rock sample,

which is useful for petrophysical and geothermal

investigations (Popov and Mandel, 1998).

As an example, Fig. 2 shows the results obtained

for borehole 1800, with respect to thermal conductiv-

ity tensor components, anisotropy coefficient K, and

thermal inhomogeneity factor b.
Using the detailed information on the tensor

components, Popov and Mandel (1998) developed

an algorithm for calculating the conductive heat flow

in anisotropic rock for various combinations of the

orientations of the principal axes of the thermal

conductivity tensor and of the temperature gradient

(see Section 2.2). An effective thermal conductivity

keff takes into account that the terrestrial heat flow

may deviate from the vertical:

keff ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2parcos

2u þ k2persin
2u

q
ð1Þ

where u is the angle of stratification or foliation. We

calculated keff for each core by determining kpar, kper
and dip angles u. Accounting for the tensor character

of thermal conductivity helps to avoid a systematic



Table 1

Overview of data on the Kola shallow boreholes

No.

  1 
  2 
  3 
  4 
  5 
  6 
  7 
  8 
  9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36

Longitude 
[° east]

30.6742 
30.25 
30.12 

30.6825 
30.6136 
30.6511 
30.6828 

30.6142 

30.5908 
30.66 
30.6422 
30.6164 

30.6281 
30.5908 
30.6511 
30.6564 
30.6461 
30.6433 

30.6322 
30.6097 
30.6319 
30.6458 
30.6522 
30.6253 

30.6197 
30.6614 
30.6278 
30.3853 
30.5411

Latitude 
[° north]

69.4186 
69.43 
69.25 

69.3992 
69.4042 
69.4072 
69.3978 

69.4008 

69.4081 
69.4031 
69.4067 
69.4128 

69.4078 
69.4039 
69.4125 
69.4128 
69.4136 
69.4036 

69.4122 
69.4114 
69.4064 
69.4067 
69.4069 
69.395 

69.4022 
69.3964 
69.3989 
69.005 
69.4872

Depth 
Range [m]

100–680 
  50–570∗

100–600∗  
100–540 
100–900 
100–490 
200–400 
300–800 
100–700∗

200–600 
100–500 
600–880 
300–450 
550–700 
100–700 
250–550 
100–500 
100–320 
400–600 
200–500 
300–450 
430–600 
300–500 

100–440∗  
100–160∗

300–1000 
300–600 
500–900 
180–300∗

200–700 
400–750 
150–330 
350–800 

100–500∗

Elevation 
[m asl]

183 
171 

350 
330 
350 
340 

345 

364 
360 
340 
324 

316 
360 
300 
297 
300 
367 

305 
327 
320 
345 
350 
370 

336 
350 
340

Gradient 
[K km-1]

  9.90 ± 0.11 
10.62 ± 0.08 
11.18 ± 0.07 
11.73 ± 0.27 
13.96 ± 0.06 
12.83 ± 0.09 
11.24 ± 0.01 
12.25 ± 0.1 
11.86 ± 0.06 
12.48 ± 0.04 
14.04 ± 0.23 
  11.5 ± 0.1 
11.84 ± 0.1 
10.47 ± 0.03 
11.17 ± 0.06 
11.71 ± 0.05 
11.38 ± 0.07 
11.31 ± 0.09 
12.87 ± 0.09 
12.24 ± 0.07 
13.55 ± 0.26 
  12.9 ± 0.12 
11.98 ± 0.15 

11.77 ± 0.02 
  9.73 ± 0.05 
11.51 ± 0.02 
10.43 ± 0.03 
11.36 ± 0.01 
12.67 ± 0.22 
11.72 ± 0.3 
10.92 ± 0.1 
12.22 ± 0.2 
  11.1 ± 0.1 

  9.61 ± 0.06 

Geol. 
profile

× 

× 
× 
× 
× 
× 
× 
× 
× 
× 
× 
× 
× 
× 
× 
× 
× 
× 
× 
× 
× 
× 

× 
× 
× 

× 
× 
× 
× 

×

Borehole

      8 
    12 
1062 
1553 
1700 
1743 
1789 
1800 
1836 
1886 
2080 
2253 
2269 
2271 
2286 
2287 
2294 
2300 
2330 
2360 
2385 
2400 
2486 
2552 
2731 
2894 
2908 
2915 
3200 
3202 
3209 
3356 
3359 
3396 
X 
KS1

Therm l Conductivity 
[W m  K-1]

3.2 ± .5 

3.2 ± .2 
3.7 ± .4 

3.5 ± .4 

3.1 ± .7 
3.4 ± .2 
3.9 ± .2 

3.6 ± .3 

2.6 ± .3 
2.8 ± .2 
2.7 ± .2 
3.0 ± .3 
3.3 ± .2 

3.4 ± .6 
3.8 ± .5 
3.1 ± .3 

3.2 ± .3 
3.4 ± .2 
3.0 ± .2 
2.9 ± .2

Heat flow 
[mW m-2]

37 ± 7 

35 ± 4 
43 ± 6 

44 ± 5 

36 ± 7 
42 ± 5 
41 ± 3 

41 ± 6 

33 ± 5 
34 ± 5 
36 ± 4 
38 ± 3 
40 ± 4 

39 ± 6 
39 ± 5 
35 ± 3 

38 ± 4 
38 ± 4 
37 ± 3 
32 ± 4

To 
[°C]

4.4 
4.12 
0.77 
0.28 

1.09 
0.33 
0.95 
1.1 
0.9 
1.64 
0.3 
0.1 
1.28 
1.05 
0.33 
1.28 
0.81 

0.48 
0.53 

0.23 

0.89 
1.72 
0.56 
0.46 
1.03 
1.7 
1.1 
1 
0.95 
2.7 

3.6

—0.14 

—0.11 

—0.3

Grey/white: logged in/prior to 1994.      
*no inclination available.
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Fig. 2. Results of measurements on rock samples from shallow drill hole 1800. Left: Tensor components of thermal conductivity parallel and

perpendicular to bedding or foliation. Right: Coefficient b of inhomogeneity and coefficient K of anisotropy.

Fig. 3. (a) Statistics of measurements on rock samples from 22 shallow drill holes and the Kola super-deep borehole SG-3. Left: Effective

thermal conductivity: Symbols indicate mean values, thin error bars with end ticks the range between minimum and maximum values, and thick

error bars the RMS range. Right: Number of samples used to determine the mean values shown on the left panel. (b) Statistics of measurements

on rock samples from 22 shallow drill holes around the Kola super-deep borehole SG-3. Left: Tensor components of thermal conductivity

parallel and perpendicular to bedding and foliation: Symbols indicate mean values, thin error bars with end ticks the range between minimum

and maximum values, and thick error bars the RMS range. Right: Coefficient b of inhomogeneity and coefficient K of anisotropy.
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Fig. 4. Microscopic image of thin section of chlorite with a high

degree of thermal anisotropy: the component parallel to the bedding

structure is smaller than the perpendicular component.
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error of up to 13%, which would appear at typical

values of rocks in the Kola region with anisotropy

coefficients of 1.5 and dip angles of 458.
Thermal conductivity k was determined for all

existing lithologies in the study area. Fig. 3 summarizes

the results of all measurements in terms of thermal

conductivity k, anisotropy coefficient K and thermal

inhomogeneity factor b for the rock types studied,

while Fig. 3a contains also data from the SG-3

borehole. The lithologies in Fig. 3 were characterized

by Russian researchers on samples from both the super-

deep hole and the shallow holes. However, in this

study, we determined main lithologic units from the

samples of the shallow holes which were at our

disposal, using thin sections and X-ray fluorescence

analyses. Therefore, our classification differs some-

what from the older one (see below and Section 2.4).

For most boreholes, the effective thermal conduc-

tivity keff varies from 2 to 5 W m�1 K�1 (Fig. 3a).

There are considerable local variations in keff and K as

well as trends along the boreholes. Thus, obtaining a

great number of measurements of the tensor compo-

nents of the thermal conductivity is crucial in order to

achieve reliable data for calculating heat flow and its

vertical variation.

The principal components kpar and kper of the

thermal conductivity tensor all fall within the range

1.7–6.3 W m�1 K�1. 40% of the studied cores show a

significant degree of anisotropy (1.0VKV2.0). Fig.
3b illustrates that in most cases the thermal con-

ductivity tensor component parallel the macroscopic

foliation (or bedding) kpar was larger than the

perpendicular component kper. In those cases which

show opposite behavior, we studied thin sections of

12 samples from different depth intervals. The result

is shown in Fig. 4: Sheets of mica and chlorite of great

anisotropy are oriented at an oblique or normal angle

to the foliation and bedding plane. This can be

attributed to a younger foliation developed later than

the main (macroscopically observable) bedding or

foliation. With this additional information, we could

determine the real directions of the principal axes of

thermal conductivity.

No cores were available from the ore-bearing

sections. Thermal conductivity of ore could only be

studied on a small collection of rock samples in a

preliminary way. In order to obtain more reliable data,

we performed measurements on ore samples from
other ore deposits, which were similar in genesis and

mineralogic composition to the strata dealt with in this

project (Romushkevich and Popov, 1998). Thermal

conductivity values of these samples vary from 3.7 to

9.8 W m�1 K�1. The massive and mottled ores of

pyrrhotite–pentlandite–chalcopyrite composition are

characterized by a high thermal conductivity. Rela-

tively low values are typical of disseminated ore.

Thermal conductivity of mineralized phyllite (little

veins and disseminations) is 3.2 W m�1 K�1.

2.1.1. Temperature dependence of thermal conductivity

The variation of thermal conductivity with temper-

ature was determined on a small subset of rock

samples up to 100 8C using the divided bar method.

This temperature range was chosen with respect to

future modeling, allowing to determine thermal

conductivity down to about 8–9 km (see Section



Table 2

Coefficients for determining the variation of thermal conductivity

with temperature as in Eq. (2)

Borehole Depth Coefficients

m a�104 (W�1 m) b�101 (W�1 m K)

1553 317 0.718463 3.863014

3200 612 1.029461 3.001504

3200 905 0.8791 2.709893

3200 1164 2.030282 2.470183

3200 1222 1.354836 3.27906

3200 1325 1.131005 2.956288

3396 320 1.580787 3.022084

3396 600 1.46958 3.647177

3396 1240 1.293651 3.560495
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2.2). Thermal conductivity varies inversely with

temperature up to several 100 8C, since lattice

vibrations provide the dominating energy transport

process (Beck, 1988). Thus it can be written:

k Tð Þ ¼ 1

aT þ b
; ð2Þ

where T is in 8C. The measurement results were fitted

to this function by determining the coefficients a and

b for samples of nine boreholes including different

lithologic units (Table 2). The general uncertainty of

divided bar measurements is F3%, which is marked

by error bars on the data points in Fig. 5. It shows an
20 60 100 140

T

3.2

3.4

3.6

3.8

4.0

4.2

λ 
(W

 m
-1

 K
-1

)

Fig. 5. Variation of thermal conductivity with temperature T for a sample

borehole 3200. Error bars indicate the accuracy of the measurement of F
example for a serpentinite sample with tuff interca-

lated layers. Fig. 6 shows k(T) for the seven main

lithologic units, which we determined in this study. As

Lubimova et al. (1985) and Popov et al. (1999b), we

conclude that the total correction for temperature can

be neglected for depths of up to 2000 m and thus for

this study. However, if any corrections were applied,

they would be in the temperature range below 20 8C
as the average annual surface temperature at the SG-3

site is 0.5–1 8C and the average temperature gradient

is about 11 K km�1 (see Section 2.2). Our laboratory

measurements were carried out at about 20 8C, and
thus the resulting correction would be positive.

However, applying Eq. (2) to a sample from borehole

3200, we found that the change in thermal conduc-

tivity due to temperature differences in that range is

smaller than F3%, the accuracy of the optical

scanning and divided bar apparatus.

2.2. Temperature gradient

In the period from 1960 to 1980, Russian research-

ers recorded a considerable number of temperature

logs. As these records are available as paper plots only,

their reliability and degree of disturbance can only be

estimated by visual inspection. These single-point

measurements at a 5–10-m interval turned out to be
180 220 260 300

 (oC)

borehole 3200
depth of sample 1164 m
serpentinite with tuff intercalations

of serpentinite with tuff intercalations from a depth of 1164 m in

3%.
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sediments
tuff
pyroxenite
gabbro-diabase
gneiss
amphibolite

Fig. 6. Variation of thermal conductivity with temperature T for all existing lithologies in the study area. Error bars and data points are omitted in

favour of better viewing.
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of generally good quality. We selected 22 of the

available logs in the Pechenga area, which seemed to

be least disturbed. They had to be digitized, as they

existed only as paper logs. Some logs had been

originally corrected for inclination, however only at

very long depth intervals. With the available data we

applied the correction at an interval of 5 m in greater

detail. The maximum deviation between the boldQ and
bnewQ corrections was amounted to as much as 40 m in
0 5 10
-1800

-1600

-1400

-1200

-1000

-800

-600

-400

-200

0

relativ

D
ep

th
 (

m
) 29

* not corrected for inclination

Fig. 7. 14 temperature logs recorded in the summer of
a few cases. The total maximum depth correction for a

1400-m borehole is more than 100 m. For four

boreholes, there is no data on inclination.

In 1994 we recorded new temperature logs in 14

boreholes in the Kola region (Fig. 7). The holes were

all in thermal equilibrium as they had been at rest for

several years. Measurements were continuous logs

and point measurements with Analog Device AD 590

chip probes at a resolution of F10 mK and an
15 20 25

e T(˚C)

1789

2271 2908

3200

15

3209

3356

3359

3396

2731*

X*

3202*

2552
2894*

1994. Logs are offset by 3 K for easier viewing.
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accuracy of F100 mK. Ten of these logs could be

corrected for inclination.

The vertical component of the temperature gradient

BT/Bz was first determined from finite differences,

and then smoothed by a moving average. This

removes the high-frequency scatter introduced by

the finite differences which is caused by the high

resolutions in depth and temperature of 0.03 m and 10

mK, respectively. When measuring temperature at

points 1 m apart at a temperature gradient of about 10

K km�1, the resolution of the borehole thermometer is

reached. Therefore, the temperature gradient was

calculated at 5-m interval by applying a distance

weighted moving average over an interval of F50 m.

The mean temperature gradient of the study area is

about 11 K km�1. This rather low regional average of

the temperature gradient is due to great age (over 2000

Ma) of the bedrock in the area.

In order to determine mean heat flow for each

borehole, a constant temperature gradient was calcu-

lated over an interval by linear regression of the

temperature log. Each depth range was selected with

respect to the quality of the temperature log and

negligible influences from surface, structural, or

advective effects. To this end we calculated reduced
-2 0 2 4 6
-1800

-1600

-1400

-1200

-1000

-800

-600

-400

-200

0

rel. reduced te

D
ep

th
 (

m
)

1789 335

3209

3200

2915

29082271

Fig. 8. Reduced temperature profiles calculated for the 14 temperature log

temperature gradient of 11 K km�1. Logs are offset by 1 K.
temperature logs assuming a constant surface temper-

ature of 1 K and a vertical temperature gradient of 11 K

km�1. Fig. 8 shows the reduced temperature logs

recorded in 1994, offset from each other by 1 K for

better viewing. Table 1 lists the results for all boreholes.

2.3. Heat flow

The vertical variations of heat flow were deter-

mined–except for borehole 1789–by combining tem-

perature gradient and thermal conductivity for depth

intervals of 5 m in each well. Thermal conductivity is

usually not available at an equidistant interval. We

used a moving harmonic average to interpolate

equidistant data. Because there is no thermal con-

ductivity for borehole 1789, mean thermal conductiv-

ity values were used according to the major

lithologies. As described in Section 2.1, we used an

effective thermal conductivity to calculate the mod-

ulus of heat flow in an anisotropic rock according to

qi ¼ keff ;i
DTi

Dzi
ð3Þ

The subscript i indicates a particular depth accord-

ing to the equidistant increment Dz. We prepared
8 10 12 14 16

mperature (˚C)

2552
2894

3202

X

3396

3359
6

2731

s of Fig. 7 for a constant surface temperature of 1 K and a vertical
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composite logs for 19 boreholes showing temper-

ature gradient, thermal conductivity and heat flow

density. As an example, Fig. 9 shows the results of

borehole 2400. The vertical grey bar in the heat

flow graph indicates the depth range over which a

single value of heat flow was determined. As de-

scribed in Section 2.2, for each borehole we chose a

different depth interval where the temperature log

was least disturbed. Additionally, the vertical varia-

tion of heat flow is also used for defining this depth

interval, because sharp changes in thermal conduc-

tivity must be avoided. We apply three methods to

calculate heat flow density, the QBullard methodQ and
two different binterval methodsQ, using a different

way to determine the temperature gradients (results

and data: see Table 1):

(1) Assuming steady-state and conductive heat flow

with negligible heat sources and sinks, the

variation of temperature T(z) with depth can

be expressed by (Bullard, 1939)

T zð Þ ¼ T0 � q0
Xn
i¼0

Dzi=kið Þ ð4Þ

The sum
P

(Dzi/ki) is often called the thermal

depth, while the ratio Dzi/ki is often called
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Fig. 9. Composite log for borehole 3200. Left: Temperature gradient. M
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thermal resistance. The partial derivative in

Eq. (3) is replaced by a finite difference over
 m-1K-

iddle: th

and me
the particular depth range. Values for ki are

interpolated thermal conductivities measure-

ments at intervals corresponding to zi. The cons-

tant surface heat flow q0 and the surface

temperature T0 can be determined from linear

regression.
(2) The vertical variations of the temperature

gradient and the thermal conductivity obtained

for each hole (left and middle panel in Fig. 9,

solid lines) were arithmetically averaged over

the same depth range and multiplied. Here the

error is the root-mean-square.

(3) The interval method uses the temperature

gradient values determined by linear regression

over the depth range in question:

T zð Þ ¼ T0 þ mT ð5Þ

The parameter m, the slope or gradient, is

shown in Table 1, the associated error results

from the standard deviation of the slope in the

least square fit. Since values for the ground

surface temperature obtained by the Bullard

method do not differ much from this method,
 -1200
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 -800

 -600
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5
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ermal conductivity measurements (circles), harmonic mean

an value over a depth range (vertical grey bar).
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T0 from Eq. (5) is shown in Table 1 for each
69°

69°
borehole. The mean thermal conductivity is the

harmonic mean of the individual values within

the regarded depth range. The error in heat flow

is determined by propagation of the errors in

thermal conductivity and temperature gradient.
The difference between the three different methods
amounts to 2 mW m�2 at maximum, well within the

error range of heat flow (see Table 1). All heat flow

values fall within the range from 31–45 mW m�2 with

an average of 38 mW m�2.

Fig. 10 shows the distribution of boreholes in the

study area with heat flow of those, where all necessary

data were available. Other boreholes are marked with

a triangle.

According to the quality classification of Sass et al.

(1971) on heat flow, where a comparable geological

province is considered, our data are of highest quality:

temperature logs are far deeper than the zone where
30°36'00"

30°36'00"

25'

24'

30

10 2

30°37'30"

30°37'30"

Fig. 10. Locations (GPS measurements) and heat flow of borehole
hydrological surface perturbations occur and the

required amount of core samples is available on

which thermal conductivity was determined.

2.4. Other petrophysical data

Other petrophysical properties were determined on

various subsets of 55 core samples from 16 boreholes.

These samples represent the seven main lithologic

units of our study area, which we have determined as

described above: gneiss, ultramafitites/ultrabasites

(pyroxenite), sediments (clay and sandstones), basic

magmatic rocks (gabbro diabase), volcanic rocks (tuff,

tuffites), picrite and amphibolites.

2.4.1. Density

Water saturated bulk density qB (including pore

space) and rock density q0 (without pore space) were

measured on 25 samples (Fig. 11), representing all

seven main rock types. Sample mass was measured
Heat flow [mW/m2]
32 - 36
37 - 41
42 - 45

Other boreholes

69°25'

69°24'

30°39'00"

°39'00"

3 4  Kilometers

30°40'30"

30°40'30"

s in the investigation area. Topography is taken from Fig. 1.
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with a laboratory scales and sample volume with a

helium pycnometer for determining rock density. The

accuracy of this method is F0.06%. In order to obtain
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Fig. 12. Variation of permeability with pressure and depth for samples from

of rock samples from different depths.
bulk density, a displacement technique was applied,

which uses a fine powder to determine total volume.

This method has an accuracy of F1.1%.
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borehole 3396. The logarithmic functions describe the permeability



Table 3

Coefficients for determining the variation of the specific heat

capacity with temperature as in Eq. (7)

Borehole Depth Coefficients

m A0�10�2

(J kg�1 K�1)

A1

(J kg�1 K�2)

A2�103

(J kg�1 K�3)

1553 317 7.520180 1.650945 �1.357342

1553 320 7.120666 1.786313 �2.470046

1800 275 7.590378 1.975168 �2.676416

1800 365 7.452511 1.967644 �2.647884

1800 700 7.375681 1.833149 �2.534916

1800 1400 7.245889 1.826730 �2.940439

2330 690.5 8.830750 2.114833 �1.783262

2400 525 8.291508 2.115551 �2.958481

2908 890 8.386283 2.151078 �3.034243

3200 50 7.498450 1.860134 �2.466062

3200 275 7.323982 1.765899 �2.186144

3200 612 7.481398 1.914405 �2.692626

3200 905 7.428959 1.797086 �2.074013

3200 1164 7.909242 1.593058 0.351539

3200 1222 7.115795 1.688542 �2.146826

3200 1325 7.399932 1.922782 �3.015488

3200 1338 7.305665 1.812803 �2.614754

3200 1610 7.359384 1.874811 �3.046062

3200 1692 7.285593 1.831437 �2.936363

3396 40 7.228351 1.687852 �1.174115

3396 310 7.163750 1.843125 �2.858262

3396 320 7.143602 1.918571 �3.279458

3396 590 7.309378 1.876143 �3.177099

3396 600 7.130334 1.808657 �2.610078

3396 1210 7.212732 1.854834 �2.725151

3396 1240 7.155693 1.955669 �4.222447
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2.4.2. Porosity

Porosity U was determined from both bulk and

rock density according to

U ¼ 1� q0

qB

: ð6Þ

In view of the small differences between both

densities, it is evident that porosity is very small. Fig.

11 shows the results.

2.4.3. Permeability

The variation of permeability as a function of

pressure was measured using a transient gradient

method in an autoclave. Roughly 50 rock samples

were studied, which again represent the main rock

types. The confining pressure can reach 300 MPa, but

to simulate in situ situations of the Kola core samples,

80 MPa is sufficient. For borehole 3396, the perme-

ability for the lithologic gneiss unit was measured in

terms of depth and thus pressure. Only for this rock

type and for gabbro, we observed a significant variation

of permeability with pressure. All other samples have

very low permeability, with values near the detection

limit of 10�21 m2 of the apparatus.

The near-surface gneiss samples of borehole 3396

show less pressure dependence than those from

greater depth. This depends on lithology and texture,

because the shallow gneiss is colored by dark mica

and clearly textured, while the deeper gneiss is bright,

hardly textured and inhomogeneous in grain size

distribution. Additionally, this gneiss shows visible

fissures which had been colored red by circulating

waters. Hence, both types of gneiss behave differently

in terms of crack closure due to pressure. The

variation of permeability k with pressure can be

represented by two different exponential functions

(Fig. 12): ln(k)=�0.5 ln( p)+3 for the samples with

little variation with pressure (40 and 590 m depth) and

ln(k)=�1.7 ln( p)+6 for those with a significant

pressure dependence (680, 780, 1210 m).

2.4.4. Specific heat capacity

With regard to future modeling, we determined the

temperature dependence of isobaric specific heat

capacity cP on 26 rock samples from 7 boreholes

over a temperature range of 1–1008. For these

measurements, a dynamic heat flow difference calo-

rimeter was used. Data was recorded every 100 mK at
a heating rate of 200 mK min�1. The accuracy of this

method isF1%. The specific heat capacity is fitted by

a polynomial of second order:

cP ¼
X2
i¼0

AiT
i ð7Þ

The coefficient Ai is listed in Table 3 for all samples.

Fig. 13 shows the results at ambient temperature for

all rock types (left) as well as the number of the

samples (right). Fig. 14 illustrates the variation with

temperature of thermal capacity, the product of

density and specific heat capacity. Continuous lines

are drawn and error bars are omitted, since the number

of data points is very large.

2.4.5. Thermal diffusivity

Transient heat transport is governed by thermal

diffusivities. Therefore it is of particular importance
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for the propagation of temperature variations such as

those at the Earth’s surface due to paleoclimatic

changes. It is a function of thermal conductivity,

density and specific heat capacity:

j ¼ k
qcP

: ð8Þ

Its temperature dependence is rather significant;

the reason is the opposite behavior of thermal

conductivity and heat capacity with respect to temper-
sediments
tuff
pyroxenite
gabbro-diabase
picrite
greiss
amphibolite

1.8
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Fig. 14. The variation of thermal capacity with temperature. Error
ature. Between 1 and 100 8C thermal conductivity

decreases by 4–7%, while thermal diffusivity

decreases by 18–22%. Fig. 15 shows the variation

of thermal diffusivity with thermal conductivity at

ambient temperature, the latter measured by the

optical scanning method. Data points are fitted by

linear regression, including the origin:

j ¼ k
qcP

¼ 0:44� 10�6k ¼ k

2:3� 106
: ð9Þ
60 80 100

(oC)

bars and data points are omitted in favour of better viewing.
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Because of the self-compensating factors, the

volumetric heat capacity qcP varies within 20% of

2.3�106 J m�3 K�1 for the great majority of minerals

and impervious rocks (Beck, 1988). In Fig. 16, the j–
k distribution is plotted at different temperatures (k
from the divided bar measurements) up to 100 8C. The
reciprocal slope qcP of each of these linear regressions
yields another linear relationship (Fig. 17), which

allows to determine thermal diffusivity at any temper-
2.5 3.0

λ (W m

1.0

1.5

2.0

κ 
(1

0-
6  

m
2  

s-
1 )

κ(T) = (1 / (ρ* cP)) * λ(T)

= (1 / (0.0044*T + 2.134)) * λ(T)

2.0

Fig. 16. Thermal diffusivity versus thermal
ature, only based on the known temperature depend-

ence of thermal conductivity:

j Tð Þ ¼ f k Tð Þð Þ ¼ k Tð Þ 0:0044T þ 2:134ð Þ�1: ð10Þ

A similar relationship was developed by Vosteen

and Schellschmidt (2003) for rock samples from

Eastern Alpine crystalline rocks. A more detailed
4.03.5 4.5

-1 K-1)

T=   20oC, ρ * cP = 2.22 * 106

T=   40oC, ρ * cP = 2.31 * 106

T=   60oC, ρ * cP = 2.40 * 106

T=   80oC, ρ * cP = 2.49 * 106

T= 100oC, ρ * cP = 2.57 * 106

conductivity at different temperatures.
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comparison between independent rock samples from

Kola and Alpine region regarding the thermal proper-

ties of thermal conductivity and diffusivity will be

reported separately.
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Almost all boreholes show a vertical increase with depth, which is accen

20 mW m�2.
2.4.6. Heat generation rate

The radiogenic heat generation rate in rocks

depends on the abundances of the elements Uranium,

Thorium and Potassium. Only these naturally radio-

active isotopes contribute appreciably to heat gener-

ation. According to Rybach (1988), heat generation A

is:

A ¼ 10�5q 9:52cU þ 2:56cTh þ 3:48cKð Þ lW m�3
� �

ð11Þ

Here, cU, cTh and cK are abundances uranium,

thorium (weight ppm) and potassium (wt.%). They

were determined by X-ray fluorescence analysis. Here

as well, the samples were selected with respect to the

main units. Fig. 13 (middle) shows the results. The

vertical line marks the threshold of this method, which

is 1.12 AWm�3. When modeling the thermal behavior

of the crust, this rather high limit leaves appreciable
00 1200 1400 1600 1800 2000

 (m)

SG – 3

50 mW m-2

numbers) and for the super-deep borehole (SG-3) to a depth of 2 km.

tuated by a linear regression (grey line). Each profile is shifted by
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uncertainty. Future measurements will supplement the

present data set with values at higher resolution.
3. Discussion

Earlier heat flow measurements in 10 boreholes in

the surrounding of the super-deep Kola borehole

yielded heat flow values from 28–41 mW m�2 with

an average of 36 mW m�2 (Arshavskaya et al., 1987).
Table 4

Results of thermal conductivity measurements for shallow boreholes and

Shallow boreholes

Rock keff kpar kpe

(W m�1 K�1) (W m�1 K�1) (W

Average Average Ave

min–max min–max min

RMS RMS RM

N

Diabase (effusive) 2.97 3.28 2.95

2.05–4.41 2.56–4.30 2.25

0.44 0.41 0.4

162

Tuff, Tuffite 3.44 3.83 3.12

2.36–5.47 2.75–5.54 2.25

0.61 0.67 0.55

141

Rhythmic layered

sandstone,

siltstone,

phyllite

3.63

1.29–7.11 3.77 3.15

0.67 2.64–6.27 1.90

555 0.55 0.53

Nickel-bearing

intrusion gabbro,

pyroxene, peridot

2.93 2.88 2.62

2.12–6.07 2.20–3.88 2.13

0.58 0.4 0.35

246

Gabbro-diabase

(intrusion)

3.01 3.45 3.01

2.26–6.41 2.79–4.13 2.49

0.47 0.43 0.39

187

Actinolite diabase 3.35 3.45 3.13

2.78–4.30 – –

0.44 –

18

Gneiss 2.94 2.99 2.62

1.82–5.55 2.17–3.70 1.79

0.58 0.34 0.33

42

Amphibolite 2.52 2.88 2.42

1.79–3.44 2.55–3.43 1.71

0.41 0.23 0.4

16

N is the number of samples studied.
Our study confirms these findings. However, no

vertical variation of heat flow was reported at this time.

3.1. The vertical variation of heat flow

Almost all boreholes show a significant increase of

heat flow with depth. Although no borehole is deeper

than 2 km, there is a significant trend below the depth

of 10–20 m where annual temperature oscillations

diminish. In Fig. 18, heat flow logs of all boreholes
the Kola super-deep borehole

SG-3 borehole

r b K keff

m�1 K�1)

rage Average Average Average

–max min–max min–max RMS

S RMS N N

0.09 1.02 2.96

–4.20 0.01–0.74 1.00–1.37 0.32

0.1 0.05 601

0.12 1.1 3.04

–5.28 0.01–0.55 1.00–1.69 0.27

0.09 0.15 176

0.13 1.12 3.67

–5.77 0.01–0.83 1.00–2.01 0.22

0.1 0.17 438

0.09 1.01 2.74

–3.53 0.01–0.59 1.00–1.35 0.24

0.08 0.04 174

0.08 1.02 3.1

–3.88 0.01–0.55 1.00–1.50 0.25

0.08 0.06 481

0.08 1.01 3.29

0.01–0.29 1.00–1.11 0.33

0.09 0.02 1432

0.14 1.07 2.46

–3.16 0.05–0.34 1.00–1.27 0.38

0.06 0.09 1364

0.13 1.19 2.39

–3.46 0.04–0.42 1.00–1.53 0.32

0.09 0.14 1133
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are shown, as well as data from the super-deep

borehole SG-3, adapted from Popov et al. (1999b).

Since our data characterize the variation of temper-

ature, thermal conductivity and its anisotropy with

depth exceptionally well for our study area, a realistic

3-D numerical model can be set up for future analysis.

3.2. Comparison with thermal data from the Kola

super deep borehole

Additional information was obtained by compar-

ison of our new data from shallow boreholes and data

from the Kola super-deep borehole SG-3 (Popov et

al., 1999b). We compared the thermal properties of

rocks studied with those of cores from SG-3, which

had been studied previously (Popov et al., 1999a).

The thermal conductivity of rocks from the Pechenga

ore field ranges from 1.3 to 7.3 W m�1 K�1. This is

almost the same range as in rocks from the SG-3

borehole (1.2–7.3 W m�1 K�1). From this we

conclude that complicated technological procedure

of drilling the SG-3 borehole did not influence

significantly core properties, with the exception of

some depth intervals that will be discussed below. We

observe equal average thermal conductivity in both
SG-3

Y (km)

D
epth (km

)
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15

0 0

0
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Fig. 19. 3D Model of the Kola area. Numbers indicate th
data sets for diabase, intercalated sandstone, siltstone,

and phyllite. The mean values for unaltered and

actinolite diabases are very similar for both data sets

as well. The large thermal conductivity for the nickel-

bearing intrusions in the Pechenga ore field compared

to rocks from the SG-3 borehole is caused by their

enrichment in sulfides.

Table 4 and Fig. 3a indicate that the thermal

conductivity of gneiss and amphibolite in the Archean

complex from the shallow wells is larger by about

20% compared to previous measurements on samples

from the SG-3 borehole below 6800 m. We believe

this systematic difference is due to the decompression

and mechanical wear experienced by the cores from

the SG-3 borehole.

The temperature logs obtained in the Kola super-

deep well SG-3 after 4 years of continuous shut-in

time in 1998 (Popov et al., 1999b) were compared

with temperature gradient values presented here. All

temperature gradient data scatter around a general

mean of 11F5 mK m�1. This is in good agreement

with the variation of the temperature gradient from 11

to 16 mK m�1 observed in the top 2 km of the SG-3

borehole. The important conclusion is that the

significant increase with depth in heat flow from
X (km)
20

40

60

e different lithological units described in Table. 5.



Table 6

Properties and boundary conditions of the 3-D model

Parameter Value

Mesh size; resolution 116 m�35 m�100 m;

512 m�512 m�100 m

Basal heat flow q 40 mW m�2

Thermal conductivity f (T)

Thermal capacity f (T)

Geological units 7

Thermal boundary conditions On the surface: constant T,

bottom: constant q

Hydraulic boundary conditions On the surface: constant head,

else: constant flow

The variation of thermal conductivity and capacity with temperature

of the different rock types is taken from this study.
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34–36 mW m�2 to 55–58 mW m�2 in the top 2 km of

the SG-3 hole (see Fig. 18) are not caused by technical

operations in the hole but reflect a natural process,

most probably either lateral steady-state heat transfer

due to anisotropy and inhomogeneity, fluid flow,

paleoclimate, or a combination of all.

3.3. Advection, heterogeneity and paleoclimate:

preliminary 3D-simulations

In order to study and quantify the effects respon-

sible for the vertical variation in heat flow, it is

necessary to perform 3-D numerical simulations of

heat transport and fluid flow. As a follow-up and

extension of previous work in Kukkonen and Clauser

(1994), we set up a regional 3-D model aligned along

the direction of the synclinal structure, extending from

some distance south-west of the super-deep borehole

(the local water divide) to the north-east towards the

Barents Sea (Fig. 19). Its dimensions are 20 km�60

km�15 km. Fig. 19 shows the location of the model

area, its size, as well as the seven main lithogical

units. Their main thermal and physical properties are

listed in Table 5. We use the 3-D FD code SHEMAT

(Clauser, 2003) for the numerical simulation of heat

and mass flow. Additionally, because of the northern

location of the study area, latent heat effects due to

freezing and thawing of subsurface fluids were

implemented in the code. Table 6 summarizes some

properties of the numerical model. On the surface a

mean annual temperature is assumed, which varies

adiabatically with topography from about 1–4 8C. Due
to the prevailing uniform precipitation (500–700 mm

per year), the hydraulic head is identified with

elevation. In Fig. 19, the structure on the model’s

surface reflects the topography of the area.
Table 5

Thermal and physical parameters of the 3D model

Rock Code k (W m�1 K�1)

Basic magmatic rocks 1 3.0F0.4

Metasedimentary rocks 2 3.3F0.8

Volcanic rocks 3 3.4F0.7

Diabase 4 3.0F0.6

Gneiss 1 5 2.9F0.5

Gneiss 2 6 2.6F0.4

Gneiss/Granitoid 7 2.9F0.5

Data taken from Kukkonen and Clauser (1994), Popov et al. (1999b) and
These simulations are a topic of ongoing research,

first results from steady-state and preliminary transient

simulations can be presented to date.

3.3.1. Advection and heterogeneity: steady-state

simulations

Fig. 20 shows a comparison of the simulated steady-

state temperature and heat flow-depth profile with exis-

ting data from the super-deep borehole SG-3 (Popov et

al., 1999b; Borevsky et al., 1995). Since the resolution

of the temperature in the upper 2 km from data in Popov

et al. (1999b) is not sufficient, the inset illustrates the

good agreement of the model’s output with data

presented in this study, a temperature log of borehole

3200, located less than 1 km away from the SG-3.

The more recent heat flow data are systematically

higher. This trend is confirmed by our calculations,

especially in the upper 5 km. Down to a depth of 4 km,

the purely conductive model deviates significantly

from the data. The increase of heat flow is about 30

mW m�2 within this depth range, which cannot be

explained by a purely conductive model. This implies a
A (A W m�3) qcp (MJ m�3 K�1) / (–)

0.67 2.06 0.007

0.26 2.06 0.001

0.4 2.06 0.02

0.56 2.06 0.018

1.4 2.06 0.01

1.47 2.06 0.008

0.6 2.06 0.01

this study.
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strong dependence on permeability. However, since

information on permeability in the study area is sparse,

a simplified, horizontally layered model for perme-

ability is applied, according to Borevsky et al. (1987),

and from information obtained during the field

campaign in 1994 (Clauser et al., 1999). Permeability

generally decreases with depth, from about 10�15 m2 in

the upper 2 km to 10�21 m2 at the lower boundary of

the model. The sharp increase in heat flow at a depth of

about 4.8 km results from a few measured high values

of thermal conductivity. In the model the average

conductivity of the corresponding unit 3, however, is

considerably lower, although it includes these few high

values (see Fig. 19). Thus, this peak cannot be

reproduced by the model. In the deeper part of the
SG-3 (from 5 km on), the simulated heat flow is

systematically lower. This deviation is most probable

due to some uncertainty regarding the pressure depend-

ence of thermal conductivity, which is accounted for in

the data from Popov et al. (1999b), but not yet in the

model. In contrast to the decrease of thermal con-

ductivity with temperature, there is an increase with

pressure, which can be in the order of 20% (Clauser

and Huenges, 1995). This aspect requires more

sensitivity studies in order to find a suitable relation

between thermal conductivity and pressure.

To illustrate the influence of varying thermal

conductivity, Fig. 20 also shows how results differ

when thermal conductivity is kept either constant or

when it varies within the standard deviation. This
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variation only yields a difference of a few mW m�2 in

heat flow, decreasing with depth. Results of steady-

state simulations imply that heterogeneity is less

important and advection is the main reason for the

increase of heat flow with depth in the upper 4 km.

3.3.2. Paleoclimate: transient and inverse simulations

For simulating the transient behavior of the subsur-

face thermal regime by forward calculations, a very

simple boxcar model is applied representing the

temperature change from the Late Pleistocene to the

Holocene in two different magnitudes (see inset in Fig.

21). At 80 ky BP, the temperature drops from 1 8C to

�8 8C and �4 8C, respectively, and rises again to the

initial value at 15 ky BP. The first case, the rather large

step, is likely to be an exaggeration and therefore yields
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Right: Variation of heat flow (vertical component) in the SG-3 with dep
an upper limit of the paleoclimatic effect. The initial

condition for this transient modeling is provided by the

steady-state model (see above). As illustrated in Fig.

21, two different scenarios are considered: The purely

conductive model satisfies the data worst, although the

trend in the upper 2.5 km–the increase in heat flow–is

indicated, while it is not reproduced at all by purely

steady-state calculations. For the case of the smaller

temperature change (DT=5 K), the effect becomes

obviously smaller. As expected, the coupled model

(heat and flow transport) explains the increase in heat

flow much better. For comparison, the results of the

steady-state coupled model are plotted together with

the transient simulation. The latter one shows a slightly

larger increase in heat flow, satisfying the data just

below 2 km depth better. Again, there is a deviation
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Heat flow (mW m-2)
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between data and the model below 5 km, where

paleoclimatic disturbances diminish. This may be an

indication that the variation of thermal conductivity

with pressure is not adequately accounted for.

In order to find a better constraint for the mag-

nitude of the temperature increase from the Pleisto-

cene to the Holocene, we performed first joint

inversions, taking advantage of the several available

temperature logs in the shallow holes. These prelimi-

nary results imply higher temperatures during the

Pleistocene than assumed in our forward calculations,

since we obtain a temperature change in the order of 4

K to 5 K rather than 9 K. This is probably due to an

insulating effect of the ice cover, resulting in smaller

temperature changes than observed in lower latitudes,

i.e. 7–11 K in the Czech republic (Šafanda and Rajver,

2001) or southeast Germany (Clauser et al., 1997).

We conclude that the increase in heat flow can be

attributed neither totally to advection nor to paleo-

climate. Heterogeneity is less important. In the case of

the Kola super-deep borehole, the increase in heat

flow from about 30 mW m�2 to 60 mW m�2 is mainly

due to advection, because of the topographic driven

flow. This is already reproduced by steady-state

calculations. Nevertheless, purely conductive transient

simulations show that the influence of paleoclimatic

changes in surface temperatures cannot be neglected,

because they yield a variation in heat flow of roughly

up to half of the observed magnitude. However, it is

likely to be less because of the higher temperatures

during the Pleistocene. Nevertheless, regarding verti-

cal increase in heat flow with depth in other deep

boreholes, no general statement can be made. In fact,

the local conditions (topography, paleoclimate and ice

cover) determine which process predominates and

may be held responsible for this variation. This

conclusion is in agreement with the general result of

Kukkonen and Jõeleht (2003), who observe a com-

mon increase of heat flow in a compilation of a wide

data set of the Fennoscandian Shield and the East

European Platform regardless of hydrological sys-

tems. These and our findings together suggest that

both paleoclimate and heat advection can contribute to

this effect. Therefore, both effects need to be studied

in combination. In particular, this requires a detailed

study of the correlation between borehole altitudes

and the magnitude of the vertical variation in heat

flow. A first indication is provided by the vertical
profile of heat flow in borehole 3996, which is based

on a temperature log obtained during this study. It is

situated 40 km south of the super-deep borehole and

thus is not located in the elevated terrain of the

Pechenga structure (Fig. 1). Here, advection will not

be important, and, indeed, no vertical increase in heat

flow is observed (Fig. 18, uppermost profile).
4. Summary

The detailed geothermal and petrophysical meas-

urements carried out in 36 boreholes in the surround-

ing of the Kola super-deep borehole provide an

unusually large data set for determining the vertical

variation of heat flow. A total of 14 high-precision

temperature logs and the re-evaluation of 22 analogue

logs from the 1960s yield temperature gradients

varying from 5 to 20 K km�1. The thermal con-

ductivity (3400 measurements on samples from 23

boreholes) ranges within 1.3–7.1 W m�1 K�1,

featuring a significant anisotropy K =kpar /kper, which

varies from 1.0 to 2.0. Thus, the variation of heat flow

with depth could be determined at 10-m intervals,

showing a general increase with depth. The range is

overall within about 20 mW m�2–60 mW m�2. Heat

flow for each borehole averaged over a depth range of

several hundred meters varies from 31–45 mW m�2.

Our results are consistent with data from the Kola

super-deep borehole. Similar trends in heat flow at

certain depths among several boreholes indicate a

disturbance by groundwater flow.

We measured various other physical properties on

subsets of 25 to 50 of the available core samples. In

particular, thermal conductivity and capacity at

elevated temperatures provide valuable information

for modeling of the thermal regime around the Kola

super-deep borehole.We developed a general relation

between variation of thermal diffusivity with temper-

ature and thermal conductivity j = f(k(T)) which can

be applied to crustal heat transport simulations.

We performed first numerical simulations, in order

to assess the influence of paleoclimate and geological

structure. They are based on a regional 3-D model (20

km�60 km�15 km) and the data set presented in

this study. Our preliminary results reveal a major

influence of advection, sufficient to cause the vertical

increase of heat flow with depth. However, transient
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changes in surface temperature can neither be

neglected, since they can cause a significant variation

in heat flow as well. In our case this can account for

half of the vertical increase at most. Heterogeneity has

only a slight affect on heat flow in the Kola area.
5. Outlook

We will perform additional measurements on core

material in the near future, in particular with respect to

heat generation rate at an improved accuracy and

precision. Additionally, we will carry out measure-

ments with respect to sonic velocity vp and density by

gamma ray absorption. Furthermore, we hope to

obtain more geophysical data, such as sonic and

gamma-ray logs from the shallow holes.

On the base of the present and future data, it will be

possible to improve the first results of the 3-D

simulations, addressing the following problems:

(1) To what extent does advective heat transfer by

ground water flow influence the total heat

transfer?

(2) What is the effect of the spatial heterogeneity

(in lithology) and the thermophysical rock

properties on the thermal regime?

(3) To what degree is it possible to reconstruct the

paleoclimatic temperature variations on the

Earth’s surface from their signatures in the tem-

perature field of the upper crust at high latitude?

These questions require setting up a refined 3-D

model of the study area (~3 km�5 km) compared to

the regional model presented here. The remaining

uncertainty about the pressure dependence of thermal

conductivity will need to be clarified and more

detailed paleoclimatic models for transient forward

simulations need to be considered. They will be

constrained by other climate proxies and thus help to

improve single and joint 1-D inverse calculations of

the high-precision logs.
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