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Abstract

The project “Geothermal Atlas of Europe” for the first time gives a compilation of geothermal data for the whole
of Europe. Along two transcontinental profiles temperatures at different depths and heat-flow density are studied.
The geothermal field is characterized by large-scale and small-scale anomalies which are connected with the main
tectonics of Europe and possibly also with convective heat transport.

The relationship between the near-surface heat-flow density and the depth of the crust-mantle boundary is

different for the various tectonic units.

Extrapolation of temperature for greater depths should start from the deepest possible level for which the
temperature distribution is known. As the temperature at a depth of 3 km is quite well established for the most of
Europe, these data can be used as a basis for estimating the temperature—depth distribution within the Earth’s crust.

1. Introduction

The knowledge of the geothermal field in the
Earth is a key problem for understanding the
material properties and the recent or past pro-
cesses in the crust. The project “Geothermal
Atlas of Europe” (Hurtig et al., 1991) for the first
time gives a compilation of measured tempera-
ture data at different depths down to 5 km and of
the heat-flow density for the whole of Europe.
Additional maps, of the depth of the crust—-man-
tle boundary, of the thickness of the undeformed
sedimentary cover, and of the average crustal
seismic velocity, give further information for a
complex interpretation of the geothermal field.

This project continues and up-dates previous
compilations for indivual European countries and

regions as well as the mapping projects “Heat

Flow Density of Europe” (Cermak and Hurtig,

1979), “Atlas of Subsurface Temperatures in the

European Community” (Haenel, 1980), and

“Atlas of Geothermal Resources in the European

Community, Austria and Switzerland” (Haenel

and Staroste, 1988).

Three aspects will be studied:

(1) The relation between large-scale as well as
small-scale geothermal anomalies and tec-
tonic units.

(2) The relation between the heat-flow density
and the depth of the crust—mantle boundary.

(3) The downward extrapolation of temperature
and estimation of the temperature at a depth
of 10 km.

These aspects are studied for two profiles
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crossing Europe in an E-W direction, from the (1) Maps 1:5,000,000 (Sheet Europe East and
Ural to the Pyrenees, and in a N-S direction, Europe West)
from the Kola Super Deep Borehole to Tunisia. Heat-Flow Density;

Temperatures at a depth of 500, 1000, 2000,
3000 and 5000 m;

2. Data Thickness of the Undeformed Sedimentary
Cover;
The “Geothermal Atlas of Europe” gives the Depth of the Crust—Mantle Boundary;
basis for the large-scale analysis of the geother- Crustal Types of Europe;

mal field in Europe. The atlas comprises:

Average Crustal Seismic Velocity;
Geothermal Resources and Potential Areas.

Table 1

Statistics of the observed heat-flow density values (uncor-

rected) in Europe (land areas incl. North Sea) (2) Maps 1:2,500.000

Country Number Range of heat- Heat-Flow Density and Temperature at a
of data  flow density depth of 1000 m for the sheets London, War-

(mW,/m?) saw, Moscow, Madrid, Rome, Sofia, Thilisi.

Albania 3 34-55 These maps were compiled by a working group of

’gl‘:ft;‘r?a 14512 :(3):3133 the International Heat Flow Commission. Co-

Cypgms 33 S_ 45 operating countries have been Albania, Aus-

Czechoslovakia 245 21-185 tria, Belgium, Bulgaria, Cyprus, (then)

Denmark (incl. Danish 25 43— 78 Czechoslovakia, Denmark, Finland, France,

North Sea Sector) Germany (both the former West Germany and
Finland 38 13- 68 the former German Democratic Republic),
France 487 30-183
Germany 13 31-139 Greece, Hungary, Iceland, Ireland, Italy, Mo-

(former West Germany incl. rocco, Norway, Poland, Portugal, Romania,

German North Sea Sector) Spain, Sweden, Switzerland, The Netherlands,
szany G ) 435 20-135 Turkey, United Kingdom, (then) USSR, and

ormer East crmany 3
Greece 40 22-139 (then) Yugoslavia. .
Hungary 2% 82-139 The t§mperature maps were compiled on the
Iceland 73 0-324 basis of measured temperature data in bore-
Ireland 12 52— 75 holes. 8320 heat-flow density values are in-
Italy 325 11-679 cluded in the map of Heat-Flow Density. The
Morocco 123 39-117 statistics of the observed data are given in
Netherlands (incl. 464 51-128 . .

Dutch North Sea Sector) Tables 1 and 2. Flg.' 1 shows the histograms of
Norway 93 19— 63 the heat-flow density data for Europe as a
Poland 86 21- 91 whole, and for the continental as well as for
Portugal 13 61-187 the marine areas of the Black Sea, the Caspian
*S‘f”f‘a“““ 293 ;?}ﬁ Sea, the Mediterranean Sea and that part of
Sailgen P 18- 97 the Atlaptic Ocean which is included in the
Switzerland 128 18- 97 compilation.

Tunisia 78 28-200 While the observations on land have a very sharp
Turkey 227 10-205 peak in the range 55-65 mW /m?, the marine
United Kingdom 379 17-192 data show a broad distribution of the data with

(incl. North Sea Sector) . . .

USSR 2087 5_194 an inexpressive maximum between 30 and 40
(former) Yugoslavia 159 18-196 mW /m?. Despite the great amount of heat-

_ S flow density data their regional distribution is
Total 7180 0-679

not homogeneous.
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3. The geothermal field along transcontinental
profiles

From the temperature and heat-flow density
compilation the geothermal field along two
transcontinental profiles is studied. An E-W pro-
file crosses Europe from the Ural to the Pyrenees
and is connected with the envisaged project EU-
ROPROBE; the N-S profile runs more or less
parallel to the European Geotraverse (EGT) from
the Kola Super Deep Borehole to Tunisia in the
South. Fig. 2 shows the course of these profiles.

3.1. Temperature and heat-flow density

Profile Ural—Pyrenees

Fig. 3 gives the temperatures at 1, 2, 3 and 3
km, the heat-flow density, and the depth of the
crust—mantle boundary along the profile.

Going from NE to SW, the following lateral
variations are obtained:

(1) For the East European Platform low tem-
perature values are typical, and some internal
structures can be distinguished. On the other
hand, central and western Europe as well as the
West Siberian Platform are characterized by in-
creased temperature values. These large-scale
anomalies can be regarded as first-order anoma-
lies.

Table 2

Statistics of the observed heat-flow density values in marine

areas

Area Number of Range of heat
data flow density
(mW ,/m?)
Black Sea 429 5-400
Caspian Sea 111 9-209
Mediterranean Sea 367 0-822
North Atlantic 233 2-377
Total 1140 0-822

(2) A strong differentiation of the temperature
field is obtained especially for central and west-
ern Europe (second-order anomalies). Prominent
features are the North German Polish Basin, the
Upper Rhine Graben and the French Central
Massif. In the latter two structures temperature
values of more than 200°C are obtained at a
depth of 5 km, and even for the coldest parts, i.e.
the Hercynides, temperature values are ranging
between 120 and 160°C at a depth of 5 km. These
values are well established by the borehole
Oberpfalz-VB of the German Continental Deep
Drilling Programme (KTB).

(3) Quite in accordance with the temperature
field, the heat-flow density and the depth of the
Mohorovi¢i¢ discontinuity show two large-scale
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Fig. 3. Profile Pyrenees—Ural. Temperature at a depth of 1, 2, 3 and 5 km, heat-flow density and depth of the Mohorovicié
discontinuity. ALP.PY. = Pyrenees; EPP = Epipaleozoic Platform; FCM = French Central Massif; URG = Upper Rhine Graben;
NGPB = North German Polish Basin; UF = Ural Foredeep; TTZ = Teisseyre—-Tornquist Zone; HV = Hercynides, Vosges.
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anomalies: the East European Platform with low
heat-flow density values, and central as well as
western Europe with elevated to high heat-flow
values.

(4) Two narrow high HFD anomalies are ob-
tained at the so-called Teisseyre—Tornquist zone
along the southwestern margin of the East Euro-
pean Platform, and along the Upper Rhine
Graben with heat-flow density values exceeding
150 mW /m?.

It is evident that there is a broad geothermal
anomaly with high heat-flow values extending
from the western margin of the French Central
Massif to the Hercynides (the so-called
Saxothuringicum) in central Europe. In general,
there is a correlation between the depth of the
Mohorovi¢i¢ discontinuity and the heat-flow den-
sity. High HFD values correspond to a lower
crustal thickness and vice versa. Typical examples
are the Ural mountains, the East European Plat-
form as a whole, and the Upper Rhine Graben.

There are some interesting deviations from
this general behaviour:

(1) Within the East European Platform small-
scale HFD anomalies correspond to a greater
thickness of the crust.

(2) An extreme case is given for the
Teisseyre—Tornquist-Zone (TTZ). Here, the
crustal thickness amounts to 60 km and the heat-
flow density is elevated too. Even for the Central
massif there is a parallelism between crustal
thickness and heat-flow density.

These deviations might be caused by the ra-
dioactive heat generation, which in general is
higher for a thick crust in young mountain belts
and possibly by convective heat transport due to
horizontal and vertical water movement.

Profile Kola—Tunisia (EGT)

This profile runs from the Baltic Shield (Kola
superdeep borehole—Gravberg deep borehole in
Sweden) to the south, crossing the North Ger-
man-Polish basin, the epipaleozoic platform and
the Variscan belt in Central Europe (Thuringian
Forest belt, the Alps and Sardinia/ Corsica) (see
also Cermék and Bodri, 1986; Heat Flow Work-
ing Group of the EGT, 1990).

Significant anomalies are (see Fig. 4):

(1) the Alps with low temperatures;

(2) two positive temperature anomalies along
the Molasse basin north of the Alps and the
southern margin of the North-German-Polish-
Basin; and

(3) low temperature values on the Baltic Shield.

Both profiles show:

(1) Already at a depth of 3000 and 5000 m
there are very strong lateral temperature varia-
tions up to more than 80°C over a distance of
some 10 to 100 km. This has a strong impact on
petrology, metamorphism and physical behaviour
of the rock material in the Earth’s crust.

(2) The temperature—depth distribution indi-
cates that steady-state conditions cannot gener-
ally be assumed. This means that intensive stud-
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Fig. 4. Profile Tunisia—Kola Peninsula. Temperature at a depth of 1, 2, 3 and 5 km, heat-flow density and depth of the Mohorovi¢i¢
discontinuity. AP = Apennines; P-B: Po-Basin; BM = Bohemian Massif; RFH = Ringkobing—Fyn-High; S$7TZ = Sorgenfrei—
Teisseyre-Zone; MS = Mediterranean Sea.
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Fig. 5. Profile Pyrenees—Ural. Relationship between heat-flow density and depth of the Mohorovi¢i¢ discontinuity. + = East
European Platform; * = Ural and West-Siberian Platform; ® = Alpine—Variscan area.

ies are necessary for understanding the influence
of water circulation within deeper parts of the
Earth’s crust.

3.2. Relation between heat-flow density and depth
of the crust—mantle boundary

From the maps of the heat-flow density and
the depth of the crust-mantle boundary the data
were taken with a spacing of 25 and 50 km,
respectively. Fig. 5 gives the relationship along

the Pyreneces—Ural profile. Although the values
are strongly scattered there is a trend of increas-
ing heat-flow density with decreasing depth of the
crust—mantle boundary.

For the single tectonic units (Alpine—Variscan
area; East European platform) there are quite
different relations. The East European platform
is evidently characterized by an increase of the
heat-flow density with increasing thickness of the
crust. This might be explained by the increasing
heat production when the crust is thickening.
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Fig. 6. Profile Tunisia-Kola Peninsula. Relationship between heat-flow density and depth of the Mohoroviéi¢ discontinuity.
+ = Fennoscandian Shield; ® = Variscan—-Alpine-~Mediterranean area.
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For the Alpine—Variscan area there is only a
very slight trend. This means that for this area
there is practically no significant dependence of
the heat-flow density on the crustal thickness. A
similar relation is obtained for the Alpine—
Variscan area along the profile Tunisia—Kola
Peninsula (Fig. 6). The heat-flow density values
range between about 40 and more than 100
mW /m? whereas the crustal thickness is more or
less constant.

In contrast to the relationship for the East
European Platform, the heat-flow density data
from the Fennoscandian Shield are increasing
with a decreasing crustal thickness (Fig. 6, +).
The different behaviour of the data for the shield
area and the East European Platform might be
explained by lateral water movements in the shal-
low sedimentary cover of the basement of the
platform.

3.3. Temperature at a depth of 10 km

From Figs. 3 and 4 it is obvious that strong
lateral temperature variations of up to more than
150°C exist at a depth of 5 km. Even over short
distances (< 100 km) temperature variations be-
tween 60 and 80°C are obtained.

At a depth of 3 km the lowest temperature

q (mW/m?)

values of about 30°C are obtained in boreholes on
the East European Platform. Below the Upper
Rhine Graben and the French Central Massif the
temperature reaches about 150°C at the same
depth. That means that at a depth of 3 km
temperature variations of 120°C are observed.

For extrapolating the temperature to greater
depths in many cases the one-dimensional ap-
proach is used:

T(z)=T,+(qy/K)z—(H-2*)/2K (1)

where g, is the surface heat-flow density; K is
the thermal conductivity; H is the heat produc-
tion; and z is depth.

The mean annual temperature at the Earth’s
surface is taken as T,. Most of the heat-flow
density data in Europe are derived from shallow
boreholes (< 1000 m). Thus, the observed tem-
perature distribution at a depth of 3 km can be
compared with the calculated data using Eq. (1)
with 10°C as T,. The heat-flow density data and
the temperature values were taken along the pro-
files from the compiled maps with a spacing of 25
km. Fig. 7 gives the ratio between the tempera-
ture at a depth of 3 km and the heat-flow density
for the Apennines—South Scandinavia part of the
Tunisia—Kola Peninsula profile.

The values are strongly scattered for the mea-
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Fig. 7. Observed and extrapolated temperature at a depth of 3000 m. ® = observed values. Lines are the temperature—heat flow
relations for thermal conductivity (k) values of 2, 2.5 and 3 W/(m K).
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Fig. 8. Extrapolated temperature at a depth of 10 km. ® = extrapolated data using the temperature at a depth of 3 km as T,- Lines
are extrapolated data using the mean annual surface temperature as 7, (10°C). H = heat production (um/m?).

sured data and cannot be explained only by varia- Fig. 8 shows the ratio between the near-surface
tions of the thermal conductivity. This means that heat-flow density and the temperature at a depth
an extrapolation of the temperature, even for a of 10 km. The data give the values calculated
depth of 3 km, can cause strong errors when from the temperature at a depth of 3 km (7 3000)
using the observed near-surface heat-flow density taking a heat production of 1.5 uW,/m> and a
and the mean annual surface temperature. thermal conductivity of 2.5 W /(i K). The straight
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100 T

200
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oty f

Apen. Po-Basin Alps Bav. Mol. North German Basin

Fig. 9. Profile Apennines-Fennoscandian Shield. Temperature at a depth of 10 km. Full line = extrapolated data using the
temperature at a depth of 3 km; dashed line = extrapolated data using the mean annual surface temperature (10°C).
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lines give the gq/T relation at a depth of 10 km
taking the mean annual surface temperature
(10°C) and an average thermal conductivity of 2.5
W/(m K). It is evident that the data for T,=T
3000 cannot be described well by straight lines
using 7 10°C = T,

The extrapolated temperature at a depth of 10
km for the profile Apennines—South Scandinavia
is shown in Fig. 9. The full line gives the data
obtained from the extrapolation using 77 3000 =
T,, the dashed line is valid for T, = 10°C.

The temperature data for T 3000 = T, are in
general higher than the data for T, =10°C but
there is no linear shift between the curves. The
problem is which values describe the temperature
field the most realistic. From Fig. 7 it is obvious
that a one-dimensional estimation of the temper-
ature at a depth of 3 km with T, = 10°C may give
strong deviations from the measured data which
can be caused by near-surface water circulation
and inhomogeneities. On the other hand, the
temperature field at a depth of 3 km is not
equally affected by near-surface disturbances.
Therefore, for extrapolating the temperature to
greater depths, temperature data from a depth of
3 km should be used as T-values. The tempera-
ture field at this depth is quite well established
for most of Europe with the exception of north-
ern Europe.

4. Conclusions

The project “Geothermal Atlas of Europe” for
the first time gives a compilation of geothermal
data for the whole of FEurope. From two
transcontinental profiles we have obtained the
following results:

(1) There are large-scale anomalies both in
heat-flow densities and temperatures at different
depths.

(2) Small-scale anomalies may be connected
with convective heat transport.

(3) The relationship between near-surface
heat-flow density and depth of the crust—mantle
boundary is different for various tectonic units.

(4) The estimation of the temperature—depth
distribution from the near-surface heat-flow den-
sity and the mean annual surface temperature
can give strong errors.

(5) The extrapolation of the temperature for
greater depth should start from the deepest pos-
sible level with known temperature distribution.

(6) The temperature distribution at a depth of
3 km is quite well established for the most of
Europe and is probably not affected by near-
surface water circulation. Thus, it can be used as
a basis for estimating the temperature—depth dis-
tribution within the Earth’s crust.
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