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Abstract
Due to the increasing use of geothermal energy in Bavaria,
Germany, over the last years, the practical experience in
geothermal plant operation for heat and power generation
has shown an evident need for research. Especially
questions related to deep geothermal energy need to be
answered, and the risk of geothermal exploration in the
Molasse Basin and the crystalline rocks in the northern
part of Bavaria should be reduced to optimize reservoir
engineering. The Molasse Basin, extending along the
northern flank of the Alps, represents an alpine foreland
basin. Situated south of Munich, the basin offers ideal
conditions for the use of hydrothermal geothermal energy.
The petrothermal potential in crystalline rock is focused in
the northern part of Bavaria. The development and use of
this future technology initially requires extensive research
but has outstanding future potential. In this context, the
determination of rock mechanical parameters is indis-
pensable for the subsequent modelling of hydrothermal
and petrothermal reservoirs. For this purpose, laboratory
tests were conducted using drilling samples as well as
analogue samples from quarries. Based on the results of
these experiments a database has been created. This
database improves the knowledge of the mechanical
properties of representative rock types. Furthermore, the
database improves the knowledge about detection of a
local stress field, which has major impact on the hydraulic
system of the geothermal reservoir. The outcome of this
research should increase profitability and minimize risk of
geothermal projects.
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1 Deep Geothermal Energy in Bavaria

1.1 Research Gap: Geomechanical Parameter
Characterization

The local stress field has a major impact on the hydraulic
system of a geothermal reservoir. An extensive and precise
knowledge of the reservoir properties is necessary to com-
plete a geothermal project successfully. Understanding the
local stress field and the fractures around the bore hole is the
key to an improving inflow from the reservoir into the
exploration well. Since Barton et al. (1995) found that crit-
ical fractures are more often hydraulically active than
uncritically stressed fractures, the geomechanical reservoir
parameters describing the field of tension are important for
the exploration of geothermal projects. The quality of these
parameters depends on the identification of the deposit
properties of the period and cost-intensive exploratory dril-
lings. Due to the high costs, there are not enough. Deep core
holes typically reach depths of several thousand meters.
Because it is very expensive to drill them. The existing deep
core holes were created during the course of the hydrocarbon
exploration. Most of the data pool is limited to rock for-
mations that were relevant for the oil industry. The database
for geothermal host rock formations is very small.

In order to complete this database, various studies by
Clauser and Huenges (1995), Clauser et al. (2002), Koch
et al. (2007, 2009) have provided characteristic rock
parameters. However, the geomechanical parameters
describing the local stress field around the borehole, were
not covered sufficiently. Homuth (2014) first published
geomechanical rock mass parameters on analogue samples
from different outcrops. Due to the small number of avail-
able samples, his general statement about the geomechanical
reservoir characteristics was not useful.

The aim of this work is to fill the database with geome-
chanical parameters of analogue and drilled core samples.
The parameters will therefore improve the understanding of
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the hydraulic inflow to the reservoir. This work will reduce
the geothermal exploration risk in the north Alpine foreland
basin (so-called Molasse Basin) and will optimize the
reservoir engineering in the northern part of Bavaria in
crystalline rock.

2 High Priority Geothermal Strata

2.1 Molasse Basin: Upper Jurassic Carbonates

The target formations of the geothermal reservoirs in the
Molasse Basins are the Upper Jurassic carbonates (Malm)
(Fig. 1). These rocks are underlaid by Permo-Carboniferous
troughs and Variscan crystalline complex (Lemcke 1988).
The basin is filled with Cenozoic sedimentary rocks, which
are alternating sequences of sandstone with claystone
(Meyer and Schmidt-Kaler 1989). Due to alpine tectonics
and the formation of the Molasse Basin as a typical
wedge-shaped foreland basin, synsedimentary fracture and
fault zones influenced the Upper Jurassic carbonates (Büchi
et al. 1965).

An epicontinental sea, connected to the northern part of
the Tethys, was the deposit environment of the Upper
Jurassic carbonates. The Upper Jurassic is composed of
alternating sequences of limestone, marl and dolomites
(Meyer and Schmidt-Kaler 1989).

In southern Germany, the Upper Jurassic is separated in a
massive and bedded facies. The massive facies, also called
reef facies, is built by reef and reef-like organisms. This

facies, can be dolomitized influencing the behavior of the
carbonate rocks. The limestones were partially carstified by
the uncovering and eroding of the Upper Jurassic limestones
during the Cretaceous period (Koschel 1991).

Situated south of Munich, the basin offers ideal condi-
tions for the use of hydrothermal geothermal energy. The
requirement for the hydrothermal geothermal energy is the
presence of a water-bearing formation, the Upper Jurassic
carbonates. In a hydrothermal circuit, the hot water is
pumped to the surface where the essential part of its heat
energy is available via a heat exchanger to a secondary
power plant circuit. The cooled thermal water is then traced
back into the subsoil via a second borehole (injection
borehole).

These carbonates exist there at depths between 3500 and
6000 m b.l.s. with host fluid temperatures between 65 and
120 °C. The thickness of the Upper Jurassic reservoirs can
reach up to 400 m (Pomoni-Papaioannou et al. 1989). The
Molasse Basin has a typical dip of 5° (Clauser et al. 2002) in
the south-east direction, which results in an outcrop area
north of the Basin (Fig. 2). The outcrops of this area
(Swabian and Franconian Alb) reflect the properties of the
geothermal reservoirs.

2.2 Northern Part of Bavaria: Crystalline Rock

The target formation of the northern part of Bavaria consist
of different granite types of the Variscan basement. These
rocks build the basement of the Franconian Basin,

Fig. 1 Geological overview map of the Molasse. According to Walter (2007)
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a Permo-Mesozoic sedimentary platform. The sediments
consist of sandstones, pelites, limestone and marls (Schar-
fenberg et al. 2016).

The development of the Franconian basin begins with the
end of the Variscian orogenesis. The Variscian Orogen has
been subjected to uplift and erosion since the lower Car-
boniferous (Welzel 1991). The post-variscan development,
characterized by a crustal collapse and an extension of the
lithosphere, led to the formation of half trenches and ditches
in the Upper Carboniferous. These intramontane basins
locally covered over 2500 m sediments of the variscian
mountain range (Bauer 2000).

During the Upper Carboniferous period, magma pene-
trated overlapping rocks and formed extensive granite plu-
tons. These granites built subsurface granite bodies, which
provide potential heat sources for the petrothermal geother-
mal energy. In contrast to the hydrothermal systems,
petrothermal systems use the heat energy of the crystalline
rock. In petrothermal systems, crystalline rock with a low
permeability are used as a heat source. It should be noted
that “petrothermal systems” include all geothermal reser-
voirs that have been influenced by engineering measures,
either chemical or hydraulic stimulation (Stober and Bucher
2014). This stimulation enhances the permeability in the
borehole area.

In Germany, about 95% of the geothermal energy
potential is attributable to this technology (VBI 2013).

According to the zoning of the variscian orogen of Kossmat
(1927), the field of interest (Franconian Basin) is situated
within the saxothurian zone (Fig. 3; Riemer 2011). The first
signals for increased underground temperatures were found
during a drilling campaign in the 1970s and 1980s (Gudden
1981). In 2000 Bauer (2000) identified a regional geothermal
anomaly. This local anomaly is located north of Bayreuth in
the area of the Franconian Basin, in the spreading extension
of the granite of the Fichtelgebirge. In this anomaly, the
geothermal gradients reach up to 5 °C/100 m (Riemer
2011). In the Fichtelgebirge, the outcrops display properties
of geothermal reservoirs. The Fichtelgebirge includes four
different types of granite, which will be analyzed as ana-
logue samples.

3 Materials and Methods

To carry out a geomechanical reservoir characterization of
high priority geothermal strata, drill cores from Bavaria were
already searched for in the existing database of the
geothermal information system (GeotIS). The discovered
wells, which were drilled in Bavaria, are compared with the
Lower Saxony Soil Information System (NIBIS). This
information system contains the cored boreholes (Müller and
Waldeck 2011). The samples have been selected from dif-
ferent depths of the drillings in order to characterize the high

Fig. 2 Geological cross-section of the Molasse Basin. Modified after Lemcke (1988)
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geothermal strata completely geomechanically. Historically
not all companies release the cores for sampling, so analogue
samples of outcrops from quarries are also taken (Alber and
Backers 2015). The analogue samples have the advantage
that they are available in large quantities and are therefore
easy to sample. Together with the core samples of former oil
drillings, they form the material for this research.

The analogue samples should originate from the same
rock formations (stratigraphy, lithology, facies) as the sam-
ples of the drillings to characterize the respective reservoir
aquifer (Philipp et al. 2007). The core drillings and quarries
are present in all parts of Bavaria so that the aquifer can be
studied throughout the region. In order to characterize the
reservoir in a geomechanical manner, a large number of
samples is required.

After the core samples from drillings and analogue
samples from quarries have been collected, laboratory tests
are carried out on these samples.

After the drilling cores have been overcored or the ana-
logue samples have been drilled, they are cut to length and
prepared with an end face grinder. To measure the geome-
chanical properties of the samples, and to create reproducible
results, the samples are dried at 105 °C to mass constancy
and then cooled to 20 °C in an exsiccator. For the statistical

validation of the measured values, 5–10 individual mea-
surements of the respective characteristic values are carried
out.

The laboratory program includes the following tests:

(1) Ultrasonic tests (US)/non-destructive tests

The US tests are carried out according to DIN EN ISO
16810. The P-shaft serves as an indicator of porosity. The
transversal shaft (S-shaft) combined with the P-shaft deter-
mine the dynamic modulus of elasticity (Edyn) and the
Poisson’s ratio.

(2) Uniaxial Compressive Test

The UCT tests are carried out according to the test recom-
mendation of the DGGT (2004) in order to determine the
rock strength and to correlate the strength with its others
properties. In addition, knowing determined strength, state-
ments can be made about the depth of the loosening and thus
the prevailing stress conditions (Hoek and Martin 2014). The
deformation modulus, the Young’s Modulus transverse
expansion destruction work according to Thuro (1996) have
been determined.

Fig. 3 Geological overview map of the target area (marked area) (Riemer 2011)
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(3) Tensile Test (Brazilian Test)

The tensile strength of the test specimen is determined
indirectly by the tensile splitting strength. The relevant tests
are carried out in accordance with the recommendation of
DGGT (2008).

(4) Triaxial Compressive Test

The triaxial compression tests are carried out according to
DIN 18137-2. To measure under simulated geothermal
reservoir conditions a Thermo-Triax-Cell simulating have
been used. The Mohrian voltage circuits determine the fol-
lowing parameters: Angle of internal friction and the
Cohesion.

In order to get a prognosis of tool wear during drilling,
two different abrasiveness tests are carried out. These results
complete the geomechanical database.

(5) Cerchar Abrasivity Test

The Cerchar Abrasiveness Index (CAI) assesses the abrasive
properties of the samples by scratching (Cerchar 1986, rec-
ommendation 23 according to DGGT 2016).

(6) LCPC Abrasivity Test

The LCPC abrasiveness test determines the abrasiveness of
the rock, in the form of the LCPC abrasiveness coefficient
LAK, by grinding (AFNOR 1990; Thuro et al. 2006; Thuro
and Käsling 2009).

All results serve as input parameters for geomechanical
reservoir simulations.

4 Objectives and Research Questions

Two areas in Bavaria are unique in terms of their geothermal
potential, the Upper Jurassic carbonates in the South
Molasse Basin and the crystalline rock in North East
Bavaria. The geomechanical characterisation is an important
criterion for the characterization of crystalline and sedi-
mentary geothermal aquifers. However, there are still con-
siderable uncertainties regarding the minimization of the
exploration risk and the safe development of the geothermal
potential.

In order to reduce these uncertainties, the following
research questions will be addressed:

1. Which geomechanical parameters have
(a) the project-relevant Upper Jurassic carbonates and
(b) the project-specific granite of Northern Bavaria?

2. Which local stress situation exists around the borehole?

3. Which failure mechanisms can be deduced and which
stress redistributions can be identified?

The intended research aims answer the posed questions
and contribute to the geomechanical characterization of the
rock of the geothermal drillings.

5 Summary

Analogue studies offer the possibility to generate a com-
prehensive data base of geothermal rock parameters in a
cost-efficient way. This is also of particular interest if there is
not a sufficient number of deep core drillings, which is
currently the case in the Molasse Basin area. The results of
the geomechanically investigations will present a data set of
previously unachieved quality and quantity.

The suggested database will enable an improved prog-
nosis with a quantification of the uncertainty of rock prop-
erties. A successful reservoir exploration, modelling and
management directly depends on the quality of the input data
and the general understanding of the system. The database
obtained within the scope of this research will be applied in
future projects to assure a sustainable data basis.
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