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Preface

The Geothermal Map of Switzerland is no. 10 of a
series of geophysical maps on the scale of 1:500000.
These maps aim at the representation of the main
geophysical parameters and have been prepared and
produced by the Swiss Geophysical Commission.
The geothermal conditions in the subsurfaceof Swit-
zerland are represented in the form of a heat flow
density map. The terrestrial heat flow density at the
surface is closely related to the temperature field at
depth.

The temperature distribution in the subsurface is,
besides its scientific significance, of great importance
for various fields of practical application:

— for the construction of underground facilities
(e.g. for storage or transportation)

— for the development and use of groundwater
resources

— for the exploration of hydrocarbons

— for the search and development of geothermal
energy

— for the disposal of radioactive waste in geological
formations.

The compilation of the Geothermal Map of Switzer-
land resulted from a joint effort of the Swiss Geo-
physical Commission and the Swiss Federal Com-
mission for the Utilisation of Geothermal Energy
and Underground Heat Storage. The latter Commis-
slon was especially responsible for a systematic col-
lection, evaluation and compilation of subsurface
temperature data in Switzerland.

Most heat flow density (HFD) determinations have
been performed in objects available for measure-

ments (“opportunity holes”, tunnels or adits). In this
regard, the cooperation of numerous constructing
firms, oil exploration companies, consulting bureaus
and various cantonal and communal authorities
must be acknowledged.

The HFD map of Switzerland reflects the status of
knowledge as at the end of 1983. A few new values
that diverge from the trends shown on the map could
the isoline pattern considerably.

The data set of the Swiss HFD map (with the geo-
graphical coordinates of the sites) is now incorpora-
ted in the International Heat Flow Density Data
Catalogue (World Data Center).

The HFD data density in Switzerland is among the
highest in the world. Nonetheless, many new heat
flow density determinations, especially in the Alps,
are needed to delineate more precisely the terrestrial
heat flow pattern of Switzerland. Detailed geother-
mal mapping in the scale of 1:100000 is presently in
progress in northern Switzerland; the Heat Flow
Density Map of Switzerland will serve as its starting
base.

Thanks of financial support are due to the Swiss
Federal Office of Education and Sclence, the Swiss
Federal Office of Energy Economics, the Swiss Na-
tional Science Foundation, the Swiss Academy of
Natural Sciences, the Swiss Federal Institute of Te-
chnology and - last but not least - to the Swiss
Federal Office of Topography for printing the first
“Geothermal Map of Switzerland™.

On behalf of the

Swiss Federal Commission for the Utilisation of
Geothermal Energy and Underground Heat Storage

[cd slats %-&"‘/L )

Prof. Ladislaus Rybach
President

Swiss Geophysical Commission

@@dm Dlnih..

Prof. Stephan Mueller
President

December 1984




Summary

The geothermal conditions in the subsurface of
Switzerland are represented in the form of a map of the
terrestrial heat flow density on the scale of 1: 500 600.
The heat flow density (HFD, in mW/m?) is the amount
of heat flowing per unit time and area through the
earth’s surface from 1its interior. The HFD is closely
related through the rock thermal conductivity distribu-
tion to the subsurface temperature field. Reliable
information about the subsurface temperature distribu-
tion is of growing importance today for a variety of
tasks including the planning and construction of
subsurface facilities for either storage or transportation,
the development and use of groundwater resources, the
disposal of radioactive waste 1n geological formations,
the exploration of hydrocarbons, and the search for and
development of, geothermal energy.

The representation of HFD by isolines reguires a
certain minimum data density. The necessary data base
has become available only in the past few years in
Switzerland, despite of several pioneering achieve-
ments in geothermics made in this country a long time
ago, including the first reliable measurement of the
geothermal gradient (De la Rue & Marcet 1834) and the
first HFD determination in continental Europe (Stapff
1883). In 1979, only nine HFD values had been
reported. In the early 1980°s, however, concentrated
efforts of both the Swiss Geophysical Commission and
the Swiss Federal Commuission for the Utilization of
Geothermal Energy and Underground Heat Storage
resulted in numerous new HFD determinations. Thus,
a data base of more than 150 values was available for
the construction of the Swiss HFD map.

The HFD has been calculated as the product of the
geothermal gradient (dT/dz) and the rock thermal
conductivity K. In doing so, steadystate, one-dimen-
sional conductive heat transfer was assumed. Measure-
ment sites were omitied if the gradient was disturbed by
moving groundwater. Both K and dT/dz can vary with
focality. K depends mainly on the rock type and on
petrophysical properties such as porosity. Because in
most cases, no drillcores were available from the holes
in which temperature was measured, a conductivity
catalogue of the main Swiss rock types was established
on the basis of laboratory K measurements. More than
300 samples were used for this. For all HFD sites, the
thermai conductivity profile was obtained using the
catalogue and the lithological profile of the drilthole.
The Bullard-plot technique was then used to calculate
the HFD.

Before calculating the HFD, corrections were applied
to the temperature data. In addition to corrections for
thermal disturbances caused by drilling fluid circu-
lating within the drillholes, several other corrections
related to conditions at the earth’s surface were perfor-
med. These included corrections for temperature fluc-
tuations (seasonal or paleoclimatic), topographic relief,
and geological processes such as uplift/erosion and
subsidence/sedimentation. The influence of these cor-
rections on the HFD pattern of Switzerland is demon-
strated by a series of maps which accompany the text.
For the HFD map at 1: 500 000, only the topographic
correction was applied according to common practice.
The Swiss HFD map is, therefore, compatible with the
HFD maps of other countries. Computer codes have
been developed to perform all the necessary calcula-
tions.

The contouring of isolines at 10 mW/m? intervals was
also done by computer. The geographical distribution
of the data points used for contouring is highly uneven,
being largely based on opportunity objects such as
exploratory drillholes available for dT/dz determina-
tions. Two-thirds of the HFD determinations have an
uncertainty of < 10 mW/m?2, one-fourth of 10 to
30 mW/m?, and only a few percents of > 30 mW/m?2
The different data classes are indicated on the map. The
mean HFD for Switzerland is 85 mW/m?2, The isoline
pattern is based on the state of knowledge as at the end
of 1983. A few additional data points, with HFD values
deviating from the displayed trends, could considerably
change the course of the isolines. Areas in which the
HFD may be disturbed by deep groundwater circula-
tion are marked on the HFD map.

The surface HFD is a complex signal comprising
long-wavelength, regional variations of deep (crustal
and lithospheric) HFD, and superimposed shallower,
shorter-wavelength local HFD variations. In Switzer-
land, the mean regional HFD decreases towards the
south from the Jura to the Central Alps and increases
again in the south of the Central Alps. The several
superimposed local anomalies can be attributed to
deep groundwater circulation systems.

Although the data base of the Geothermal Map of
Switzerland is among the highest in Europe, periodic
updating on the basis of new HFD determinations will
be indispensable.
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were deformed and metamorphosed during the
Hercynian orogeny, and again during the Alpine
event (partly also thrusted);

the Penninic, lower and upper Austroalpine units, a
complicated sequence of sedimentary, volcanic
(ophiolites) and metamorphic (also basement-type)
rocks of different age (Precambrian to Mesozoic),
thrusted northwards during the Alpine orogeny. The
degree of metamorphism in these units generally
increases from north to south, where the units dip
into a root zone:

the Southern Alps, clearly separated from the rest of
the Alps by the Insubric line, including the Ivrea
Zone (ultrabasites and granulite facies metamorphic

rocks of possibly Hercynian lower crust/upper
mantle origin). In the north, crystalline basement
units show a considerably lower degree of metamor-
phism (greenschist/amphibolite facies) than imme-
diately north of the Insubric line. Further to the
south, Mesozoic and Paleozoic sediments and thick
Permian volcanics lie on this old basement. The units
are derived from the same facies belt as the Austro-
alpine nappes.

Directly adjacent to the Tonale line lies the Bergell
granodiorite, an alpine granitoid.

The southernmost tip of Switzerland reaches into the
Tertiary basin of the Po plain (Molasse of Como).




3. Data Base

The calculation of HFD requires a knowledge of both
subsurface temperatures and the distribution of the
rock thermal conductivity. Furthermore, in order to
calculate the different temperature corrections, geo-
logical, hydrogeological, climatic and petrophysical
information is also required (see chapter 4.).

3.1 Subsurface temperature data

Numerous geothermal data are available in Switzer-
land, mainly from drillholes in the northern foreland or
from tunnels and shafts in the Alps. The quality of these
data vary considerably, necessitating the elimination of
unreliable data before interpretation is possible.

The different categories of temperature data used for
mapping are discussed in the following sections. A list
of all measurement points considered for further
interpretation is given in Appendix 1.

3.1.1 Temperature Logs

With few exceptions, the temperature logs were meas-
ured by the Institute of Geophysics, ETH-Zurich, by
means of a calibrated thermistor probe. All measure-
ments were performed after sufficient equilibration
time and hence represent the true formation tempera-
tures.
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This category includes the most reliable temperature
data, because the borechole conditions at the time of
measuring were known, and the measuring tool was
carefully calibrated.

The shape of both temperature and differential tempe-
rature-depth profiles give information about the occur-
rence of water circulation in the vicinity of the
borehole. An example is given in Figure I (borehole
Klingnau; at a depth of 210 to 240 m, a large cavity
with considerable water losses was encountered during
the drilling operation.

Where water movement is not parallel to the isotherms,
heat transport due to convection is usually much more
efficient than pure heat conduction. The identification
of such convection zones is of primary interest in
geothermal investigations.

Excluding the uppermost lavers (Quarternary) and a
few local disturbances the temperature-depth profiles
in the Tertiary sediments of the Molasse basin are
nearly linear. However, many local and regional
temperature disturbances due to water or gas circula-
tion can be detected within the Mesozoic sediments in
the Molasse basin and along the Jura.
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Figure 1. Example of a temperature log indicating water circulation in the vicinity of the drilihole.
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3.1.2 Individual temperature values

Many individual temperature values from drillholes,
tunnels and shafts have been published or documented
in internal reports. A few data from formation tests also
are available. Compared to the temperature logs their
quality is much less reliable, because instrumental
{e.g. calibration), hydrogeological or other disturbances
are unknown and often difficult to assess. Many
doubtful measurements have been eliminated; non-
etheless this category should be considered with cau-
t10n,

Usually the general trend of the temperature-depth
curves is non-linear due to variations in thermal
conductivity with depth, water convection, and the
thermal history of the subsurface.

Temperature estimates between the measured points
therefore, should not be evaluated by linear interpola-
tion. A reasonable estimate of temperatures within
lacking sections can be found by the use of master-
curves (STEGENA, 1976). These curves are construc-
ted on the basis of the best measured data within the
area and are supposed to be representative for the
regional geothermal field. For a typical set of curves for
Switzeriand see SYNTHESE (1982). Such estimations
should not be used for detailed calculations, because
they do not take into account temperature gradient
changes due to local conductivity variations or water
movement.

3.1.3 Bottom hole temperatures (BHT)

During borehole logging operations in deep boreholes,
maximum thermometers are usually carried along with
the different logging tools. The maximum temperature
obtained is generally considered to be the ““bottom hole
temperature” (BHT), since in most cases, the tempera-
ture increases with depth. Because the measurements
are usually performed a short time after the end of mud
circulation in the borehole, these BHT values do not
represent the true formation conditions, Rig time is too
expensive, however, to perform BHT measurements
after thermal equilibrium has been attained in the
drillhele. Many BHT measurements were kindly made
available by the Swiss petroleum industry.

A correction method for the disturbed BHT values was
proposed by LACHENBRUCH & BREWER (1959}
This method has been applied successfully in many
cases, especially because the input parameters for the
correction can usually be reconstructed from the
drilling reports after completion of the holes.

The calculation of the correction requires several
temperature observations (Tg) at the same depth at
different times after the end of circulation (dt). Further-
more, the duration of the water or mud circulation at
the bottom (tk) must be entered into the calculation.
The equilibrium temperature of the formation (To) is
obtained by plotting the Tg values versus log (tk/dt+1)
and, as shown in Figure 2, by extrapolating the best-fit
regression line towards the left hand side of the plot,
corresponding to infinite equilibrium time (dt). The

corrected temperatures can be treated analogously to
the individual values mentioned in chapter 3.1.2.

There are two important restrictions to the method:

— The measured temperatures do not plot along a
straight line after short equilibrium times,

— using powerful drilling equipment, the mud tempe-
rature is often increased due to frictional effects. At
shallow depths (£ 500 m), the measured mud tempe-
rature is often higher than the formation tempera-
ture, Since the location of the maximum temperature
measured in the borehole is no longer a function of
the geothermal conditions, but of the drilling history,
the guality of the corrected data is strongly affected.

In both cases more sophisticated correction methods
are required for the evaluation of the true formation
temperature.

Figure 3 shows a measured and a corrected tempera-
ture-depth plot for the TREYCOVAGNES I drillhole
in Western Switzerland (KRUESI er al, 1978b;
RYBACH & BODMER, 1980). The temperature cor-
rection shifts the measured temperatures towards a
linear temperature-depth curve, which is typical for
many sites along the Molasse basin. This linearity is the
result of low radioactive heat production, small varia-
tions of thermal conductivity with depth, and the
absence of water movements.

3.1.4 Temperatures in tunnels and shafts

Numerous rock temperature measurements have been
determined during the comstruction of tunnels and
shafts in Switzerland. Most of these data appear in the
literature or in reports. The quality of these data varies
according to the measurement technique used. It is
important that the data were obtained a short time after
the tunneling operation, since air circulation during or
after the construction can strongly affect the rock
temperatures.

Most measurements were performed in 1 to 2 m deep,
water-filled drillholes. Figure 4 illustrates the mea-
sured temperatures along the new Gotthard tunnel
(RYBACH er al., 1982). The temperature distribution
is strongly affected by the overlying topography, for
which a correction must be applied (see chapter 4).

3.2. Thermal conductivity

3.2.1 Measuring Technique

The thermal conductivity measurements which use a
transient method were carried out with a QTMR
apparatus. With this instrument, a line heat source in a
probe is pressed against a planar surface of the sample
and is heated at a constant rate. The increase of
temperature at the centre of this source, which amounts
to about 10 to 20 °C, is measured by a thermocouple
and allows the determination of the thermal conduct-
ivity of the sample. The accuracy of the thermal
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conductivity determination is approx. + 3%, the repro-
ducibility +2%. A thin foil covers the probe, avoiding
penetration of water into the probe and enables the
measurement of water saturated samples. The heating
time is selected to be short enough to avoid thermal
disturbances due to evaporation.

The thermal conductivity data obtained with this
measuring technique originate from only a small
rock-volume around the thermo-element. In order to
avoid systematic errors due to the effect of inhomo-
geneities within the sample, the measurements have to
be repeated at many different locations on the sample.

Both the measuring device and the technique are
described in detail by SCHAERLI (1980).

For the determination of thermal anisotropy the
measuring plane has to be cut perpendicularly to the
layering or to the schistosity within the rock-sample.
The thermal conductivity parallel to the layering (K || )
can be determined directly by positioning the line
source perpendicularly to this direction. In conjunction
with a second measurement holding the line source
parallel to the layers (K,), the component perpendi-
cular to the layering (K |) can be determined as
follows:

K_]_= KgsZ/K”
(see also GRUBBE ez af., 1983)

In case of horizontal layering, in general, the informa-
tion concerning K | is more important than K,
because it corresponds to the vertical component of
thermal conductivity which determines the terrestrial
heat flow. The anisotropy A is defined as the ratio
Kjp/K | .

The reliability of the QTM results is now generally
accepted (see e.g. SASS et af., 1983). Some intercompa-
rison tests have been performed on Swiss samples
covering the conductivity range in guestion by an
absolute one-disk method. These measurements were
performed by the Swiss Federal Institute of Material
Testing (EMPA); a most satisfactory correspondence
was found.

3.2.2 Rock sampling - results

In most drillholes selected for heat flow density
determinations, no core samples were available for
thermal conductivity measurements. For this reason,
appropriate surface-rocks were sampled in order to
obtain a representative conductivity profile across the
geological sections found in the drillholes and also to
establish a comprehensive thermal conductivity data
catalogue of Swiss rocks (SCHAERLI, 1980; BODMER
& SCHAERLI, 1980; SCHAERLI, 1983). Lateral E-W
changes in lithology along the Alpine Foreland were
partly taken into consideration by the construction of
two schematic thermal conductivity profiles, one across
the eastern part and one across the western part of the
country.

Most samples encompassing the Mesozoic sediments
were taken in drillholes or in outcrops along the Jura
mountains, such that no information about possible
N-S trends can be given. The thermal conductivity of
the Tertiary sediments however, has been investigated
in conjunction with the determination of other physical
properties such as porosity, permeability, density etc.
(SCHAERLI, 1980; SYNTHESE, 1982; BUECHI &
BODMER, 1983). For this purpose, numerous drilling-
cores and surface samples were collected in many
locations, thus providing relatively accurate informa-
tion about the spatial distribution of the physical rock
properties, Reliable data on marls, claystones etc. are
still missing,

Most samples used for thermal conductivity measure-
ments were stored without protection, which would
prevent the evaporation of the pore fluid. Therefore,
these samples had to be resaturated prior to measuring.
Except for rock-samples with very high porosity and
permeability, it is recommended to evacuate the pore-
volume before the rock material is watered. Only in one
case, in the drillhole KKWB 7904 in Beznau, Northern
Switzerland, could the cores containing their natural
moisture be measured. The continuous core-profile,
having a length of 317 m and covering the Mesozoic
sediments from Dogger down to the Triassic, was sealed
and evacuated immediately after the coring and cutting
procedure (BODMER, 1980).

The results of the thermal conductivity determinations
are tabulated in Appendix 2. Each value listed repre-
sents an average calculated from 5 to 30 single
measurements on the same sample. The number of
measurements taken was dependent on the degree of
homogeneity of the rock material investigated.

The conductivity distribution along a schematic strati-
graphic profile across the northern foreland of Switzer-
land 1s illustrated in Figure 5.

In both representations of the results, the thermal
conductivities and their standard deviations are given
both parallel and perpendicular to the layering
(schistosity), along with the anisotropy.

3.2.3 Interpretation of the results

The thermal conductivity of a rock sample 1s strongly
dependent on its porosity, on the shape of its pores and
on the pore filling. In many cases these effects are even
more important than the mineralogical composition of
the sample.

A general dependency of thermal conductivity on the
porosity was proposed by WALSH & DECKER (1966):

100 log K, = @ log K, + (100 ~ @) log K,
for >1%

with K,: measured thermal conductivity; K,: thermal
conductivity of the pore fluid: (air at 20 °C:
0.0257 W/m, °K, water at 20 °C: 0.599 W/m, *K); K,,:

I3




thermal conductivity of the rock matrix; @: porosity in
percent.

The thermal conductivity of water is approximately
twenty times larger than that for air. Due to this large
difference, the thermal conductivity determined on
water saturated samples is higher than measurements
on dry samples, even at very small porosities
(SCHAERLI & RYBACH, 1984). Figure 6 (top) illus-
trates the porosity effect on thermal conductivity on a
rock with a matrix conductivity of 2.68 W/m, ‘K, the
sample being water-saturated or dry. A comparison
between theoretical and experimental data is shown
(bottom): In most cases the measured values are in good
agreement with the theory. Some experimental data on
the diagram, however, are shifted to the left, indicating
the occurrence of secondary porosity due to microfrac-
tures. These microfractures creating local inhomoge-
neities within the rock sample are better detected by the
thermal conductivity measurement than by the poros-
ity determination method (immersion technique); they
are probably responsible for the systematic shift of
the data.

The porosity dependence of the thermal conductivity is
not negligible even at rock-porosities below one percent
such as for crystalline rocks. Theoretical relations for
low porosities were published by HASHIN &
SHTRIKMANN (1962). According to the shape of
the pores, one of the following formulae have to be

selected (with g = K /K_):
Maximum effect (isolated pores):

S s verrll

Minimum effect (interconnected pores):

_k [ 20+28(1-5)
K=k [ D{l-5)+348 ]

Numerous measurements on granite and gneiss sam-
ples with porosities between 0.4 and | percent showed
dependencies according to the first formula
{(SCHAERLI & RYBACH, 1984).

Another relation which was investigated on core
samples was the conductivity increase with depth as
suggested by WERNER & FUCHS (1977), BALLING
(1979) and others. This effect is primarily due to the
rock compaction with increasing pressure and the
alignment of clay minerals. The second effect is
accompanied by an increase in anisotropy.

The general depth dependence after BALLING (1979)
is estimated as follows:

K(z) =1.69 +0.00068 z (z being the depth in meters)

Only in very few cases could a depth dependence be
observed. Generally this relaticnship is much more
complex than described above. since the degree of
compaction, which mainly creates the increase of
thermal conductivity. depends strongly on the litho-
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logy. A very important effect is the alignment of
elongated and/or flat minerals such as clay minerals,
increasing the anisotropy.

Very strong nonlinear depth dependence of the physical
rock properties within the uppermost 200 m below the
earth’s surface were observed and interpreted by
BUECHI & BODMER (1983). These effects were
observed on seismic data gathered in numerous explo-
ration drillholes in Switzerland. The reasons for these
non-linearities are probably episodic, reversible, and
rapid changes of the groundwater level due to uplift
and/or glaciation.

Table 1 shows the depth dependence of the thermal
conductivity which could be observed on core material.
Many other samples did not show any change of their
properties with depth. These results suggest that, unless
more detailed information is gathered, the depth
dependence of the thermal conductivity cannot be
taken into account properly for heat flow density
determinations in Switzerland.

Table 1: Depth dependence of the thermal

conductivity
DRILLHOLE/ depth dependence RK N depih
formation range
TSCHUGG:
Kreide/Malm K| =00029z+1.1 0.6 12 513-656m
RUPPOLDSRIED:
USM (Sandst.) K.=00010z+1.6 0.5 12 646-95Im

—Malm
BEZNAU (7904):

Opalinuston K. =-0013z+2.0 0.5 26 23-64m

Gipskeuper K. =0.0422z-25 0.8 11 134-211m

Qpalinuston-

Sulfatzone K| =000742+2.0 0.6 91 23-317m
K.=00I1z+12 0.7 91 25317m

Legend:

K;. K.: thermal conductivity parallel and perpendicular to the
lavering (W/m, "K)

RK.: correlation coefficient
N number of measurements
z: depth (m)

3.2.4 Selection of the thermal conductivity data for
heat flow density determinations

For only a few HFD sites was the vertical distribution of
the thermal conductivity measured in conjunction with
the temperature log. In most cases the conductivity
information was extrapolated from other drillholes or
from corresponding rock material sampled at the
surface. Using the thermal conductivity catalogue given
in Appendix 2, the thermal conductivities were
averaged by formation and attributed to the geological
sections covered by the temperature measurements.
Figure 5 contains information about the average
conductivity across several geological sections. These
values can also be used for the interpretation of
drillhole sites where the geological profile is not known
11 detail.
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Figure 6. Effect of porosity on thermal conductivity of consolida-
ted sediments. The dependency curves are significally different for
dry and for water saturated samples.

The knowledge of the anisotropy permits the selection
of the thermal conductivity component parallel to the
heat flow. In most heat flow sites no exact information
about the dip of the layering (i.e. from a dipmeter log)
was available, such that horizontal layering had to be
assumed. The error due to this assumption is negligible
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in most areas in the Northern Foreland of Switzerland.
In the Alps and in the Folded Jura, however, this
assumption is not valid, and the dip, therefore, has to be
estimated from direct measurements in the field or at
least from general trends in geological maps.



4. Temperature corrections

Depending on the purpose of geothermal mapping,
different temperature corrections have to be applied to
the measured data prior to the HFD determination.
The corrections are of special importance in cases
where the geothermal information has to be extrapo-
lated in horizontal or in vertical direction. The most
common corrections are the ones eliminating the effects
of topography, paleoclimatic variations, uplift/erosion
and subsidence/sedimentation. The topographic cor-
rection is a static correction which should be applied in
any case, the other corrections, however, are only
required for special applications of geothermal data.

Many different correction procedures have been pub-
lished in the last decades. The desire to apply the
correction technique which is the most suitable to the
given regional geothermal conditions is often in contra-
diction with the necessity of adapting the calculated
values to the format of other countries in order to
enable the construction of maps on a continental or on
a worldwide scale.

First attempts to establish international standard proce-
dures in geothermics have been made by the Internatio-
nal Heat Flow Commission and by the Commission of
the European Commumnities (HAENEL, RYBACH &
STEGENA, in prep.; BALLING et ¢l., 1981).

The different corrections to the geothermal gradient
or to the temperature data are usually performed
sequentially, correcting first for the most recent per-
turbation (BODMER & RYBACH, 1983). This pro-
cedure is inaccurate since the different disturbances,
for which correction is necessary, took place during
overlapping episodes; they should be treated simul-
taneously. A combined simultaneous calculation of
the corrections is extremely arduous and the impro-
vement of the results is in no relation compared to
the increase of work and of computer time. Further-
more, it is generally impossible to obtain the reques-
ted base-parameters for detailed models.

The unknown proportion of conductive to convective
heat transport represents a critical uncertainty in the
correction of temperature data. Due to the lack of
sufficient hydrogeological data, the convective heat flux
can only be inaccurately estimated. In many cases the
procedure is even inverted: the importance and the
extent of water circulation systems is usually estimated
by comparing the measured data after corrections
(assuming pure conduction} with the expected tempe-
rature field. Large local anomalies in conjunction with
pronounced variations in terrain-altitude suggest the
occurrence of important convective processes. In an

attempt to account for the topographic, erosional and
paleoclimatic effects on the temperature field, the
corrections have been applied to the subsurface tempe-
ratures rather than to the geothermal gradients. The
main reason for this lies in the HFD determination
technigue used (cf. chapter 5) which uses temperature
values. To perform temperature corrections on the
Swiss data, especially the topographic correction, the
use of a computer is necessary. The different steps
during the correction procedure were interconnected in
order to achieve the final results under minimum effort.
Digitisation of the topography was unnecessary
because of the prior existence of a digitised topography
for Switzerland (“RIMINI-array”). This array covers
the terrain with a meshwidth of 250 m (ZUEST, 1977,
BODMER et al., 1979).

A flow chart of the automatic correction procedure is
illustrated in Figures 7 + 8. The first program
{ASSEMB) reads all input-data related to the site under
investigation, and especially the specifications of the
corrections desired. The program itself then selects all
parameters which were not specified in the input file

neasured tepperature

yes no
BEouilibrium
\/
no
Ex it BHT ?
‘\\\[’/;;S

BHT-correction
after
Lachenbruch

Correction for
paleoclimate
RSSEME

Correction for
topography
TORPO

Correction for
erosion
THERM

T
cary corrected temperature

Figure 7: Flow chart for temperature corrections.
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Figure 8: Flow chart for data processing with ASSEMB.

?

{= default values) and all parameters which are inde-
pendent of the location of the heat flow site, 1.e. the
“geometric parameters” as defined in chapter 4.1.4 or
by the paleoclimatic model of Switzerland (see chapter
4.3.3). Then ASSEMB assignes the data to the different
correction programs or routines. These corrections are
loaded automatically after completion of the initialisa-
tion routine.

The different correction procedures require the input of
different data-files including the measured tempera-
tures, the geological situation near the sites investi-
gated, the corresponding distribution of the thermal
conductivity etc. These data are stored on external files
which are loaded automatically by the different pro-

initial topography

Z-H4 — - — — —, —

grams or subroutines without special specification by
the user, thus simplifying the data entry, especially for
repeated interpretation for the same heat flow site.

The programs are designed for universal use with
respect to the character of the heat flow site. Drillholes,
tunnels, vertical or inclined shafts can be treated
equally well, although the computation time can vary
considerably according to the type selected, mainly due
to the large size of the topography array required for
horizontal data configurations (i.e. tunnels).

4.1 Topographic correction

4.1.1 Introduction

The topographic correction takes into account the
distortion of the subsurface temperatures due to a relief
surface.

Most methods assume a constant temperature or a
given temperature distribution at the earth’s surface
and a constant heat flow at a lower boundary of the
model configuration. The distorted isotherms are cor-
rected assuming an idealised planar earth’s surface
(reference plane). This reference plane intersects the
actual topography at the location of the site investigated
as illustrated in Figure 9. Some correction methods can
also take into account changes in topography (i.e. due
to folding) or changes of surface temperature (due to
uplift) with time.

The topographic corrections in Switzerland were per-
formed according to the method of BIRCH (1950). This
method, which accounts for a 3 dimensional, time-
dependent topography was chosen among many others,
because it can treat the terrain with a maximum degree
of precision at a sufficient radius around the site
investigated, with minimum computer memory and
calculation time requirement. Correction technigues
using a stationary topography (i.e. JEFFREYS, 1938)
or 2-dimensional calculations are not accurate in areas
such as the Alps. On the other hand, experience with
detailed 3-dimensional models, such as finite element
and finite difference models, has shown unfavourable

actual
tocpograpay

vlane cf reference

1
1
]
|
E; tunnel axis

Figure 9: Definitions for topographic correction in a tunnel (TOPO and THERM).
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results, since the simplifications required in order to
teduce the computer memory will detericrate the
corrections,

The topographic correction dTqqp, related to a refe-
rence plane (see Figure 10) is calculated as follows
(BIRCH, 1950): 5

b 4

AT = 2= [ Efg) L [ f(r.0.04d
. hf [t 04
O

O

where x, y, z are the coordinates of the measurement
point; r and ¢ are polar coordinates on the reference
plane; t the time of evolution of topography; f (1, ¢, t)
the change of the time-dependent temperature on
present topographic surface;

" R=(r+z9)"
E (8)=2erfc (8) - 4i erfc (B)
with = R/(4xt)"; x: rock thermal diffusivity.

The numerical calcutation of this formula is performed
by the program TOPQO. This program is a strongly
modified version of the one described by ENGLAND
(1976).

The reference plane, as illustrated in Figure 10, is
divided into concentric rings within a maximum radius
rmax. Each of these rings is subdivided into sectors with
width rde (see Figure 10) where the function f(r, g, t) is
determined.

It is important to note here that the topographic
correction does not account for denudation but only for
the change of shape of the earth’s surface, departing
from an initially planar topography.

Figure 10 Geometric parameters for topographic correction,

—= X

4.1.2 Topography array “RIMINI”

The digitised topography of Switzerland (“RIMINI")
was compiled by the Swiss Military Department. This
file contains in sequential order 331 segments, each
covering a sheet of the official 1: 23 000 topographic
map of Switzerland. Each segment is initialised by an
identification header followed by the altitude data
corresponding to a quadratic grid with a mesh width of
250 m. The data file contains the whole surface of the
country plus small parts of the neighbouring countries.

The quality of RIMINI was tested prior to its applica-
tion: Generally the error in altitude is less than 10 to 20
meters and the reliability of the file is thus acceptable
for the topographic corrections. It should be noted,
however, that major errors occur, especially in the
Alps. Such errors have been detected in areas with very
rugged topography, where the reading of the topogra-
phic map which was used for the digitisation became
difficult. Furthermore, relative maxima in elevation
(mountain peaks) are moved towards meshpoints in
order to be fully covered by the grid. Many points
outside the country were not digitised and therefore
have the value zero.

The most negative feature of RIMINI, which may
create significant errors in the temperature corrections,
1s that all areas which are covered by water are
described by the altitude of the water surface, instead of
by the effective topography at the bottom of the water.

4.1.3 Program TOPO

As described previously, the program TOPQ calculates
the topographic correction of subsurface temperatures
measured in drill-holes, shafts or tunnels. First the
program reads the input parameters as described in
chapter 4.1.4. Then the subroutine HEIGHT is called
in order to collect and to reassemble the terrain data
around the site (RIMINI). The subroutine SURCLE

calculates the mean value f for each ring. The value
E (8) 1s calculated by FERFC and the integral across all
rings (from r=0 to r=co) 1s evaluated by DEPCOR.
The area outside rmax is considered to have no relief
and to have an altitude corresponding to the mean
surface level within the topographic array defined.
After the evaluation of the final correction for the
temperature at one {tunnel) or several (drillhole)
depths, TOPO prepares the output-files for the follo-
wing processing step and the results are printad (see
Figure 11).

4.1.4 Selection of the input parameters

Two input data categories have to be defined and
entered into TOPO: the ‘“geometric parameters”
(usually defined by ASSEMB) and the “geological
parameters’ which also contain the climatic informa-
tion {usually defined by the user).

The geometric parameters are strictly related to the
correction technigue and should have no influence on
the final results.
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A detailed sensitivity analysis was carried out by
BODMER et al. (1979) according to which the values
described in Table 2 were recommended for selecting
the geometric parameters.

Table 2: Selection of the geometric parameters for
program TOPO

Symbol  Description Optimum
value*
rmax max. radius of the 4 km (Northern Foreland)
digitized topography 6 km (Alps)
dr ring spacing 25 m
dg width of sector within the
rings 250 m

*in terms of accuracy and computer time

The geological and the climatic parameters have strong
influence on the correction and, therefore, have to be
selected carefully according to the conditions at the site
investigated. This group of parameters includes the
actual surface temperature, the atmospheric lapse rate,
the initial geothermal gradient, the time of evolution of
topography, and the average thermal diffusivity of the
subsurface. The selection of these parameters was
discussed more in detail by BODMER et al. (1979) and
by BODMER (1982).

The climatic information, defined by the entry of the
surface temperature and the atmospheric lapse rate
(= free air gradient), can be evaluated from meteorolog-
ical observations (i.e. ATLAS DER SCHWEIZ 1963).
TOPOQ accounts for a differentiated entry of the free air
gradients along N or S orientated slopes of the terrain.

The initial geothermal gradient Go which 1s assumed to
be close to the corrected gradient is not known prior to
a first evaluation of the terrain correction. In a first
guess, it is assumed that the initial geothermal gradient
is close to the value (Gm + Gf), where Gm represents
the measured geothermal gradient, and Gf the atmos-
pheric lapse rate. This assumption is correct in areas
with small relief. Since the temperature correction is
proportional to a (Go-Gf) (BIRCH, 1950), the gradient
correction is also approximately proportional to this
factor. A first run of TOPO using a guessed initial
geothermal gradient Go in conjunction with the
obtained resulting corrected gradient Gl allows the
calculation of the proportionality-factor a:

a = (Gl-Gm)/(Go-Gf)
where Go-Gf <<Gl

The final value for Go is then calculated as follows:

Goﬁna[ = Gm + Gf
1 - a)

In general, the determination of Go converges rapidly
such that no more than two runs of TOPO are required
in order to obtain the final temperature correction.
Large differences between the value Goy,, and the
resulting corrected gradient (G,,,) indicate disturb-
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ances due to nontopographic effects (i.e. water circula-
tion, erosion...), or if the corrections are performed at
shallow depths, that nonlinear effects are dominating
(BLACKWELL & STEELE, 1980; BLACKWELL et
al., 1980).

For the evaluation of corrections, the time of evolution
of topography was assumed to be 2 Ma. This value was
deduced considering the actual erosion rates along the
valleys, compared to the mountain-peaks and taking
into account the maximum elevation-differences be-
tween valleys and mountains in the Alps. Although this
estimation is approximate, results of a sensitivity
analysis by BODMER et al. (1979) show little influence
of a possible uncertainty of the 2 Ma value on the total
correction: As long as the time of evolution of
topography exceeds | Ma, the resulting change of the
correction due to the variation of this parameter is less
than 5%. The thermal diffusivity determines the
penetration depth and velocity of a thermal disturbance
caused by changes of relief. For an anisotropic subsur-
face, the component of the thermal diffusivity in the
vertical direction is selected, since the calculation of
BIRCH (1950) does not account for the horizontal
components of the heat transfer. For this reason, the
anisotropy and the orientation of the schistosity or
layering has to be entered into TOPO.

4.2 ZFErosion correction

The topographic correction accounts only for the shape
of the relief and its changes with time, but not for the
removal of material. The erosional correction fol-
lowing CARSLAW & JAEGER (1959) and VON

HERZEN & UYEDA (1963) is:
X x Az 7-A
AT peos = GOA+ [ 7 A) exp (- A2y erfe (ZA) -
EROS ( ) exp { It 5 lr?t
_(z+A) erfe ZEA )] (Go-Gh)/2
2V at

dTeros: temperature-correction for uplift and erosion
(sedimentation)

z: depth of measurement point

A: average hight of the initial surface above refe-
rence level (z=SH, see Fig. 9) before the
erosion

t: time since the onset of erosion

Go: initial geothermal gradient

Gf: atmospheric lapse rate

X thermal diffusivity

The above equation can be used to correct for erosion,
uplift and sedimentation based on the assumption that
the erosion (or sedimentation) rate does not change in
time. The uplift is taken into consideration by selecting
appropriate values for the atmospheric lapse rate Gf: If
a value for Gfis defined, the model assumes continuous
erosion without uplift. If Gf is zero, a continuous uplift
during the erosion is taken into account. The erosional
correction is performed by the program THERM (cf.
Figure 11). A special subroutine (SIMREG) calculates
the surface temperatures and the geothermal gradient
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Figure 11: Flow chart for TOPO and THERM.

resulting from the uncorrected, the topographically
corrected, the erosion corrected and the temperature
values with all corrections applied. SIMREG does this
by means of linear regression-lines through the tempe-
rature-depth-plots. In conjunction with the calculated
correlation coefficients, these plots are useful for the
evaluation of the quality and the effect of the correc-
tions.

4.2.1 Evaluation of the input data

A and t strongly influence the correction (BODMER et
al., 1979). Since the effect of older erosional events
penctrate deeper into the subsurface than very recent
erosion, the erosional history for correction must be
selected according to the depth of the point investi-
gated.

A major simplification arises from the fact that the
method used assumes a constant erosion rate. In reality,
especially in the case of fluviatile or glacial erosion, the
denudation most often acts in a differentiated manner
in time and space (e.g. at the front of the glaciers):
Maximum erosion rates are expected during and
shortly after important uplift-episodes. In combination
with increased erosion rates, however, many areas can
be affected by major accumulations of detritic material.

Numerical models have been developed in order to
calculate the erosional effects on subsurface tempera-
tures in detail, and thus give more realistic temperature
corrections (i.e. WERNER, 1981). In applving these
models, however, a detailed knowledge of the erosional

history is required. Since this history is practically
never known accurately enough, the application of
such models is usually not justified.

In selecting the appropriate input parameters for the
erosional correction, surface observations can be used
for relatively recent events. Qlder erosional histories
can be estimated using petrographic data (i.e. FREY et
al., 1974; GRUENENFELDER & KOEPPEL, 1980).
Table 3 illustrates some typical values for A and t in
different parts of Switzerland.

In addition to the regional erosion, local conditions
have to be taken into account (RELLSTAB, 1980,
unpubl.). In the vicinity of large and deep valleys which
were affected by glacial erosion, local erosion rates of
300 m within the last 30000 years are possible
(BODMER ¢t al., 1979).

The impact of these “young” effects on the actual
temperature field is comparable to the influence of the
erosional events given in Table 3. Especially for tun-
nels, the input parameters for the erosion correction
have to be evaluated with care. In addition to the
regional erosion, which uniformly affects the tempera-
ture field, the isotherms near the valleys are mostly
influenced by recent fluviatile or glacial erosion.

Similarly to the initial geothermal gradient in the
topographic correction, Go has to be specified. This
value can be calculated directly using the actual
near-surface gradient:

Go=(£ ‘ X L
dz | .- 2-42erfc(p)+4p?

withp=A/ Vi

The assumption of an initially undisturbed geothermal
gradient at the beginning of an erosional event is a
rather inaccurate one since many different erosional

nnnnnnnnnnnnn

the geological history of the Alps and their Foreland,
Erosional temperature corrections in the Alps have a
considerable effect on the resulting temperature and on
the calculated heat flow density as shown for example
in comparing Figures 17-20. This correction is inaccu-

Table 3: Regional erosional history in different areas

of Switzerland
A t
Area (Elevation of initial {Time elapsed since
surface above actual the beginning of the
terrain) regional erosiomn)

Alps 1020 km

(RYBACH ez al., 1977, Oligocene (30—40 mio y)

WERNER ez al., 1976) TRUEMPY {1980)
Noerthern Western Switzerland: 2 km  Pliocene (5 mio ¥)
Foreland Eastern Switzerland: 0.5 km HANTKE (1978)

(PAVONI, 1976}

Jura ca. 300 m

(strong local variations) Pliocene to Miocene
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rate due to the lack of precise knowledge about the
erosional history.

4.3 Paleoclimatic correction

4.3.1 Introduction

Temperature f{luctuations at the earth’s surface can
penetrate to different depths, depending on the wave-
length of the fluctuations. The daily temperature
variations can be measured in the uppermost few tens
of centimeters only; seasonal variations penetrate,
depending on rock thermal parameters, to a few tens of
meters. Paleoclimatic temperature changes can be
approximated by a model consisting of a series of step
changes. Of course, the selection of the present mean
annual temperature as reference is somewhat arbitrary;
its value, however, is certainly better known than any
other temperature value at any time in the past.

The temperature effect at any depth z, caused by a
single step change in surface temperature, can be found
by solving the one-dimensional heat conduction equa-
tion 22T/222 = (1/K) 5T /az with the step change AT, at
time t’ as the boundary condition:

AT (z,t) = AT, erf(z/ 4 2 (1-17)
The paleoclimatic correction dT_,, for a sequence of
climatic events in the past can be obtained by summa-

tion (BIRCH, 1948):

dT,.q = Ts, (1—erf(z/ [471)) +

147

+ 7=, Ts (erf(z/ fd 2.,y —erf (z/ lZTII) )

1

where t, denotes the onset (before present) of the i-th
climatic period with its characteristic surface tempera-
ture Ts,.

From this data base the following four alternatives can
be defined (RELLSTAB, 1981):

tyvpe O: ice-free during all glaciation periods
type R: ice-covered during the Riss period only
type RM: glaciation during Riss und Wirm
type A: ice-covered during all ice ages

4.3.2 Calculation procedure

The calculation of dT,,, is included in program
ASSEMB (cf. Figure 8). For a given site the mean
annual surface temperature is calculated for that
locality from the data displayved in Figure 12 by taking
into account the elevation of the site and an appropriate
value for the atmospheric lapse rate (generally 4.5 to
6.5 °C/km. according to location, exposition etc.). To
the temperature value so calculated, 1.0°C must be
added to approximate the soil temperature {KAPPEL-
MEYER & HAENEL. 1974, p.93). If the standard
climatic model applies to the site (i.e. for type 0). the
subroutine CLIMA in program ASSEMB calculates the
correction on the basis of the values given in Table 4.
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a 00 km

Figure 12 Mean annual surface temperature in Switzerland {(after
ATLAS DER SCHWEIZ 1965). Tsolines indicate mezn annual
temperature in °C reduced to conmstant reference level {500 m
a.s.l).

For areas with occasional ice cover of known extent and
duration, the standard model is modified according to
the alternatives R, RM or A. If no data on glaciation are
available, the program adjusts the climatic model by
means of a special input parameter ICLIMA.

The values of thermal diffusivity and ice base tempera-
ture can be specified if local information is available.
Otherwise the program calculates the paleoclimatic
correction dT,, with the default values [-10% m¥/s
and -1 °C, respectively.

Figures 13 and 14 show some specific examples.

4.3.3 Paleoclimatic models

Instrumental records on surface temperature changes in
Europe are available only for the past 200-300 years.
Although there is general agreement among climatic
workers that the temperature changes between the
different climatic periods are relatively rapid (for
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Pleistocene transitions for the region of Zurich see
PIKA, 1982), one can find different views in the
[iterature with respect to the amplitude of paleocli-
matic changes and their placing in space and time.

Nevertheless, there are numerous indicators which
were used in an attempt to establish a paleoclimatic
model for Switzerland (RELLSTAB, 1981, 1982)
covering the following time periods:

(a) Historical time
— instrumental records
— chronicles, harvest reports, glacier movements

(b)Holocene and Quariernary
- dendrochronology
— 1ce and snow stratigraphy in polar ice
— biostratigraphy (pollen; micro- and macrofossils)
— (01%/016 jsotope ratio (in dated sediments, ice and
fossils)
— sedimentology
— geomorphology

The extensive literature surveyed to establish a paleo-
ciitmatic model inciudes LAMB (1977), FRAKES
(1979), HANTKE (1978), SCHWARZBACH (1961),
and OESCHGER et 4l (1980). The model has been
compared to other paleoclimatic models in Europe
(VASSEUR, France; GRUBBE, FRG; BALLING,
Denmark; data from CERMAK, 1982: Circular for
Standardization).

The paleoclimatic model used to calculate the correc-
tion dT,,,, s given in Table 4 and in Figure I3 (top).

The temperatures during the different climatic periods
of the model relate to today’s local mean annual surface
temperature and show clearly the importance of glacial
periods (“ice ages™) which led to severe glaciations in
large areas in Switzerland.

Parametric studies (RELLSTAB, 1981) led to an
optimum number of 29 climatic periods. In general,

Table 4: Paleoclimatic model for Switzerland
(RELLSTAB, 1981, 1982)

Step  Time range (Years before Relative  Period of
present}  temperature glaciation
1 0- 50 0.0
2 50~ 80 - 04
3 80 - 170 - 08
4 170 - 200 - 0.6
5 200 230 - 07
6 230~ 280 - 038
7 280 - 400 - 0.1
8 400 - 650 - 0.7
g 650 - 850 + 04
10 850 - 1 000 - 03
11 1100 - 2 000 00
12 2000- 3200 - 0.5
13 3200- 50600 + 0.5
14 3000 - & 000 + 1.5
15 8 000 - 10 000 0.0
16 10000 - 14 000 - 60
17 14 000 - 25000 -13.0 Wilrm
18 25000 - 40 000 - 4.0
16 40 000 - 70 000 -11.0 Wiirm
20 70 000 - 125 000 - 2.0
21 125000 - 200 000 -13.0 Riss
22 200000 - 250 000 - 2.00
23 250000 - 300 000 -13.0 Mindel
24 300 000 — 450000 - 20
25 450000 - 600 000 - 74
26 600 000 - 800 000 -10.0 Ginz
27 800 000 - 900 000 - 50
28 900 000 — 1 000 000 -10.0 Giinz
29 1 000 000 - o0 0.0

recent changes are known more accurately than earlier
events. However, these studies revealed that climatic
changes during the time period 0-10000 a b.p. are
significant only for correcting temperature measure-
ments in shallow boreholes, the most important period
being the time 10 000-100 000 a b.p., which therefore
must be subdivided in a more sensitive way than the
times before and afier this period. Climatic changes

older than 1 m.a. can be neglected for the model
applied.

4.3.4 The influence of ice cover

It is now widely accepted that in glaciated areas the ice
cover supplied considerable thermal insulation against
the (at times) low ice-age temperatures. For the present
calculations a constant rock surface-temperature of
-1 °C was assumed.

In calculating paleoclimatic corrections for a given
drillhole site this must be taken into account by
specifying the time intervals when “‘protecting” ice
cover existed in that area and when it was ice-free.
HANTKE (in TRUEMPY, 1980) designed a map
showing the maximum areal extent of glaciation in
Switzerland during the main ice ages. There is evidence
that the extent of ice cover was roughly the same during
the Riss and the Mindel periods and during the Giinz
and Wiirm periods.
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5. Heat flow density determination

5.1 [Introduction

The heat production within the earth is largely due to
radioactive decay of unstable isotopes, mainly U, Th
and K. The elevated temperatures within the earth
compared to the relatively low atmospheric tempera-
tures give rise to a steady terrestrial heat flow which has
a worldwide average value of 75 mW/m? at the carth’s
surface. The temperature increase with depth {geother-
mal gradient) on the continents is approximately
30 °C/km in the upper few kilometers of the earth’s
crust. The radicactive 1sotopes are mainly concentrated
in the upper continental crust. Due to this, both the
geothermal gradient and the terrestrial heat flow
decrease continuously with depth.

The most significant heat transfer mechanisms in the
subsurface are conduction and natural or forced con-
vection. The convection within the upper crust is very
often related to water circulation through rock pores or
along fractures. In general, the hydrogeological condi-
tions of the subsurface are not known well enough to
calculate the convective heat transfer. Therefore it is
most often estimated by modelling. The conductive
heat transfer is determined by the thermal conductivity
distribution within the subsurface (see chapter 3.2).

The conductive heat flow density g (HFD), defined as
the heat flow per unit area (W/m?), is determined as
follows:

q=KvT = K¢L
dz

K : rock thermal conductivity (W/m°K)

dT, geothermal gradient ("C/m)

dz

This “FOURIER™ formula can be derived from the
heat transport equation under simplified conditions
(e.g. one dimensional flow, stationary conditions etc.).
The assumption of pure conduction is usually justified
if the surface HFD is constant with depth and if no
major lateral thermal conductivity variations occur.

Since in many cases the convective heat transfer is
much more effective than the conductive one, the
detection of water circulation systems 1s possible,
because they create strong local (horizontal and/or
vertical) variation of the temperature field and of the
HFD, especially in and near discharge and recharge
areas.

The terrestrial heat flow density cannot be measured
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directly at a specific point. It has rather to be deter-
mined using a temperature profile over a relatively
large distance, being preferably oriented parallel to the
heat flow. The temperature gradient in conjunction
with the rock thermal conductivity along the profile
will provide a value for the average HFD across the
section investigated. For the correction of inclined
temperature profiles, the direction of the terrestrial
heat flow 1s usually assumed to be vertical.

If important radioactive heat production changes occur
within the measured profile, these effects have to be
taken into consideration as well. As demonstrated in
BODMER (1982), these heat sources can be neglected
at most heat flow sites in Switzerland.

The numerical processing of the above mentioned
formula for calculating the HFD can be performed in
different ways (see RYBACH & BODMER, 1983). The
choice of the most suitable technique is dependent on
the temperature and thermal conductivity data, the
sampling rate and the data quality.

For the HFD determinations in Switzerland, the “BUL-
LARD PLOT” technique was selected as the most
reliable and useful one (BULLARD, [939). Each
temperature value is plotted versus the thermal resis-
tanice between the earth’s surface and the depth of the
temperature measurement. The slope of the regression
line is proportional to the HFD. This method provides
good results, especially in deep holes where the data
quality usually decreases with depth. Furthermore, this
calculation method can be applied to all data
categories.

Experience in interpreting heat flow data in specific
areas has shown that in many cases the changes in
temperature gradient with depth are not only due to
changes in thermal conductivity, but are the result of
various effects like measurement errors, incomplete
corrections, water circulation, thermal disequilibrium
during the measurements etc. A statistical approach to
evaluate the heat flow density, therefore, is considered
to be much more realistic than conventional processing
techniques. Furthermore, much useful information
about the data quality can be derived from the

-regression technique, e.g. the correlation coefficient for

the evaluation of the input data quality, the statistical
error of the slope of the regression line, giving a
measure of the quality of the heat flow density
determination, or the results of regressions of higher
order to analyvse the curvature of the Bullard Plot in
order to obtain information e.g. about possible water
circulation,



5.2 Data processing

5.2.1 Heat flow density computations

The HFD calculations are performed by the program
FLUX2 (Figure 15). This program is loaded automati-
cally after the temperature corrections are calculated
(see chapter 3 and Figure 8).

FLUX2 reads the corrected temperature delivered by
program THERM?2. Using the borehole data (subrou-
tine GEQOL and subroutine LEIT), a conductivity
profile of the site investigated is constructed. In most
cases no core material was available for thermal
conductivity measurements. The conductivity profile,
therefore, was estimated from the stratigraphic/litho-
logic profile of the hole and a thermal conductivity
catalogue of Swiss rocks, Using this profile, the thermal
resistance for the depth of each temperature measure-
ment are calculated and the Bullard Plot is constructed
(subroutine BULL). The HFD and the statistical error
is calculated by the subroutine SIMREG. The final
results are listed and a plot is drawn (see Figure 16).

Input data
from

Input data
from 2)
ASESEMB

FLUX 2 Y

TEMP GEOL

construction evaluation of

of the tempe- the geolegical

rature profile profile

1evaluation of

the thermal
conductivity
and thermal
resigtivity
profiles

SIMREG BULLARD-

linear —a | Plot

ragression error
procassing

1) Input data from THERM: corrected temperatures,

depths, coocrdinates

2) Input data from ASSEMB: geology, depth
thermal conductivity,
depth

Figure 15. Flow chart for the heat flow density calculation.
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Figure 16. Bullard plot for drillhole Beznau.
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5.2.2 Contouring of the isolines

The HFD determinations in Switzerland are unevenly
distributed. Manual interpolations to determine the
course of isolines would introduce bias of unknown
extent since the interpreter is usually influenced by
physiographic units, geologic boundaries etc. There-
fore, automatic contouring by computer was applied on
the basis of a contour interval of 10 mW/m? which
corresponds to the general accuracy of the individual
heat flow determinations,

Computer contouring is now standard practice in many
kinds of geophysical mapping. Computer codes devel-
oped for the Gravity Maps of Switzerland (KLIN-
GELE & OLIVIER, 1980) were adapted to heat flow
density mapping. The construction of isolines is based
on interpolation, within a circle with a radius of R, of
the measured HFD values to points of a quadratic grid
(spacing d), according to the method of LAPORTE
(1962). A smoothing factor s was introduced, as was a
threshold of elimination, 8. For this procedure, all heat
flow density data were equally weighted.

The data density is about one HFD value per 400 km?
in the mapped area (regions with isolines on the
Geothermal Map of Switzerland). Parametric studies
revealed the following optimum values: R,=70 km, d=
10 km, # = 0.1 and g= 10%. The HFD values in the
neighbouring regions of France and Germany are
mainly from GABLE (1979), VASSEUR (1982) and
HAENEL (1980).
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5.3 Results

The HFD determinations were only carried out on data
from drillholes, tunnels and shafts if the temperature
measurements were reliable and if no major convective
disturbances were detected. The HFD maps of Figures
17 1o 20 were constructed on the basis of about 100
observations on sites located in Switzerland and about
50 in neighbouring areas.

The input data base was further enlarged for the
construction of the HFD map 1: 500 000 by the results
of numerous lake bottom measurements (FINCKH,
1981) and by the data from GABLE (1979), VASSEUR
{1982) and HAENEL (1980).

In most cases the lake measurements show higher HFD
values than the surrounding drillholes. In order to
clarify these discrepancies, a 200 m deep drillhole was
placed next to a lake measurement site in the lake of
Zurich (drillhole “ZUBO 80, FINCKH & HSU 1984).
The HFD determined in that hole (125 mW/m?) is in
agreement with the results of the measurements in lake
bottom sediments (118-125 mW/m?2), proving that the
two techniques provide comparable HFD values.

The difference of HFD between lakes and their sur-
roundings can be interpreted as a result of water
migration due to the deep V-shaped bedrock cross
section and, in many cases, due to the location of the
lakes along fracture zones.

Four different values of the HFD were calculated,
including i) uncorrected temperatures, ii) temperatures
corrected for the effect of topography, iii) temperatures
corrected for topography and paleoclimate, and finaliy
1v) temperatures corrected for topography, paleocli-
mate and erosion.

The four data categories are documented in isoline
maps which demonstrate the influence of different
corrections on the isoline pattern {(Figures 17-20). The
data base used for the construction of these preliminary
maps differs slightly from map to map and significantly
from the final HFD representation on the 1: 500 000
scale. The data base is as follows: Figure 17: 75 drill-
holes; Figure 1877 drillholes, 4 tunnels ; Figure 19:
79 drillholes, 36 lake determinations; Figure 20: 53
drillholes; map 1:500000: 109 drillholes, 38 lake
determinations, 8 tunnels.

The comparison of these maps shows that they are
predominantly affected by topography effects along the
Alps. For the final representation of the HFD on a
1:3500 000 scale (Geothermal Map of Switzerland).
only the topographic correction was carried out accord-
ing to common practice. By this means the Swiss HFD
map is comparable to other European HFD maps.

The uncertainty of each HFD value was estimated from
the scatter around the regression line which defines the
heat flow density (see chapter 5.1). This statistical
approach was chosen. because the uncertainty in HFD
is dependent on unpredictable effects. such as water
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convection, local variations of thermal conductivity
etc.

Figure 21 shows the error distribution of the heat flow
density determinations. Considering that the estimated
error of most determinations is less than 10 mW/m?2,
the isoline spacing chosen was 10 mW/m?. Further-
more, the figure shows that the data quality strongly
depends on the temperature data category (see chapter
3.1) used. The continuous temperature measurements
usually provide more reliable heat flow density data
with uncertainty less than 10 mW/m?, whereas the
other data (BHT-values, single values, tunnel data)
often are more uncertain. In some cases, the data
quality was too poor for the accurate construction of a
regression line (significance level 5%). These data are
shown on the right hand side of the histogram.

The errors of the data taken from the literature
(VASSEUR, 1982; FINCKH, 1981; HAENEL, 1980
and GABLE, 1979) were not analysed and thus are not
shown in Figure 21.

5.4 The Geothermal Map of Switzerland

The Geothermal Map of Switzerland 1: 500 000 has
been constructed on the basis of the complete data set
given in Appendix 3. In order to make the map
compatible with other European HFD maps, only the
topographic correction has been applied to the data.
The isolines of the Swiss HFD map cover the major
part of the country. The remaining areas are located in
the Eastern Alps (Grison) and in the southwestern
edge of the country (Valais). As illustrated in Figure 21,
most heat flow sites reach depths less than 500 m. Only
a few boreholes — mostly hydrocarbon exploration
boreholes — are deeper (maximum: 5.5 km).

The average HFD, corrected for the irregular distribu-
tion of the observation sites, is 83 mW/m? and shows a
general decreasing trend from the Northern Foreland
(av. value 88 mW/,/m?) to the Alps in the south (av.
value 77 mW/m?). This trend 1s overlain by a couple of
distinct positive and negative anomalies, especially
along the Jura chain and the Alpine border. These
anomalies are thought to result from forced water
convection, because many of them coincide with the
occurrence of thermal or subthermal water and with
abnormal chemical compositions of many surface
waters (1sotopic evidence, geochemical reservoir tem-
peratures). The two most pronounced anomalies are
located in the area Baden — Zurzach — Schinznach, near
the northern border of Switzerland, and in the area of
St. Gallen in the east. Both anomaiies have been
analysed carefully (see NEFF, 1981: ANGEHRN &
BODMER, 1982, 1984) and the interpretation of the
HFD pattern is discussed in BODMER & RYBACH
(19853).

Water seepage velocities (= Darcy velocities) of a few
mm/year can already give rise to such anomalies. Zones
in which a strong local variation of the geothermal
conditions are expected due to water circulation are
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Figure 21 : Statistics of Swiss HFD data.
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especially delineated on the HFD map. These areas are
mainly located along the southeastern edge of the
Folded Jura and along the Rhine and Rhéne valleys in
the Alps. In addition, several other circulation systems
on a more local scale may exist, but could not been
identified on the basis of the available geothermal
information.

5.5 Comparison with the results of other countries

HFD maps have been published for most countries in
Europe. In order to enable a comparison of the different
resuits or to construct general maps on the continental
scale (CERMAK, 1979; HAENEL, 1980), it is essential
that processing techniques are similar. It is, therefore,
important to verify how well the results presented fit
with the data from other countries or the international
guidelines (see BALLING ez al., 1981).

Tables 5 and 6 demonstrate the differences in the
methodology of processing and the data density of the
HFD maps in different European countries.

In most cases, different categories of temperature data
were used and the results were combined. However, the
corrections applied to these data do not generally agree.
The most significant discrepancy lies in the application
and calculation of the topography correction. It rmust

be noted, however, that in many countries with low
relief, the topographic and the erosional corrections are
small and often negligible.

Major differences between the authors lie in the
determination of the thermal conductivity. Many
different measuring techniques have been used and
many HFD values have been obtained, using estimates
for the thermal conductivity. Since the measuring
technique has to be adapted to the nature of the heat
flow site (lake, borehole, tunnel), and since suitable
rock samples are not always available (i.e. core material
from drillholes), general standardisations are not
useful.

Table 6 compares the data density used for the
construction of the European geothermal maps (see
CERMAK, 1979). Except for the German Democratic
Republic, the daia density of Switzerland is much
higher than in the other countries.

Table 5: Comparison of the methodology of HFD determination in different European countries

Country Temperature Thermal conductivity Correction References
NP TR DB TO PC ER D

Belgium + - - - - - - - - GRAULICH 1969
LEGRAND 1983

F. R. of Germany + 4+ + + + - - BRAM 1976

Denmark + - - + + - + - BALLING 1979

German D.R. not specified HURTIG &
OELSNER 1979

France + - o+ - + - - VASSEUR 1981

Great Britain + o+ - - - - BLOOMER eral
1979

Italy + - + + + not systematic LODDO &
MONGELLI 1979

Holland + - - - - - - - - THIADENS 1968
SADEE 1575
v, ENGEN 1975
DALFSEXN 1981

Austria + - + + - not systematic HAENEL &
ZOTH 1973
BOLDIZSAR 1968

Switzerland + - - - - + + + - BODMER 1982

- o+ - - - + + - - RYBACH &
FINCKH 1979
- -+ + - + + - FINCKH 1931

Spain + - - - - - - - ALBERT-B. 1979

Czechoslovakia + - - - + + + - - CERMAK 1979

Hungary + o+ - - - - - 4 HORVATH et al.
1979

Legend.:

Temperature measurements: D =drillholes T =tunnels and shafts

L =lakes

Thermal conductivity: NP=needle probe TR =transient method DB ="divided bar™ method

Corrections applied: TO=topography PC =paleoclimate ER =e¢rosion
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D = misc. (e.g. sedimentation)



Table 6: Data density and average HFD in different
European countries

Country surface o* number data density

{km?) mW/m? of values per 10¢ km?
Belgium . 30307 ca. 353 - -
F. R. of Germany 248454 67 175 1.6
Denmark 43042 61 36 84
German D. R. 108273 83 348 321
France 551603 99 133 2.4
Great Britain 244016 68 71 29
Italy 301218 69 62 2.1
Holland 36127 55 6 1.7
Austria 83849 72 51 6.1
Switzerland (total) 41488 83 104 25.1

Alps™**) 23530 77 31(24) 13.2(10.2)
Foreland 17758 88 73 41.1
Spain 504741 82 133 2.6
Czechoslovakia 127859 74 1i2 8.8
Hungary 93030 95 27 29
USSR (Europ. part) 5570000 52 761 0.1

*Values taken from CERMAK (1979) (except for Switzerland)
**Value for Alps + lake measurements in Southern Switzerland.
Values in brackets: Alps only




6. Conclusions

The average heat flow density in Switzerland amounts
to about 85 mW/m?, within a width of variation from
40 mW/m? to 160 mW/m2. The estimated error of the
contoured isolines apart from areas with strong water
circulation effects (which are shown on the map) 1s
expected to be less than + 10 mW/m?.

The surface heat flow density pattern in Switzerland
clearly displays a general trend: the heat flow density
values decrease from north to south towards the Alps,
reach a minimum there and increase again further
south. Superimposed on this regional trend are several
Iocal anomalies, positive and negative, which can be
attributed to thermal effects of deep groundwater
circulation. Groundwater seepage velocities in the
order of only a few mm/year can already cause
anomalies of the observed strength.
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The heat flow density map displays the actual state of
knowledge of the regional geothermal conditions in
Switzerland. Since the data base used is small compared
to other geophysical maps, and since the quality of
some data is poor, the introduction of new data may
have considerable effects on the ¢ourse of the isolines.
This is especially the case in the Alps and the Jura with
generally rather low data density and where major local
disturbances of the geothermal conditions of the sub-
surface can be expected. It is, therefore, indispensable
that the Geothermal Map of Switzerland is revised
periodically on the basis of new data collected by or
communicated to the authors of the present map. The
data processing technique developed allows for rapid
and efficient updating.
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Appendix I : Drillhole objects, temperature data categories

Drillhole Coordinates Terrain Depth Geology Temperature data
elevation (m) at bottom category
{m.z. sea hole
level) 3 4 5 7
Allschwil 1 607980/267300 276 327 ma x
Allschwil 2 6035960/265820 332 922 ma X
Aqui, Ziirich 682125/2463569 419 300 omm x X
Badenweiier 3 (D) 617225/294325 425 505 r x %
Baitenhausen 1(I)) 740300/286500 435 1500 ma x
Balzers 7570007214000 480 620 dg s
Belmont Buss (F) 456019/292267 127 170 7 x
Bad Bellingen 3 (D) 608410/285980 225 1194 mm x
Berlingen 719685/280195 393 2311 r x
Besangon (F) 497061/233970 320 135 ?
KKW Beznau 655491/267242 326 322 mm X
Biaschina 709250/142050 455 653 kk x
Birmo AG 660350/257675 368 160 mm x
Bizonnes (F) 442667/40613 474 1424 ? x
Boswil 664845/237415 6438 1836 ma %
Brislach 609175/233465 412 180 ma %
Bresse 2 (F) 413155/126691 190 1201 ? x
Bresse S1 (F) 422953/98601 287 2603 7 X
Bresse S2 (F) 431699/83527 314 1072 ? X
Bresse 103 (F) 4079627121297 216 1632 ? x
Bronschhofen 7195004260160 340 40 osm x
Brunnadern 728610/243300 680 60 osm % x
Buggingen [ (D) 613680/300650 222 830 ol x
Buix 568780/258620 395 1053 ? x x
Chapelle 547306/168360 764 1531 kr %
Chapérv (F) 491100/78000 600 4200 ? x
Chiggiogna 706210/147380 700 305 kk x
Curciat (F) 424966/148568 197 530 2 x
Courtion 572415/185420 399 3084 mm x
Densbiiren 646455/255054 516 237 mm x
Dingelsdorf 1 (ID)) 727950/288300 430 2702 gg x
Dornbirn (A) 773323/236360 414 2820 usm
Eclepens 533220/168380 327 2130 k %
Eglisau 2 680820/269865 380 423 ma x
Entlebuch 651250/202800 1080 5300 pk b
Essavilly (F) 4953427182123 792 2065 2 x
Essertines 539775/173490 661 2936 k X
Etrez (F) 426051/135367 1500 7 x
Ettenkirch 1 (I)) 735800/286600 473 2161 ma X
Faucigny (F) 516530/108950 766 4950 pk x
Feldkirch (F) 5873007300900 230 2103 dg x
Frenkendorf 621042/262363 308 300 mm X
Frick 644264/261903 346 297 mu X
Furttal 709 ¢a.676000/256000 420 205 q x
Furttal 706 6743350/255890 420 215 q x
Gossau Niederdorf 735200252670 628 153 osm x
Gossau Silthang 738860253180 700 31 osm x
Grellingen 610370/254310 326 213 dg x
Gubrist 677310/252733 385 200 osm X
Guspisbach
(Schacht) 686800/161030 1691 520 kk x
Habsburg 5536.19 635150/256780 360 43 mo x
Hard 2 {A) 768600/263170 400 271 q X
Hartheim (D) 614200/310190 204 1143 ol x
Heimersdorf (F) 583280269090 392 798 dg x x
Heitersheim (D) 613870/303370 216 1377 ol X
Herdermn 710308/274597 328 2134 mu ? X
Hirtzbach (F) 383250/272450 310 738 dg
Holzlisberg 757080/245780 570 194 dg X
Hospental 686800/164175 1364 300 kk X
Hurmilly [ (F) 479200/105500 667 905 kr X
Humilly 2 (F) 480500/108250 504 3040 ka
Hiinenberg 1 675522,224593 461 3288 ma ®
Jura [Q1 (F) 443880/133223 568 340 ? x
Kaiseraugst WBS 622630/264726 300 293 r X
Kaisten 644988,264509 333 70 mm X
Klingnau [ 661336/271397 443 398 mu X
Klingnau I 661310/271730 420 282 mu x
Klingnau i 6561830/271930 440 271 mu x
Knoeringue (F) 593470268930 438 2149 A4 x
Konstanz (D) 733250284990 400 660 usm x
Kreuzlingen 726201276169 538 25350 pk-gg X
Krozingen 3 (D) 618960307710 225 610 mo x X
Kisnacht 689296,241483 642 2693 ma x
Laufen 6035107250350 363 240 dg %
Lavin 804000/182460 1410 400 kk x
Levmen (F) 602840 261300 333 1138 dg x
Lindau 692815.255098 S16 2377 g x
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Dritthole Coordinates Terrain Depth Geology Temperature data
elevation (m) at bottom category
(m.a. sea hole
level) 3 4 5
Linden 617704/188567 881 5448 k % x
Bad Lostorf 3 637327/249242 549 584 mo x x
Malvallia 721870/142810 980 107 kk X
Martel Dernier 543730203610 1025 300 kr X
Michelbach 101 (F) 575100/289950 348 1059 dg X x
Moesrchwil 748180/258680 540 103 osm X
Miilligen BT2 659490/257200 355 74 mm %
Mumpf 636460/266270 282 207 r X
Neuwiller (F) 603800/2631350 360 1063 dg
Oberbueren 728740/257490 490 104 osm *
Oberdorf 9271 623248/249274 506 125 mo X
Qberdorf 9273 623720/249323 500 142 min %
QOberhof Nord 642814/254407 550 62 mm %
Oberuzwil 728870/253400 640 40 osm x
Owingen (D) 729800/296700 523 1622 2g X x
Pfaffnau 1 632708/231789 500 1843 gag % %
Pfaffnau Siid 1 634950/228120 616 1209 ma x X
Pfullendorf 3 (D) 735520/312440 654 1345 2g? x
Pratteln 4137 618837/264121 276 100 mm %
Pratteln 41J8 620736/264539 271 127 mm x
Ratanelle (F) 414862/154430 183 1113 ? X
Riburg 629210/267200 300 210 mu X
Romanens 564200/157400 9435 4022 k X
Ronchamp (F) 536551/285300 310 ? ®
Rueras 700250/169750 1400 260 kk x
Ruppoldsried 599450/215600 483 996 ma X
Saléve 2 (F) 495500/099300 812 1984 ? x
Santa Maria 704350/160700 1823 1187 kk X
Savigny ! 546271/155312 839 2486 kr x x
Schinznach
5256.26 652470/256730 460 61 mo? X
Schinznach QN83 653900/255430 350 25 q %
Servion 349000/157900 765 1433 usm
Sevelen {3 755360/221500 460 38 q x
Sevelen 14 754840/222010 450 41 q x
Singen (D) 703990/286630 435 6835 ma b x
Sorens 571900/168600 1019 3165 ma
Soultz (F) 584435/301660 250 1830 ? x
Staffelfelden (F) 585300/297450 256 1918 dg
Steinenstadt (D) 609130/289915 225 491 dg
St. Germain (F) 481525/69368 450 ? x
Sundgau 201 (F) 589400/263100 448 582 dg
Tiefenbrunnen/ZH 684200/245380 408 736 usm X
Thal Buechberg 759780/260260 470 55 omm X
Treycovagnes 536136/180273 474 3220 5 X
Tschugg 1 572610/207910 463 704 ma X
Tuggen 714750/228760 408 1648 usm X
Vereina 793200/189250 1835 518 kk X
Vevy (F) 463436/98617 522 918 ? X
Wahlen 605670/249385 433 210 ma x
Walzenhausen 760880/236340 780 37 usm x
Weinstetten (D) 611980/306320 207 2404 mm
Yverdon (Belair) 540724/180554 529 185 ol x
Zienken 1 (D) 611220/299380 223 1762 dg
Zurzach 3 663742/271482 346 530 g8 %
Zwingen 606905/253475 345 75 ma b
Explanation of symbols
Temperature data category:
1. uncorrected BHT 5. several temperature data
2. corrected BHT 6.  single temperature measurement
3. Test temperature 7. unknown temperature measurement method
4, Continuous temperature log
Geology:
q Quaternary m Muschelkalk
osm  Tertiary: “Upper Freshwater Molasse™ mo: upper
omm Tertiary: “Upper Marine Molasse™ mm: middle
ol Oligecene mu: lower
usm  Tertiary: “Lower Freshwater Molasse™ $ Buntsandstein
e Eocene r Rotliegendes
kr Cretaceous pk Permocarboniferous
ma  Malm ka Carboniferous
dg Dogger gg Crystalline basement
1 Liassic kk Crystalline rocks in the Alps
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APPENDIX 3

MEAT FLOW DENSITY (MILLIWATT/SQ.METER)

CORRECTED FOR TOPOGRAPHY

et S e S e W

SWISS

COQRDINATES

4£07980.
5021 34.
505920,
608410,
740300.
662597,
757307,
456019,
719685,
497061,
559490,
709250,
5303843,
65035).
442667,
749471,
747019,
743215,
V48441,
564850,
478941,
L78%60,
614687,
413155,
422953,
431699,
407962,
7195300,
728510,
563920,
547310,
706210,
731436,
73143,
741549,
424966,
572415,
728200,
773523,
533220.
680310,
651250,
495342,
539730,
426051,
750630,
516550,
586943,
621040,
576830,
674354,
676330,
852318,
853522,
735220,
733340,
589090,
6838380,
6866349,
636690,
687510,
693040,
694120.
610570,
677310.
636230,
655150,
768600,
545700,
710390,
757080,
675521,
492135,
802230.
302199,
L3581,
4622500,
6674610,
661510,

267300.
84113,
72642,

2859380,

2565u0,

227543,

214000,

292267,

280195,

233970.

267240,

142050,

218291.

257TuC.
40613,

273872.

275602,

277422,

262726,

237420,
67567.
69419,

299990,

126691,
936ut.
83527,

121297,

26J140.

243300,

254760,

163360,

147380.
86312,
86312,
97659,

1435c8.

189420,

2859u0.

256300,

163380.

2469830,

2028u0.

182123.

173490,

135567,

2306u0.

117950,

29983u1.

262370,

153740,

255890,

256000,
64232,
67969,

252670,

2531380,

156200,

164400,

159450,

159290,

166430,

246150,

2449461,

254310,

252780.

161050,

2560740,

243170,

2690LG.

2746U0.

2457480,

224590,

108075,
660404,
67896.

133223,

245100,

271500,

271750,

ALLSCHWIL 1
ANNECY

ANNECY

BAD BELLINGEN
BAITENHAUSEN
BALDEGGERSEE
BALZERS
BELMONT 3USS (F)
BERL INGEN 1
BESAMEON TH(F}
BEZNAU
BIASCHINA
BIELERSEE
SIRMQ AG
B1ZOGNNES (F)
BODENSEE
BODENSEE
BODENSEE
BODENSEE
goswIL 1
BOURGET
BOURGET

BRD

BRESSE 2 (F)
BRESSE ST (F)
BRESSE 52 (F)
BRESSE 123 (F)

BRCONSCHHOFEN TRUENGE

BRUNMADRERN
BUIX

CHAPELLE
CHIGGIOGNA
COMERSEE
COMERSEE
COMERSEE
COURCIAT DONG (F)
COURTICN
DINGELSDORF (BRD2)
DORNBIRN (OE)}
ECLE PENS
EGLISAU 2
ENTL EBUCH
E3SAVILLY (F)
ESSERTINES
ETREZ (F}
ETTENKIRCH
FAUC IGNY
FELDKIRCH(F)
FRENKEMDORF
FURKA

FURTTAL 706
FURTTAL 709
GARDASEE
GARDASEE

GOSSALU NIDERDORFER F
GOSSAU SILTHANG N1

GOTTHARD 598 3

SB8 GOTTHARODTUNMNEL 1

GOTTHARD 2
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GREIFENSEE
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GRELLINGEN
GUBRIST
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HABSBURG 5555.19
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HEIMERSOORF
HERDERN
HOELZILISBERG
HUENENBERG 1
HUMILLY 2 (F)
ISEQSEE
ISEQSEE

JUrRA 121 (F)
KAISERAUSGST
KLINGNAL [
KLINGNAU I

GEQOGRAPHIC

COORDIMATES

L7334N  TI2TE
4£5520N S107E
45480N 6137E
C7435N 7?3XE
L7267 9180E
4711BN  81359E
L7035 9FQ3E
4T459N  S311E
47%97N  9O019E
L7149N 6Q47E
473324 B138E
L6253N 8516E
L7069N 7108E
LT281TN 8144E
453008 5256E
4TISIN  9256E
LP?369N 923TE
4TIT7ON  9207E
LT7299N  9246E
C7171N  8178E
L58450N  5530F
4LSL60N  SS53QE
475118 T3RI1E
4616CN  SQO9E
«6010N  SO%1E
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46130N  45TJE
L72B9N  S015¢
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L7288N  TQI1SE
LETION HLSTE
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L&393N  BR4TE
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LALTON  BQR1E
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68,

115,
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82,
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APPENDIX 3

HEAT FLGCW DENSITY {MILLIWATT/SAQ.METER)

CORRECTED FOR TOPOGRAPHY

LT Y

SWISS SITE GEOGRAPHIC
COORDINATES COORDINATES IMIN  IMAX H NT NX HFD TDHFD
661830, 271950. KLINGNAU III 473588 8157E 0. 27t. 44D, 15 T 148, 22,
593120, 268780. KNOERINGUE L7T42N  T7208E 0. 2152, 440, 5 15 T4, -1,
729200, 276170. XREUZLINGEN LTE5T4N  9(395E Q. 2547, 540, I 14 98, =1,
639296, 241435, KUESNACHT 471%1% 8372t 0. 2682, 0. 2 5 6%, =1,
804000, 182400, LAVIN L6L58N 10064E 78, 33X, 1410, 28 1 46, x,
337072, 144435, LEMAN 46270N 63I72E 0. Oe 0. 1] 0 8. 0.
533249, 144528, LEMAN 462T0N 63428 0. 0. 0. 0 3 79. 0.
525591, 142766. LENAN 46260N 6282F 0. c. 0. g 0 92, 0.
602051, 260873. LEYMENCF) 4T299N  T280F 150. 22C. 0. 3 I 70. Q.
692815, 255098. LINDAU 472464N  B4D2E 0., 2376, 0. & 17 109, 23,
617704, 183567, LINDEMN 465094  7403E Q. 5437, 8%90. 7T 1t 70. 20.
637330, 249240. LOSTORF 47236N  ?560E 0. 55C. 550. 1 26 96. 9.
621800, 140930, LOETSCHBERG 46252N  TLIIE 0. 1540, 2780, &5 1 62, 2.
721729, 96293, LAGO DI LUGAND 460USN  9DDGE Q. 0. 0. 0 o %1, 0.
716256, 83778. LAGO BI LUGANO 45565N BSS3E G. C. 0. Q 0 94, C.
712000, B7462. LAGO DI LUGAND 45558N  853)¢ 0. 0. Je J 2 111, 2.
712754, 90546. LAGD DI LUGANO 453574N  B534¢ 0. C. 0. 0 1 93. 0.
72278%. 97246. LAGO ©I LUGANO 46030N 9015 0. C. 0. ] 0 91, o.
692975, 91152, MAGGIORE 45580N 83B3E Q. c. 0. 0 0 124, 0.
695505, 94897, MAGGICARE “6000N  8403E C. C. g. b} 0 131. Q.
721870, 142310, MALVALLIA 46256N  9015E 0. 107, 930. 76 T 5. 10,
543730, 203610, MARTEL DERNIER 46589N  6419E 0. 30C. 1030, f4 1 60. LN
557226, 77662. MONT BLANC 455108 6533 C. Q. Q. 9 0 83, 0.
748180, 258680, MOERSCHWIL STEINACH &7278N 9243E d. 103. 54). 92 2 100, z.
659490, 2572u0. BT2 MUELL IGEN 47278N B13TE 55. 71. T60. 8 4 179, 67,
558929. 199874, NEUCHATELLERSEE L4657ON  &540E d. 0. 0. 2 0 76, C.
553834, 194353. NEUCHATELLERSEE 46539N  6500¢ c. 0. a. 0 3 T8, c.
728741, 257490. OBERBUEREN SONNENTAL 47274N S08BE 0., 104. 490, 105 2 93, 9.
728870. 253400. OBERUIWIL BICHWIL 472528 9083E Q. 4G, 640, 40 2 85, 13,
729300. 29670C. OWINGEN 47485N 9103E 0. 162¢2. 520, z & 10%. 4,
692830. 124050, PALAGNEDRA 3 46157TN  B3B6E 0. 1270. 1770. 17 2 80, 22.
692460, 114920. PALAGNEDRA 1 L6T08BN  B8XZ82E Q. 790, 1270. 13 2 48. 21,
632710, 231790. PFAFFAAU @7142N  7522E 0. 1814, 500, T 19 %1, -1,
735520, 312440, PFULLENDOR¥ (BRD) 47569N 9152€ 0. 15QC. 650, 6 15 126, 14,
620740, 264540, PRATTELN 4148 47319N  T42%E 0. 125. 270. 2% 9 31, 7.
4146302, 154430. RATANELLE 101 {F) 463108 5015 622, 1113, 2. 0 3121, C.
629219, 267200, RIBURG NR 2 L7333IN TLOLE 0. 21C. 200, 168 12 74, z.
594200, 167400, ROMANENS 46395N  T218E 0. *s820, G. I 10 86. 42,
536551, 2853L0. RONCHAMPLF) A7629N  B354E 100, 310, a. n T 108, G.
700253, 169750, RUERAS LE64C3N  BLLVE 735, 26u. 1400, 19 1 72, 6.
599450, 2156u0. RUPPOLDSRIED 47JI5S5N  7259E 0. 934. 4BO., 44 7 93, 2.
503565, 938617. SALEVE (F) 46320  6116E 0, 1984, 0. 0 0 53, a.
431525, 69368, ST GERMAINC(F) 454 60N  5549F 100. 45¢C. 0. qQ o 46, 0.
704350, 160700. STA. MARIA 46354N  B4BCE 0. 1187. 1190. 2% 1 54, &,
546270, 153310. SAVIGNY 1 L6328N  GLL3E 2. 2319. 860, 3 6 B6. 15,
653900, 25543U. SCHININACH GN 33 47T269N BO92E 0. 25. Isg0. 18 2 91, 26,
652470, 256730, SCHININACH 5256,.26 47276N  BOR1E 2. 61, 460. 21 2 90. 5.
754860. 222010, SEVELEN 14 4TITON  9288E 1. T1. 450, 41 2 69, I.
755360, 2219y0. SEVELEN 13 4TQ78N  9292E 35. 73. 46D. 38 & 4é. 1.
651810, 123610. SIMPLON § 4615TH  BOLEE 0. 1710. 2420, 20 L 4R, 6,
630660, 1246L0. SIMPLGN N 46163N  3058E 0. 2120. 2820, 54 2 75, 6.
703990. 236630, SINGEN (BRD) G7434N  B495E 0. 5000. 440, 13 5 64, 5.
584435, 301600. SOULTZI (F) 47519N  T138E 1824, 183C. J. o 2 109, Q.
759780, 260200, THAL BUECHBERG 47285K 9335E 10. 55. 4&70. 46 2 42, 7.
684200, 245350. TIEFENSRUNNEN 47212N B332E 145, 722, 410, 86 5 97, 3.
536140, 1280280. TREYCCVAGNES 1 LH6463N  8382E 0. 3210. 470, 5 16 RS, 27,
572610, 207910. TSCHUGG 47013N  TOLYE 0. 431, 0. 27 15 105. 2.
714750, 228700. TUGGEN £7120N B572E 0. 1300. 410. 6 3 102, 7.
6945350, 112510, VERBANO 2 46095N B39BE G. 480. 910. 1% 2 2B. 17.
696870, 111410, VERBANC 1 L46089N  B4L16E 0. 856. 1280, 12 2 &8, 11,
793230, 189250, VEREINA 464986N  9583E 0. 485, 1840. 26 1 49, I.
48343h. 93617, VEVY 46D15N  5405¢ 0. 918, De 0 0 125, c.
675599, 207622, VIERWALDSTAETTERSEE 47D09N 826JE 0. 0. 0. e g0 122, o.
879419, 203966. VIERWALDSTAETTERSEE 4&6589N 8290€ g. C. Ga 0 0 120, 0.
681955. 2040U1. VIERWALDSTAETTERSEE 44590N B310€ Q. 0. 0. 0 0 109. a.
760880, 256340, WALIENHAUSEN HERHOL 4T7243N  9343E 14, 57, 78D, L8 2 70, S.
680599, 216951. IUGERSEE 47059N 8309 0. 0. 0. 0 9 115. 0.
680599, 214951, IUGERSEE 47059N  B330E 3. G. 0. 0 g 12%, 0.
688063, 2355385. ZTUERICHSEE 471598 B8342F 0. C. 0. 0 0 118. 0.
688063, 235585%5. ZIUERICHSEE 4T159N  B362€ 0. C. o. ] J 125. 0.
663970, 271220. ZIURZACH NR 3 4T353N  B1T4LE 15. 695. 340, 46 15 126, 2.
LEGEND IMIN 1 MINIMUM DEPTH FOR HFOD EVALUATION (M)

IMAX t MAXIMUM DEPTH FOR HFD EVALUATION (M)

H t ELEVATION OF SITE (M)

NT § NUMIER OF TEMPERAYURE MEASUREMENTS

NK ! NUMBER OF CONDUCTIVITY VALUES USED FQR HFD DETERMINATION

HFD t HEAT FLOW DENSITY CMILLIWATT/SQ.METER)

OHFD ¥ UNCERTAINITY OF THE HFOD OETERMINATION (MILLIWAYT/SO.METER)

-1 t REGRESSION C(BULLARD PLOT) NOT SIGNIFICANT
47



48

Achevé d’imprimer sur les presses
de I'Imprimerie Paul Attinger SA, 4 Neuchétel
en 1984



Contributions to the Geology of Switzerland
Beitrige zur Geologie der Schweiz

Matériaux pour la Géologie de la Suisse

Geophysics — Geophysik — Géophysique

No.

LA R A )

[e =N |

10

11
12

13
14

16
17

19

20

21
22

H. Réthlisberger. Zur seismischen und petrographischen Charakterisierung einiger Molassegesicine, cinschliesslich der
Beschreibung von Methoden der Korngrdssenbeslimmung in Festmaterial, 91 Sciten, 31 Figuren., 1957 ..., ...... .. ...
G. Friedenreich, Eine grossraumige Widerstandskartierung nordwestlich von Ziirich und ihre geologische Deutung. 47 Seiten,
22 Textfiguren, 9 Karten. 1959 ... oo o
F. Gassmann, Schweremessungen in der Umgebung von Ziirich. 70 Seiten, 24 Textliguren, 2 Tafeln, 1962 .............
E. Poldini. Les Anomalies gravifiques du canton de Gendve, Avee 63 pages, 25 figures et 3 planches. 1963 ....... . ...,
L. Rybach. Refraktionsseismische Untersuchungen im Raum Aare-, Limmat- und Surblal. 49 Seiten, 42 Figurcn. 1962 |
0. Genet. Etude gravimétrigue de la plaine du Rhéne. Région Saint-Maurice— Lac Léman. 50 pages, 30 figures, 2 planches.
L e e e e e
C. Meyer de Stadelhofen. Carte des résistivités de la plainc du Rhéne. 8 pages, 2 figures, 2 planches, 1966 ....... ... ..
0. Gonet. Etude gravimétrique du lac Léman & bord du mésoscaphe Auguste Picard. 20 pages, 8 figures, | planche. 1969
J.-J. Wagner. Elaboration d’une carte d’anomalic de Bouguer. Etude de la vallée du Rhéne de Saint-Maurice 4 Saxon
(Suisse). 81 pages, 32 figures, 2 planches. 1970 ... i
H. Lazreg. Etude géophysique, géotogique et hydrogéologique de la région de Congise & Pompaples (pied du Jura vaudois).
51 pages, 16 figures, 7 planches. 1971 ....... .. ... ... . ... e e

E. Klingelé. Contribution & Iétude gravimétrique de la Suisse romande et dcs régions aveisinantes. 94 pages, 6 figures,
35planches. 1972 ..o oo T
W. Sigrist. Contribution 4 I'étudc géophysique des fonds du lac Téman. 56 pages, 28 figures, 1 planche. 1974 ... ... ..
R. Ofivier. Flaboration d’un systéme de trailement gravimétrique géré par I'ordinateur. Etude gravimétrigue du plateau

romand de Versoix (GE) & Concise (VD). 56 pages, 21 figures, 10 planches. 1974 ... .. ... . ... . . ...
H. Buchli, R. Paquin, A. Donzé. Etude géoélectrique et gravimétrique du Chablais cntre Asniéres et Evian. 170 pages,
81 figures, 4 planches. 1976 ..\ o

G. Fischer, P.-A. Schnegg, J. Sesiano. A new geomagnctic survey of Switzerland. 44 pages, 15 figures, 8 tablcs, 10 cartes.

L
E. Klingelé, R, Olivier, La nouvelle carte gravimétrique de la Suisse { Anomalics de Bouguer). 96 pages, 9 figures, 4 tables,

Pearte 1980 Lo

Kommissionsverlag - En Commission chez
Kiimmerly & Frey, Geographischer Verlag, Bern

Fr.

14.—
20.
24—
24—
14,
14.—
8 -
22—

22—
22.—

22.—
22—

22.—

22—
22.—

22.—
32.—
28.—
28—

32.—
36.—





