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Summary

Summary

The European North Alpine Foreland Basin, also known as the European Molasse Basin, is a Tertiary
wedge-shaped foreland basin at the northern front of the European Alps and extends over parts of France,
Switzerland, Germany and Austria. In the basin, the Molasse Sediments are underlain by Mesozoic
sedimentary successions, which include the Upper Jurassic aquifer (Malm), a major target for
geothermal energy production.

The Molasse Basin has been explored and used for geothermal energy production since decades due to
its specific thermal configuration. The thermal field of the basin shows increasing temperatures from
north to south at all depths and pronounced positive and negative thermal anomalies, especially in the
area around the city of Munich at depths of exploration interest. Between these anomalies, temperature
differences of more than 40 K may occur at 3,500 m bsl over a small horizontal distance of just a few

kilometres, a phenomenon which could so far not be explained based on the present-day knowledge.

From previous exploration efforts and related studies, a high amount of data about the structure as well
as the distribution of temperatures and thermal properties in the European Molasse Basin exists.
Unfortunately, the spatial distribution and lateral data coverage is non-uniform in the basin. Modelling
techniques are useful tools to overcome such appearing data gaps by combining databased knowledge
with physically reliable assumptions to generate a complete picture of the thermal field of the basin.
However, knowing the temperature distribution is not enough to reduce the exploration risk in the
European Molasse Basin. Rather, an understanding of the heat driving mechanisms and the origin of the
pronounced temperature anomalies is of high importance to reduce the uncertainty in predicting the

extraction temperature and discharge of geothermal power plants.

The aim of this thesis was to contribute to the understanding of the structural configuration of the basin
and the heat transport processes acting therein and with that to explain the origin of the pronounced

thermal anomalies in the German Molasse Basin.

To achieve this goal, first a lithospheric-scale 3D structural model was constructed which includes the
Molasse Basin as well as the South German Scarpland and some parts of the Alps. This structural model
was based on freely available depth and thickness information for different lithostratigraphic units in
the basin area from wells, seismic experiments and surface geology. Areas not covered with measured
data were constrained with isostatic calculations and 3D gravity modelling. The calculated 3D load
distribution shows significant lateral load variations down to the depth of the Lithosphere-
Asthenosphere Boundary. Furthermore, the assessment of the isostatic state shows that the German
Molasse Basin area is not isostatically equilibrated and that the gravity field is strongly influenced by

the configuration of the crystalline crust on lithospheric-scale.

In a second step, the present-day 3D steady-state conductive thermal field of the German Molasse Basin

was calculated based on the gravity constrained lithospheric-scale 3D structural model. For this, the



Summary

temperature distribution was assumed to be controlled only by the structural configuration, the
distribution of thermal properties and the boundary conditions. After comparing the resulting conductive
thermal field to published temperature maps based on measured data, areas with a good match between
predicted and observed temperatures were considered as dominated by conductive heat transport. In
areas with a poor temperature fit an additional influence of fluid flow on the thermal field was assumed.
The predicted temperature distribution indicates that the thermal field is controlled by conductive heat
transport in the lithospheric mantle and the crystalline crust. Shallower parts of the thermal field are
strongly controlled by a thermal interdependence between the Alpine area and the basin itself and by
the underlying crystalline crust related to their contrasting thermal properties. Furthermore, the results
indicate that the distinct thermal anomalies in the German Molasse Basin are partly triggered by the
structural configuration of the crust and the presence of the Tauern Body, though not excluding an

additional influence of fluid flow.

To assess the influence of fluid flow on the shallow thermal field of the German Molasse Basin, coupled
fluid flow and heat transport simulation were conducted. A basin-scale 3D structural model of the
sedimentary part of the German Molasse Basin was built which was based largely on the upper part of
the lithospheric-scale 3D structural model. To adapt the basin-scale model to the needs of numerical
simulations, the hydrogeological model was transferred into a 3D finite element model. Using a 3D
finite element method, the thermal field of the basin was predicted with simulations of coupled fluid
flow and heat transport, which succeeded to reproduce the observed thermal anomalies in the German
Molasse Basin. In contrast to assumptions of previous studies no permeable faults were needed to
reproduce these thermal anomalies.

The resulting coupled thermal field indicates that the temperature distribution is primarily controlled by
conductive heat transport, but also strongly affected by basin-wide as well as local fluid flow especially
at shallower depths. In particular, the results show that the positive and negative thermal anomalies are
caused by a combination of conductive and advective heat transport and may be correlated to the
permeability of the Molasse Sediments, to the facies controlled permeability distribution in the Upper

Jurassic aquifer (Malm) and to the spatial distribution of the Cretaceous Purbeck formation.

Summarising, the thesis was successful in reproducing the observed thermal field of the German
Molasse Basin with a multi-scale approach of different modelling techniques for the first time, based on
which an explanation for the distinct thermal anomalies occurring in the basin could be derived. In
addition, the results of this study provide reliable thermal and hydraulic boundary conditions for local-
and reservoir-scale models to further reduce the exploration risk of future geothermal energy drillings

in the German Molasse Basin area.



Zusammenfassung

Zusammenfassung

Das Europdische Nordalpine Vorlandbecken, auch bekannt als Européisches Molassebecken, ist ein
keilférmiges, tertidres VVorlandbecken im Norden der européischen Alpen. Es erstreckt sich (ber Teile
Frankreichs, der Schweiz, Deutschlands und Osterreichs und ist gefiillt mit Molassesedimenten. Diese
Molasse wird unterlagert von mesozoischen Sedimentfolgen, einschlieBlich des oberjurassischen Malm-
Grundwasserleiters, welcher ein Hauptzielhorizont fur die geothermische Energieexploration ist.
Aufgrund seiner speziellen thermischen Beschaffenheit wird das Sedimentbecken seit Jahrzehnten fir
die geothermische Energieproduktion erkundet und genutzt. Die Temperaturen im Becken steigen von
Nord nach Siid in allen Tiefen an und es treten ausgeprégte positive und negative thermische Anomalien,
vor allem im Gebiet um die Stadt Munchen, in explorationsrelevanten Tiefen auf. Der horizontale
Temperaturunterschied zwischen diesen Anomalien von mehr als 40 K innerhalb weniger Kilometer
konnte jedoch bis heute noch nicht vollstandig erklart werden. Durch die Exploration und die daran
angebundenen Studien in der Vergangenheit konnten viele Daten zur Struktur sowie zur Temperatur-
und Parameterverteilung im Europdischen Molassebecken angesammelt werden. Diese sind jedoch
ungleichméBig im Becken verteilt. Die dadurch auftretenden Datenliicken kdnnen jedoch mit
Modellierungsansatzen bestehend aus einer Kombination von datenbasiertem Wissen und physikalisch
belastbaren Annahmen Uberbrickt werden, um ein vollstandiges Bild der Temperaturverteilung im
Becken zu erhalten. Das reine Wissen (ber die Temperaturverteilung im Untergrund ist jedoch nicht
ausreichend, um das Explorationsrisiko im Européischen Molassebecken nachhaltig zu senken.
Vielmehr ist ein umfassendes Verstandnis der Warmetransportmechanismen nétig, um den Ursprung
der ausgepragten Temperaturanomalien zu erkldren und die Vorhersageunsicherheit beziglich
Fordertemperatur und Entnahmemenge geothermischer Bohrungen zu reduzieren.

Das Ziel dieser Doktorarbeit war es, zum Verstandnis der strukturellen Beschaffenheit und der
Waérmetransportprozesse im Deutschen Molassebecken beizutragen und damit die Entstehung der
ausgepragten thermischen Anomalien zu erkléren.

Um dies zu erreichen, wurde zunéchst ein lithosphérenskaliges 3D-Strukturmodel des Molassebeckens,
des Siddeutschen Schichtstufenlandes und Teile der Alpen konstruiert. Dieses basierte auf frei
zuganglichen Informationen zu Tiefen und Mé&chtigkeiten unterschiedlicher lithostratigraphischer
Einheiten aus Bohrkernuntersuchungen, aus seismischen Experimenten und aus der
Oberflachengeologie. Bei der Modellkonstruktion wurden Areale, die nicht mit Beobachtungen
abgedeckt waren, mit Hilfe isostatischer Berechnungen und mit 3D-Schwerefeldmodellierung
vervollstandigt. Die mit dem Modell berechnete 3D-Lastenverteilung zeigt wesentliche laterale
Lastenvariationen bis zur Lithosphdren-Asthenosphdrengrenze. Die Ergebnisse der 3D-
Schwerefeldmodellierung deuten auf einen isostatisch nicht ausgeglichenen Zustand des Deutschen
Molassebeckens hin, sowie auf eine starke Beeinflussung des Schwerefeldes durch die Konfiguration

der kristallinen Kruste.



Zusammenfassung

In einem zweiten Schritt wurde, basierend auf dem lithospharenskaligen 3D-Strukturmodel, das heutige
konduktive thermische Feld des Deutschen Molassebeckens berechnet. Dabei wurde angenommen, dass
die Temperaturverteilung nur durch die strukturelle Konfiguration, die damit einhergehende Verteilung
von thermischen Eigenschaften und durch bestimmte thermische Randbedingungen kontrolliert wird.
Nach einem Vergleich der Ergebnisse mit publizierten, auf Beobachtungen basierenden
Temperaturkarten, wurden Gebiete mit guter Temperaturibereinstimmung als dominiert durch
thermische Konduktion angesehen. Fir Gebiete, in denen gemessene und modellierte Temperaturen
stark von einander abwichen, wurde eine zusétzliche Beeinflussung durch advektiven
Temperaturtransport in Zusammenhang mit Fluidfluss angenommen. Aus der Berechnung des
thermischen Feldes ergibt sich, dass die Temperaturen im lithospharischen Mantel sowie in der
kristallinen Kruste durch die Tiefe der Lithosphédren-Asthenosphéarengrenze und die radiogene
Warmeproduktion der Oberkruste kontrolliert werden. Flachere Bereiche werden dagegen stark von
einer thermischen Wechselwirkung der Sedimente der Alpen und des Beckens mit der kristallinen
Kruste und dem Tauernkorper beeinflusst. Diese Wechselwirkung wird durch den Kontrast zwischen

den thermischen Eigenschaften der einzelnen Strukturen hervorgerufen.

Um abzuschatzen, wie stark das flache thermische Feld durch advektiven Wé&rmetransport in
Zusammenhang mit  Fluidfluss beeinflusst wird, wurden gekoppelte Fluidfluss- und
Waérmetransportsimulationen durchgefiihrt. Hierfir wurde ein beckenskaliges numerisches 3D FE-
Modell des Deutschen Molassebeckens basierend auf dem oberen Teil des lithosphérenskaligen
Strukturmodells konstruiert, welches an die Anforderungen numerischer FE-Simulationen angepasst
wurde. Das erechnete thermische Feld reproduziert die beobachteten thermischen Anomalien im
Deutschen Molassebecken erfolgreich. Anders als in friheren Studien, war dafiir kein Einbau
hydraulisch durchléassiger Stérungen in das Model nétig. Die Ergebnisse der gekoppelten Simulationen
zeigen, dass die Temperaturverteilung im Molassebecken primar durch konduktiven Warmetransport
erzeugt wird, aber auch stark beeinflusst ist durch beckenweiten Fluidfluss. Insbesondere zeigen die
Ergebnisse, dass die positiven und negativen thermischen Anomalien im Becken durch eine
Kombination von konduktiven sowie lokalen und beckenweiten advektiven Warmetransport erzeugt
werden und mit der Verteilung der hydraulischen Durchlassigkeit der Molassesedimente und des

Malms, sowie der rdumlichen Verteilung der Purbeckformation korreliert werden kdnnen.

Insgesamt ist es in dieser Doktorarbeit gelungen, das beobachtete thermische Feld des Deutschen
Molassebeckens mit einem mehrskaligen Ansatz und mit unterschiedlichen Modellierungstechniken zu
reproduzieren. Basierend auf den Ergebnissen konnte eine mdgliche Erklarung fur die ausgeprégten
thermischen Anomalien im Becken formuliert werden. Zusatzlich stellen die Ergebnisse dieser
Doktorarbeit verlassliche thermische und hydraulische Randbedingungen fiir zukinftige lokale und
reservoirskalige Untersuchungen bereit, um das Explorationsrisiko zukiinftiger geothermischer

Bohrungen weiter zu senken.



Introduction

1. Introduction

In times of decreasing reserves of hydrocarbon, the provision of renewable energy is a key topic of the
present-day society. Geothermics is such a renewable energy, whose energy source is the earth itself.
Depending on the geothermal gradient, areas suitable for geothermal exploitation can be recognized by
studying the thermal field of the subsurface.

One area, which has been explored for geothermal energy production since decades is the European
North Alpine Foreland Basin, also known as the European Molasse Basin. It evolved due to the Euro-
Adriatic continental collision since the Cretaceous and extends over parts of France, Switzerland,
Germany and Austria. Today, the basin has a wegde shape and is filled with clastic sediments originating
from erosional processes of the Alps, the Molasse (Berge and Veal 2005). These sediments are underlain
by a Mesozoic sedimentary succession, which includes the Upper Jurassic Malm aquifer (Birner et al.
2009, Birner 2013). The exploration and exploitation of this aquifer for geothermal energy production
have lead to a large amount of data, with which a picture of the temperature distribution in the subsurface
could be generated (GeotlS, Schulz et al. 2009). This picture shows pronounced negative and positive
thermal anomalies in the shallow part of the basin, between which the temperature may change rapidly
by more than 40 K within a few kilometers of horizontal distance (StMWIT 2010). Such strong
temperature variations at the same depth over a small lateral extent cause a high risk for geothermal
energy exploitation and may reduce the willingness of further investment into geothermal energy
production in the European Molasse Basin. To decrease the exploration risk and improve the prediction
of extraction temperature and fluid quantity, a better understanding of the heat driving mechanism
causing the distinct thermal anomalies in the basin is of high significance, which in turn is depending
on the availability of data. Though the basin has been an object of investigations in many studies of
different scales in the past (Roeder and Bachmann 1996, Kempf et al. 1999, Berge and Veal 2005,
Jodocy and Stober 2009, Pamer and Diepolder 2010, Bohm et al. 2011, Reischenbacher and
Sachsenhofer 2011, Birner et al. 2012, Cacace et al. 2013, GeoMol Team 2015) its temperature
distribution and the origin of the pronounced thermal anomalies could not be explained with the present-

day knowledge.

One crucial aspect to understand the thermal configuration and the origin of the thermal anomalies in
the basin is having sufficient information about the structural configuration, the distribution of physical
properties and about the temperatures within the basin. Even though the exploitation interest has lead to
a large amount of data, the spatial distribution of this data is highly non-homogeneous in the basin area.
In contrast to successful exploration in areas of positive thermal anomalies and strong fluid inflow,
unsuccessful geothermal exploration campaigns with poor extraction temperatures or fluid quantities in
the past (Moeck et al. 2013) have lead to a decreased effort of exploration and with that data gaps in the
respective areas. Modelling techniques are useful tools to overcome such data gaps by combining
databased knowledge with physical assumptions to create a three-dimensional model of the area of

interest. However, the sheer knowledge about the complex temperature distribution at depth in the
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European Molasse Basin is not enough to reduce the exploration risk. Though the interpolated
temperature measurements of GeotlS (Jodocy and Stober 2009, Schulz et al. 2009, StMWIT 2010) give
an insight into the subsurface temperature distribution at depth, they are not explaining the heat driving
processes creating the distinct temperature distribution. To estimate the potential production rate of
geothermal power plants confinable, a better understanding of the coupled fluid and heat transport in

the basin is necessary.

1.1 State of the Art

In the past different studies have used different modelling approaches to reproduce the thermal and flow
field and with that to explain the thermal anomalies in the European Molasse Basin of which Frisch and
Huber (2000), Vosteen (2003), Ruhaak (2009, 2015), Riihaak et al. (2010) and Birner (2013) are just
some examples. Unfortunately, all of these studies failed to explain those thermal anomalies
satisfactorily due to different limitations of the chosen approach. Such limitations were a two-
dimensionality of the model, consideration of only conductive heat transport or fluid flow, respectively,
or a model size too small to capture the process of basin-wide heat transport. In fact, heat transport in a
sedimentary basin is a three dimensional process, acts on a basin-scale and can even be influenced by
thermal effects related to deeper seated or long distance structures and fluid flow, a fact that has already
been proven for other areas as e.g. the North German Basin (e.g. Cacace et al. 2010, Noack et al. 2010,
Kaiser et al. 2011) and the Po Plain (e.g. Pasquale et al. 2013). However, it is unclear which structural
elements of which size and at which depths influence the thermal field of the European Molasse Basin,
how strong fluid flow in general and/or along permeable faults is modifying the temperature distribution
caused by conductive heat transport on which scale and whether the observed temperature distribution
of the Molasse Basin can be reproduced with a three dimensional modelling approach of heat transport
at all. Although many studies have dealt in the past with large-scale to local geological or tectonic
features and processes, as e.g. the continental collision, the distribution of facies or faults (e.g. Persaud
and Pfiffner 2004, Berge and Veal 2005, D" Agostino et al. 2008, Champagnac et al. 2009, Bruickl et al.
2010, B6hm et al. 2012, Birner 2013, Cacace et al. 2013, Homuth et al. 2014 and 2015), and the stress
field in the Molasse Basin (e.g. Heidbach et al. 2008, Reinecker et al. 2010, Seithel et al. 2015), the
influence of such factors on the thermal field of the Molasse Basin is still not fully deciphered (e.g.
Rihaak et al. 2010, Agemar et al. 2012). In fact, a combined consideration of the basin with the adjacent

mountians has never been done befor in 3D for the Molasse Basin to assess the thermal field.

A steady-state conductive approach of heat transport to explain the pronounced negative and positive
thermal anomalies has been followed by Riihaak (2009) and Riihaak et al. (2010), which were not able
to reproduce the observed thermal field in the basin. By comparing the predicted conductive thermal
field to observed data presented by GeotlS (Schulz et al. 2009, StMWIT 2010), areas of temperature

mismatch were identified, for which an additional influence of fluid flow on the temperature distribution
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was assumed. However, it is unclear if the Molasse Basin can be regarded as mechanically, thermally
and hydraulically equilibrated, a requirement to assume steady-state conditions in e.g. the calculation of
the thermal field. Furthermore, it remains questionable whether the resulting mismatch between the
calculated and the observed temperatures by Riihaak (2009, 2015) and Riihaak et al. (2010) can truly be
explained with fluid flow related cooling, or whether other deep seated and/or large-scale temperature

influencing parameters, e.g. laterally varying heat input from larger depths, are underestimated.

Nevertheless, an effect of fluid flow related cooling in general on the thermal field of the Molasse Basin
is supported by Birner et al. (2012), B6hm et al. (2012) and Birner (2013) who investigated the
hydrogeological configuration of the Upper Jurassic Malm aquifer in the German Molasse Basin and its
geothermal usage, and should therefore not be excluded. Moreover, a possible influence of fluid flow
related cooling along permeable faults has been shown in the past for a reservoir-scale model of a
fractured carbonate geothermal reservoir in the Molasse Basin by Cacace et al. (2013) and for the area
of Brandenburg in north-eastern Germany by Cherubini et al. (2014). Though, it is unclear how strong
such an influence of fluid flow in general and along permeable fault zones may be on the basin-wide

thermal field of the German Molasse Basin.

Hence, before the thermal field and the possible fluid flow related cooling effect itself can be adressed,
the lithospheric structural configuration of the European Molasse Basin, its state of isostatic, thermal
and hydraulical equilibration as well as its structural and thermal interdependence with the adjoining

Alps and the South German Scarpland have to be understood first.

Based on the state of the art with respect to the knowledge about the Molasse Basin and the arising need
for research one major question with several subquestions has been formulated to which this thesis

proposes answers. Those questions are presented in the following chapter.
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1.2 Objectives of the thesis

The aim of this thesis was to investigate the nature and causing mechanisms of the pronounced thermal
anomalies and with that to improve the understanding of the thermal field of the European Molasse

Basin area.

For this, the incentive of this thesis was premised on one major question:

What is the origin of the prominent positive and negative thermal anomalies

in the European North Alpine Foreland Basin (= European Molasse Basin)?

To answer this main question, three principal questions with several associated subguestions have to be
addressed before, of which the first principle question deals with the structural configuration of the
European Molasse Basin:

1. How does the lithospheric-scale 3D structure of the European Molasse Basin look like?

+ How is the distribution of geological units on lithospheric-scale?

+  Which influence results from this distribution with respect to the distribution of mechanical,
thermal and hydraulical properties?

+ Isthe European Molasse Basin isostatically equilibrated?

+ If not, where and how strong does it deviate from the isostatic equilibrium? How does the

isostatic state affect the distribution of vertical stress in the European Molasse Basin?

¢ s it reasonable to assume steady-state conditions for the calculation the vertical load

distribution and the thermal field?

Based on the results of the structural investigations the following questions about the conductive thermal

field were stated:

2. What controls the lithospheric-scale 3D conductive thermal field of the European Molasse Basin?

+ How far do the structural configuration and related heterogeneities in thermal properties lead

to heat refraction effects affecting the thermal field of the basin?
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Is there an interdependence between the basin and the Alps related to the lithospheric-scale
3D conductive thermal field?

Which conductive thermal effects can be recognized in the lithospheric-scale 3D conductive
thermal field? How do the conductive thermal effects affect the shallow thermal field of the
European Molasse Basin?

How far can a steady-state conductive model reproduce observed temperatures and can areas
be identified for which a probable additional influence of fluid flow on the thermal field should

be considered?

After assessing the resulting conductive thermal field, questions about the contribution of advektive heat

transport related to fluid flow to the thermal field of the model area were formulated:

3. Which heat driving mechanisms cause the present-day thermal field of the German Molasse Basin?

Can the present-day temperature distribution of the German Molasse Basin be reproduced by
coupled fluid flow and heat transport simulations?

What is the impact of fluid flow on the basin-scale thermal field of the German Molasse Basin?

Which heat transport mechanism is dominant at which depth?

What is the influence of hydraulically conductive fault zones on the temperature distribution

in the German Molasse Basin?

To answer these questions, a five-step workflow was followed in this thesis:

*

The construction of a databased lithospheric-scale 3D structural model of the European North
Alpine Foreland Basin including the adjoining South German Scarpland as well as parts of the
Alps with an adequate vertical and horizontal resolution for isostatic, load and conductive

thermal calculations.
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The calculation of the 3D lithospheric-scale load distribution and the present-day 3D conductive

thermal field.

The assessment of the three dimensional interaction of large-scale structural and tectonic
features with respect to the isostatic state and the conductive thermal field of the basin area.

The simulation of coupled fluid and heat transport with a basin-scale 3D numerical model.

The assessment of the influence of fluid flow related cooling on the temperature distribution in
the basin.
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1.3 Overview over the thesis

Since the chapters 2, 3 and 4 of this thesis are presented as papers published in peer-reviewed ISI-
journals or at present under review in such, this chapter gives an overview over the following parts of
the thesis. Thereby, the work done is summarised in short statements and the main scientific
contributions of the co-authors are mentioned. Further, the links to the principal questions of the thesis

are given.

Chapter 2: Assessment of the isostatic state and the load distribution of the European Molasse Basin by

means of lithospheric-scale 3D structural and 3D gravity modelling.

The first publication consists of three subparts and focuses on the building of the databased lithopsheric-
scale 3D structural model and the density distribution within the European Molasse Basin, the South
German Scarpland and parts of the Alps. The resulting 3D model features a vertical as well as horizontal

resolution which was not shown before for such spatial extend in 3D.

In the first part of the paper, the data implementation and calculation of the respective lithostratigraphic
units in the sedimentary part of the basin is described and the isostatic approach for the calculation of
the crustal layers is explained. The second part deals with the 3D gravity modelling which was applied
to constrain the crustal structure and the density distribution as well as to assess the isostatic state of the
European Molasse Basin. Finally, in the third part the 3D load distribution was calculated from which

the vertical stress was derived for the model area.

As the first author, | was the main contributor to the manuscript of this publication. | constructed the 3D
structural model, carried out the 3D gravity modelling and calculated the load distribution. Furthermore,
| prepared the figures and wrote the text with minor contribution from my co-authors Magdalena
Scheck-Wenderoth and Michael Schneider. Both co-authors contributed with fruitful discussions to the
interpretation of the modelling results. The resulting publication deals with the first principal question

and the respective subquestions of the thesis” objectives.
The manuscript was published after peer-review as:

Przybycin AM, Scheck-Wenderoth M and Schneider M (2015a) Assessment of the isostatic state and
the load distribution of the European Molasse Basin by means of lithospheric-scale 3D structural and
3D gravity modelling. International Journal of Earth Sciences 104/5: 1405-1424, doi: 10.1007/s00531-
014-1132-4.

The final publication is available at link.springer.com (reproduced with kind permissions from
Springer): http://link.springer.com/article/10.1007%2Fs00531-014-1132-4
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Chapter 3: The 3D conductive thermal field of the North Alpine Foreland Basin: influence of the deep

structure and the adjacent European Alps.

In chapter 3 the work addressing the second principle question and its subquestions is presented. In this
work step the gravity constrained lithospheric-scale 3D structural model presented in chapter 2 was used
to calculate the present-day lithospheric-scale 3D conductive thermal field of the European Molasse
Basin area. Therefore, all layers of the model have been characterised by thermal properties. By solving
the conductive heat equation for steady-state conditions, the temperature distribution was predicted for
the model area and the main conductive thermal effects were identified. The resulting temperatures were
compared to measured and published data and areas of possible influence of fluid flow on the thermal
field were identified. This work represents the first description of the 3D thermal field on lithospheric-
scale for the area of interest and provides thermal boundary conditions for subsequent regional and local-

scale studies.

As in chapter 2, | am the main contributor to this publication. | have applied the modifications of the 3D
model to adapt it to the needs of thermal calculations, and have calculated the thermal field. | have
evaluated and have interpreted the results with the help of my co-authors. The manuscript, for which I

prepared the figures and tables, was drafted by me with minor contributions of the co-authors.
The manuscript was published after peer-review as:

Przybycin AM, Scheck-Wenderoth M and Schneider M (2015b) The 3D conductive thermal field of the
North Alpine Foreland Basin: influence of the deep structure and the adjacent European Alps.
Geothermal Energy 3:17, doi 10.1186/s40517-015-0038-0.

The final publication is available at link.springer.com (reproduced with kind permissions from
Springer): http://www.springer.com/-/1/AU_YT8Y3nYabzt6n204A

Chapter 4: The origin of deep geothermal anomalies in the Germany Molasse Basin — results from 3D

numerical models of coupled fluid and heat transport

The third publication, presented in chapter 4, describes the results from simulations of coupled fluid
flow and heat transport processes in the German Molasse Basin and their possible relation to the
observed prominent geothermal anomalies. To address the third principle questions of this thesis and its
subquestions, the lithospheric-scale 3D structural model presented in chapter 2 and 3 was used to build
a basin-scale 3D hydrogeological model of the German Molasse Basin between the Danube river in the
north and the Alps in the south down to a depth of 7,500 m bsl. To adapt this model to the needs of
coupled fluid flow and heat transport simulations, the resolution of the basin-scale model has been
increased by distinguishing six different Upper Jurassic Malm-layers and the Cretaceous Purbeck-
formation. All layers have been characterised by thermal and hydraulic properties and appropriate upper

and lower thermal and hydraulic boundary conditions have been prescribed to the model. For the lower
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thermal boundary condition, temperatures from the lithospheric-scale conductive thermal model were
extracted at a depth of 7,500 m bsl. The temperature distribution predicted by the coupled fluid flow and
heat transport simulations was compared to measured and published temperatures, and sensitivity
analyses were carried out to determine the influence of different properties and lithological units on the
thermal field. Furthermore, three different testfaults have been implemented successively to test the

influence of faults permeable for fluid flow on the thermal field of the basin.

As the first author of the manuscript, | constructed the basin-scale model and conducted the coupled
fluid flow and heat transport simulations. | evaluated and interpreted the results, and prepared the figures

and tables for the manuscript. The text was mainly written by me with minor help of the co-authors.
The manuscript is under peer-review as:

Przybycin AM, Scheck-Wenderoth M and Schneider M: The origin of deep geothermal anomalies in
the Germany Molasse Basin — results from 3D numerical models of coupled fluid and heat transport.

Submitted to Geothermics.

Chapter 5: Summarising Discussion

In this chapter the individual results of this thesis are cumulatively discussed with respect to the principle
guestions asked in chapter 1.2 and the stepwise derived answers are summarized. Thereby, the results
are set into context. Ultimately the limitations of the adapted approach are addressed and an outlook is

given on further possible applications of the results as well as on further investigation requirements.

Chapter 6: Summarising Conclusions

In this chapter, final conclusions are drawn, which provide an answer to the main question of this thesis.

Chapter 7: References

In this chapter the combined references of all chapters are given.

Appendix 1 List of Publications related to this thesis

In this appendix the publications, published and under review, bound to this thesis are listed.
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Publication 1: Abstract

2. Assessment of the isostatic state and the load distribution of the European Molasse

Basin by means of lithospheric-scale 3D structural and 3D gravity modelling

2.1 Abstract

The European Molasse Basin is a foreland basin situated at the northern front of the European Alps and
has formed as a consequence of the Euro-Adriatic continental collision since the Tertiary. Today it is
underlain by Mesozoic sedimentary successions on top of a Paleozoic crust. To investigate the deep
structure, the isostatic state, as well as the load distribution in the basin and the adjacent Alpine area, we
constructed a lithospheric-scale, 3D structural model by implementing available surface, well and
seismic data. Subsequently, the structure of the model was constrained by means of 3D gravity
modelling. Complementary, the isostatic state has been assessed based on the calculation of the 3D load
distribution. Our results show that the Molasse Basin is not in isostatic equilibrium and that the gravity
field of the area is strongly controlled by the configuration of the crystalline crust. Furthermore, we
show that the area is influenced by significant lateral load variations down to a depth of -150 km, which
are considerably larger than commonly assumed for this level. Furthermore, our results allow a first
order assessment of the minimum compensating horizontal stress required to prevent gravitational
collapse.

2.2 The European Molasse Basin

Sedimentary basins are reservoirs for hydrocarbons and geothermal heat and have been explored
worldwide for energy resources since decades. With increasing knowledge about the basins, gained from
studies conducted by both academia and industry, estimates of possible production rates could be
improved independently whether it concerns petroleum or geothermal heat. An example for a basin
standing in the focus of interest since a long time is the European Molasse Basin which is situated at the

northern rim of the European Alps and extends over parts of France, Switzerland, Germany and Austria
(Fig 1).

This basin evolved due to the continental collision of Europe and Adria since the Tertiary. Thereby, the
underlying continental plate responded to the load of the orogen and the progressing compression with
a flexure creating the wedge shaped depression of the basin. With its characteristic configuration the
European Molasse Basin has stored the tectonic record of the Alpine collision and provides the
possibility to study the Alpine evolution of the past. Today the basin is filled with continental clastic
sediments derived from erosional processes of the adjoining Alps (Roeder and Bachmann 1996), called
Molasse. These Molasse Sediments are underlain by Mesozoic sedimentary successions, which include
a fractured and partly porous and Karstified aquifer of mainly Upper Jurassic (Malm) age and a

crystalline crust of Paleozoic age (Lemcke 1973, Freudenberger and Schwerd 1996, Schmid et al. 2004a
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and b, Berge and Veal 2005, Schmid et al. 2008). This Jurassic aquifer is today intensively used for
geothermal energy production (Birner et al. 2011 and 2012). However, locally partly unexplained
temperatures have been encountered at depths of a few kilometers and pressures that entail a significant
economic risk for the geothermal exploration (Ruhaak et al. 2010, Agemar et al. 2012, Schulz and
Thomas 2012, Birner 2013). To reduce the economic risk for geothermal energy production in this basin,
its structural configuration and the consequence of the latter for the regional stress field have to be

understood in 3D and on a basin-scale, firstly.
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Fig 1 The model area (red frame) superposed on the topography ETOPO1 in the Molasse Basin and Alpine area and the
implemented data. Dark Blue squares - Surface Maps (LFU, StMWIT 2010); Light Blue squares = local 3D structural models
(Schulz and Thomas 2012 and Rupf & Nietsch 2008); Yellow lines = seismic profiles: Transalp (Gebrande and the TRANSALP
working Group 2001), CELEBRATION2000 (Hrubcova et al. 2002), ALPASS (Mitterbauer et al. 2011), ALP2002 (Brickl et al.
2010). LNH = Landshut-Neudttinger High. Map is shown in UTM32N. (Topography modified after Amante and Eakins 2009).

To investigate the processes acting in the basin, it is crucial to have a three dimensional conception of
the model area. Unfortunately, available well data cover mostly the shallow parts of the system (max.
5 km depth), and seismic data is restricted to 2D or cover only local subareas (3D seismic) in the Molasse
Basin. For this reason, modelling techniques provide useful tools to overcome the problem of data gaps.
Such approaches combine geologically reasonable interpolation of observations in the shallow part of
the system with methods to constrain the deeper structure by physical assumptions.
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Accordingly, a lithospheric-scale 3D structural model of the European Molasse Basin has been
developed in this study that has been used to assess the present-day physical state of the model area.
This model provides a base for further investigations addressing the temperature and pressure
conditions. It is based on published depth and thickness information for geological layers in the
sedimentary part of the model and on results from seismic and seismological studies for the deeper parts
of the lithosphere. The conditions for areas and depths not covered by data were constrained by means
of isostatic calculations and 3D gravity modelling. Area wise, this work is focused on the German part
of the basin (Fig 1), which comprises the widest and deepest parts of the foredeep. Furthermore, the
sedimentary successions of this basin part are reasonably well constrained by available borehole data.
Northward, the model extends beyond the Molasse Basin margin to cover the wavelength of the
lithospheric flexure caused by the continental collision and to include the outcropping Triassic, Jurassic
and Cretaceous sediments of Southern Germany and the Franconian Basin. Below the Molasse Basin,
these Mesozoic units are bent downward and extend southward far under the basin proper. To the south
the Northern Calcareous Alps, the Central Eastern Alps as well as the uplifted crystalline body of the
Tauern Window (Schmid et al. 2004a and b) were included into the model. Along its eastern boundary
the model area covers the outcropping crystalline crust of the Bohemian Massif, and cuts into the
northernmost part of the Rhine Valley along its western boundary. The model encompasses an area of
500 x 450 km (N-S x E-W).

With the 3D model we address the lithospheric-scale structural configuration of the Molasse Basin with
a higher vertical resolution than previously published and analyze the density distribution in the
crystalline crust and the thickness of the lithospheric mantle. Accordingly, we quantify the three-
dimensional gravity effect of the Alpine Body in relation to the foreland basin on a lithospheric-scale.
To construct the model, we follow a 2-step workflow: First we integrate available observations and
isostatic considerations to derive a starting model that, in a second step, is re-evaluated using 3D gravity
modelling. In addition, we derive the 3D load distribution in this part of the continental collision zone
which provides a first insight into the horizontal stress needed to sustain the actual configuration of the
orogen-basin-system. Thereby, already existing knowledge about the structure and the state of isostatic
compensation of the European Alps by Ebbing (2002, 2004), Braitenberger at al. (2002) and Ebbing et
al. (2006) was taken into consideration during model construction. The common result of these 2D
studies already indicated an isostatically non-equilibrated state of the European Eastern Alps. However,
all previous studies were restricted to those parts of the European Alps covered by the Transalp seismic
campaign (Gebrande and the TRANSALP working group 2001). Therefore, these studies did not include
the entire Molasse Basin to the north and the adjacent South German Scarpland and thus, failed to
capture the full wavelength of the related lithospheric flexure. Furthermore, in contrast to previous
studies, we have integrated a large amount of observations (well data, seismic lines, surface geology)

for the sedimentary fill that have not been combined before in 3D.
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Accordingly, this new model has a higher vertical resolution, especially in the sedimentary parts, than

existing studies and thus, the 3D load distribution could be calculated more accurately than before.

Information about the stress field in the Molasse Basin area has been derived from field observations
and modelling studies presented e.g. by Golke and Coblentz (1996), by Heidbach et al. (2009) in the
World Stress Map (WMS08), by Reinecker et al. (2010) as well as lately by Carafa and Barba (2013).
However, while the first two studies underestimate the impact of intraplate heterogeneities on the stress
field (Reinecke et al. 2010), the latter two emphasize that intraplate stress sources, like lateral density
heterogeneities, may generate stresses in the magnitude of tectonic stress which can overrule the far-
field stress pattern locally (Reinecke et al. 2010) and may result in a reorientation of the main stress
orientation (Carafa and Barba 2013). Since continental convergence is still ongoing (Persaud and
Pfiffner 2004, D"Agostino et al. 2008, Champagnac et al. 2009) accompanied by active compression,
the Molasse Basin area is not expected to be isostatically balanced. Nevertheless, it is unclear how far
the isostatic state deviates from the state of equilibrium and how this may influence stress changes with
depth in the basin area. With this study we want to contribute to a better understanding of these aspects
and estimate the deviation from the isostatic equilibrium based on the analysis of the load distribution
down to the depth of the Lithosphere-Asthenosphere Boundary (LAB).

2.3  The starting model
The database

Since no existing dataset covers the whole model area for all units resolved in the later model, different
datasets had to be combined to construct a 3D structural model on a basin-wide scale. The 3D structural
model of this study is primarily based on data published by the Geological Survey of Bavaria LFU
(Freudenberger and Schwerd 1996) and by the State Ministry of Bavaria for Economy, Infrastructure,
Traffic and Technology StMWIT (2010) for the Bavarian part of the Molasse Basin. These data include
2D depth and thickness maps of geological layers based on observations from the oil and gas industry,
from geothermal drilling projects as well as from seismic campaigns. The respective maps also integrate
information about faults at different depths. Additionally, these datasets were complemented by
information on the depth of the Upper Marine Molasse Sediments and of the crystalline basement in
Bavaria kindly provided by the Geological Survey of Bavaria LFU, the 3D structural model of the area
of Munich (Schulz and Thomas 2012) and by depth information taken from the 3D structural model of
Baden-Wiirttemberg (Rupf and Nitsch 2008). Furthermore, results from several seismic experiments
were considered during the construction of the model obtained by the TRANSALP seismic survey (e.g.
Gebrande and the TRANSALP working group 2001), the CELEBRATION2000 survey (e.g. Hrubcova
et al. 2002), the ALP2002 experiment in 2002 (e.g. Briickl et al. 2010) and the ALPASS passive seismic
monitoring project (e.g. Mitterbauer et al. 2011) (Fig 1). The upper boundary of the model was defined
by the topography ETOPO1 (Amante and Eakins 2009). The data coverage varies for different units
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depending on the interest of exploration in the unit. An overview on the stratigraphic units resolved in
the model, the associated data types as well as the related horizontal resolution and the respective

references is given in table 1.

Tab 1 Input data for the structure model of the North Alpine Foreland Basin.

Lithostratigraphic Unit Type of Data Horizontal resolution Reference
Topography grid data 1 arc-minute ETOPO1 (Amante & Eakins 2009)
Nérdlinger Ries well data one research well Jankowski (1977)
Transalp (Gebrande & TRANSALP working group 2001)
CELEBRATION2000 (Hrubcova et al. 2002)
Alpine Body seismic data
ALP2002 (Briickl et al. 2010)
ALPASS (Mitterbauer et al. 2011)
scattered data 1:250,000 Geothermal Atlas of Bavaria (StMWIT 2010)
Transalp (Gebrande & TRANSALP working group 2001)
Folded Molasse Sediments
seismic data ALP2002 (Briickl et al. 2010)
ALPASS (Mitterbauer et al. 2011)
scattered data 1:250,000 Geothermal Atlas of Bavaria (StMWIT 2010)
Transalp (Gebrande & TRANSALP working group 2001)
Foreland Molasse Sediments
seismic data ALP2002 (Briickl et al. 2010)
ALPASS (Mitterbauer et al. 2011)
1:250,000 Geothermal Atlas of Bavaria (StMWIT 2010)
Cretaceous scattered data
1:2,000,000 Freundenberger & Schwerd (1996)
1:250,000 Geothermal Atlas of Bavaria (StMWIT 2010)
i scattered data 1:2,000,000 Freundenberger & Schwerd (1996)
Upper Jurassic Malm
1:500,000 LRGB (Rupf & Nitsch 2008)
grid data 300 m 3D structrure model Munich (Schulz et al. 2012)
1:500,000 Geothermal Atlas of Bavaria (StMWIT 2010)
PreMalm Mesozoic Sediments scattered data 1:2,000,000 Freundenberger & Schwerd (1996)
1:500,000 LRGB (Rupf & Nitsch 2008)
Transalp (Gebrande & TRANSALP working group 2001)
Tauern Body seismic data ALP2002 (Briickl et al. 2010)
ALPASS (Mitterbauer et al. 2011)
1:500,000 Geothermal Atlas of Bavaria (StMWIT 2010)
scattered data 1:2,000,000 Freundenberger & Schwerd (1996)
1:500,000 LRGB (Rupf & Nitsch 2008)
grid data 300 m 3D structure model Munich (Schulz et al. 2012)
Crystalline Crust
Transalp (Gebrande & TRANSALP working group 2001)
CELEBRATION2000 (Hrubcové et al. 2002)
seismic data
ALP2002 (Briickl et al. 2010)
ALPASS (Mitterbauer et al. 2011)
Moho grid data 0.1 degree Grad et al. 2009

Model construction

To construct the 3D model all available depth information for each of the lithostratigraphic units have
been assembled in one file, using the software Petrel (Schlumberger, Version 2011.1). For the

lithostratigraphic units and the areas where no depth information was available, thickness and/or seismic
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data were consulted, if available. The resulting files were interpolated using a minimum tension gridding

algorithm with the software Earth Vision (Dynamic Graphics Ltd., Version 8.0.1).

For the calculation of the resulting 2D grids, faults, where known, were considered as interpolation
barriers. Inconsistencies between the constructed surfaces, due to the interpolation and extrapolation in
areas not covered by data, were removed.
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Fig 2 Thickness maps of the sediments and the Alpine and Tauern Body implemented into the 3D structural model. Maps are

shown in UTM32N.
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Publication 1: The starting model

For this correction the top Upper Jurassic (Malm) and the top crystalline crust were chosen as reference

surfaces as these surfaces extend over most parts of the model area and are the ones that are best-

constrained in terms of data coverage and distribution.

After all inconsistencies were corrected, thicknesses of all lithostratigraphic units were calculated by

subtracting the depths of successive units. In case no depth information was available for a specific unit,

available data on the respective thicknesses were considered.
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Publication 1: The starting model

Following this principle, the thicknesses of 8 lithostratigraphic units were calculated that include (from
the top downward) the Nordlinger Ries, the Folded Molasse Sediments, the Foreland Molasse
Sediments, the Cretaceous, the Upper Jurassic (Malm), the PreMalm Mesozoic Sediments, the Alpine
Body and the Tauern Body (Fig 2).

The lower boundary of the initial model was defined by the top crystalline crust in the northern part of
the model area and below the Molasse Basin and the Alpine Body as well as by the Subtauern Ramp
below the Tauern Body (Fig 3).
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Fig 3 Depth map of the top basement (= top crystalline crust) implemented into the structural model. Map is shown in

UTM32N.

The calculated thicknesses (Fig 2) were finally integrated into a consistent 3D structural model from the
topography down to the top of the crystalline crust using GMS (Geological Modelling System, in-house
software Helmholtz Centre Potsdam - GFZ German Research Centre for Geoscience). To extend our
model further downwards we implemented the Moho (Grad et al. 2009, Fig 4) as the next-deeper depth
level of the model and calculated the thickness of the crystalline crust as the difference between the top
of the crystalline basement and the Moho.
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Publication 1: The starting model

Afterwards each unit of the sedimentary part was parameterised with an average bulk density according

to its dominant lithology taken from literature (Tab 2). Where available, measured density values were

favoured (sediments, Tauern Body).
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Fig 4 The Moho depth
implemented into the structural
model. Map is shown in UTM32N.

(after Grad et al. 2009)

Tab 2 The lithologies and the averaged bulk densities assigned to the distinguished lithostratigraphic units. References (1)

Ernstson and Pohl 1977, (2) Freudenberger and Schwerd 1996, (3) Granser et al. 1989, (4) Ebbing 2002 (modified), (5) Koch

et al. 2009. (6) Scheck 1997 (modified). * modified density during 3D gravity modelling

. . . . . . averaged Bulk
Lithostratigraphic Unit dominant Lithology . 3
Density [kg/m®]
Nordlinger Ries lacustrine sediments, impact breccia @ 2000 @
Alpine Body * limestone, dolomite, marl, clay, silt, conglomerate 2700 ¥ 2730%
Folded Molasse Sediments conglomerate, sand, silt, clay 2400 ©
Foreland Molasse Sediments  |conglomerate, sand, silt, clay @ 2350 ©
Cretaceous claystone, limestone ) 2640 ©
Upper Jurassic Malm limestone, dolomite ® 2650 ©
PreMalm Sediments claystone, sandstone, marl @ 2680 ©
Tauern Body * granite, gneiss, shale ©) 2780 @ 2800*
Upper Crystalline Crust * granite/ granodiorit 2700 © 2850*
Lower Crystalline Crust * gabbro © 3100 © 3150*
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Publication 1: The starting model

A different strategy was pursued for the crystalline crust, since no measured data was available
describing the density distribution, especially in the deeper crust. To obtain a density configuration also
for this layer, the lateral density distribution of the crystalline crust was calculated following the
approach of isostatic equilibrium of Pratt (1855).

Isostasy is based on the theory of a rigid layer drifting in a denser subjacent layer in the earth obeying
the principles of Archimedes (Watts 2011). The two layers are thereby the crust and the mantle separated
by the Moho. The compensation depth in this theory is defined as the depth below which all pressures

are hydrostatic and at which the weights of vertical columns are equal (Fowler 2005).

Following the approach of Pratt (1855), isostasy is achieved by a horizontal variation of crustal densities
for a given crustal thickness. For the calculation of the crustal densities in our model, we have used as
comparison a reference model of a standard crustal block floating on the mantle and displacing the latter

by the amount h,,, according to

pche = pm him (Eq 1)

where p, is the crustal density, h. the crustal thickness, p,,, the mantle density and h,,, the thickness of
the displaced mantle. In this approach the base of the crust (= crustal thickness) in the reference model
corresponds to the compensation depth. Since the thicknesses of the sediments and the crystalline crust
as well as the densities of the sediments and the mantle are given in our structural model, the crustal

densities p. in our model can be calculated following equation 2 (e.g. Fowler 2005):

Pcr her + Pmrhmr = pshs+ pc he + pmhm (Eq 2)

where p; is the sediment density and hg the sediment thickness, p. the crustal density and h, the crustal
thickness and p,,, the mantle density. h,, stands for the thickness of the displaced mantle and is defined
by the distance between the Moho and the compensation depth, which is zero in the reference model
and laterally varying in our structural model. The & stands for the reference model. For our calculations
a reference model of p.z = 2,700 kg/m® and p,,x = 3,340 kg/m* and a constant compensation depth
(= hcg) of -30 km was used.

The resulting average crustal densities (Fig 5) vary across the model area and are higher, where the
thickness of sediments is larger, and lower where the thickness of sediments is smaller. Furthermore,
the resulting distribution of average crustal densities correlates well with the thickness of the crustal

layer in most parts of the model area. The model shows high density and thickness values in the area of
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Publication 1: The starting model

the Alps and the Bohemian Massif (~3,050 kg/m?® and ~37 km) and mean to low density and thickness
values in the central, northern and western (Rhine Valley) parts (3,000 — 2,700 kg/m® and 26 — 33 km).

A special configuration has been derived for the Tauern Body. Since the Tauern Body consists of crustal
material cut off from the crystalline crust along the Subtauern Ramp by a reverse fault, the crystalline
crust sensu stricto is less thick (~20 km) below this area. This thickness minimum correlates with a

density maximum under the Tauern Body of ~ 3,200 kg/m?.

Density
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Fig 5 Calculated lateral density distribution (left) in the crystalline crust according to the approach of isostatic equilibrium of

Pratt (1855) and the thickness of the crystalline crust (right). Maps are shown in UTM32N.

In a next modelling step the single crustal layer was subdivided into an upper and a lower part, by
redistributing the average densities of the cumulative crystalline crust p, into two new layers of different
densities (pyc and p.c). Thereby, the crustal columns with the crustal density calculated according to

the Pratt approach exert the load (P) with

P=gph (Eq3)

while g is 9,81 m/s. To split the whole crystalline crust (C) into an upper (UC) and a lower (LC) part,

we define

Pe = Pyc + Pi¢ (Eq 4)
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and

he = hyc + hyc (Eq 5)

Considering equation 6, with some adjustments, we get equations 7 and 8 which allow the calculation
of the thickness of the two crustal parts while maintaining the total load deduced from the Pratt
calculations and the total crustal thicknesses (Scheck 1997) (Fig 5 and Tab 2):

pc he = puc huc + Prc huc (Eq 6)
hye = LE7PUC and hyo =2 PePue (Eq 7 and 8)
PLc—PuUC PLc—Puc

For the calculation, the values of pyc and p; were chosen such that crustal structures observed by
seismic velocity distribution (e.g. Ebbing 2004, Bleibinhaus and Gebrande 2006, Ebbing et al. 2006)

were reproduced.

The resulting thickness of the upper crystalline crust (hy) decreases from north to south, where the

thickness of the lower crystalline crust (h; ) shows the opposite trend (Fig 6a and b).

Besides the density distribution in the sediments and the crystalline crust, density differences in the
mantle may also influence the Bouguer gravity signal. Moreover, to assess the isostatic condition of the
Molasse Basin area, a crustal-scale model is not sufficiently deep. Therefore, deeper structures have to
be considered during the construction of a gravity constrained 3D structural model. One possible type
of data for sub-crustal depths comes from seismological investigations. Consequently, the model was
extended further downward by implementing a seismologically constrained Lithosphere-Asthenosphere
Boundary (LAB). This LAB (Fig 7) has been constructed integrating results of Tesauro (2009), Geissler
et al. (2010), Karousova et al. (2013), Seiberlich et al. (2013) and Bianchi et al. (2014). The depth
structure of this LAB correlates well with the depth structure of the Moho. Like the Moho, the LAB is
deepest under the Alpine Body in the south (Moho ~ -50 km, LAB ~ -142 km), is characterised by
intermediate depth values below the Bohemian Massif (Moho ~ -37 km, LAB ~ -138 km) and rises
towards the northwest of the model area in the direction of the Eifel plume (Seiberlich et al. 2013) to up
to - 80 km (Moho ~ -25 km, LAB ~ -80 km) (Moho Fig 4, LAB Fig 7).
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Publication 1: The starting model

The resulting lithospheric-scale model represents the starting model for the 3D gravity modelling and

consists of 6 sedimentary layers, the layer of the Alpine Body, the Tauern Body, a two-parted crystalline

crust and a lithospheric mantle (Fig 2, Fig 6a and b, Fig 7).
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Fig 6 Thickness maps of the upper (left) and lower (right) crustal layer before (above) and after (below) the modification of

the structural model by means of 3D gravity modelling. Both crustal layers show an opposite thickness distribution. Maps are

shown in UTM32N.

The Nordlinger Ries (Fig 2a), a meteoric crater of 14.6 Ma in age, cuts through all sediments down to

the crystalline basement, has a diameter of about 23 km and shows thicknesses of up to 650 m.

The sediments of the Folded Molasse (Fig 2b) are intensively folded and partly overridden by the Alpine

Body. They occur in a narrow realm in the southern half of the model area and reach apparent thicknesses
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Publication 1: The starting model

of up to 6,000 m in response to the steep dip of the unit. The Foreland Molasse Sediments (Fig 2c)
attains their maximum width of about 100 km in the central part of the model north of the Folded
Molasse Sediments. Its thickness increases from 0 m at the northernmost border of the Molasse Basin
proper to up to 5,000 m right in front of the Alps.
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Fig 7 Depth map of the Lithosphere-Asthenosphere Boundary (LAB) in the Molasse Basin area constructed following Tesauro
(2009), Geissler et al. (2010), Karousova et al. (2013), Seiberlich et al. (2013) and Bianchi et al. (2014). Map is shown in
UTM32N.

Beneath the Foreland Molasse Sediments, the Cretaceous (Fig 2d) occurs only in a limited area in the
south-eastern and eastern parts of Bavaria with a maximum thickness of 850 m. The Upper Jurassic
(Malm, Fig 2e) shows highest thicknesses of up to 600 m at the front of the Alps and decreasing
thicknesses towards the north. Furthermore, traces of the Upper Jurassic can be found in the area of the
Landshut-Neudttinger High. The Middle and Lower Jurassic as well as the Triassic have been
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integrated into one unit called “PreMalm Sediments” (Fig 2f). These deposits occur in the central,
western and south-western parts of the model area and attain cumulative thicknesses of up to 1,600 m

in the Franconian Basin.

Since the object of interest in this study is the Molasse Basin, all (partly sedimentary) rocks of the Alpine
mountain chain were integrated into one unit, the “Alpine Body” (Fig 2g). Accordingly, this unit
comprises all the material in the Alpine area not belonging to the crystalline crust and the Tauern Body.
The Alpine Body covers the southern part of the model area and reaches from the surface down to the
crystalline basement. Its thickness increases from north to south to up to 29,000 m. The Alpine Body is
cross cut by the crystalline rocks of the Tauern Body (Fig 2h) that attain maximum thicknesses of
29,000 m as well.

2.4  Gravity modelling

Density heterogeneities at different depths of the earth and of different scales cause characteristic
positive or negative deviations of the gravity signal. Thereby, deep structures are causing anomalies of
longer wavelengths in the gravity signal than shallow structures and high density contrasts are causing
larger amplitudes in the gravity anomalies than low density contrasts. Thus, measured gravity can be
used as a tool to constrain 3D structural models, especially for deep structures not covered by other data.
Based on a given density distribution of a structural model, the resulting gravity response of the model
can be calculated (Fowler 2005, Gotze 2011). By comparing the measured gravity field of a given area
to the calculated gravity response of a model, almost no residual anomaly should occur if the structural
model integrates all significant structures with the appropriate geometries and densities. Deviations in
the trend between the calculated and the measured gravity would point towards an inappropriate
geometry of the model layers, a high positive or negative residual anomaly towards improperly chosen
density values (Schmidt 2010).

To evaluate the starting model configuration resulting from isostatic calculations by means of 3D gravity
modelling, we used the Bouguer gravity anomaly based on the Earth Gravitational Model 2008
(EGM2008) provided by the International Gravimetric Bureau (BGI 2012, Pavlis et al. 2012). This
spherical harmonic model of the Earth’s gravitational potential represents a 5 arc-minute equiangular
grid of gravity data with a mean standard deviation of + 3.3 mGal (BGI 2012). The observed Bouguer
gravity anomaly (Fig 8a) shows positive anomalies in the north, northwest and west of up to 30 mGal.
Negative anomalies are observed in the central part of the model, in the area of the Rhine Valley and
the Bohemian Massif (~ -45 mGal), as well as in the area of the Molasse Basin (~ -90 mGal) and the
Alpine Body (~ -120 mGal). Furthermore, pronounced negative anomalies (up to -210 mGal) occur

locally in the Alpine area.
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To evaluate the 3D structure of the starting model the software IGMAS+ (Interactive Gravity and
Magnetic Application System, Version 1.0.954.128, Gotze and Schmidt 2010) was used with which the
first gravitational model response was calculated (Fig 8b). Comparing the calculated model response to
the measured gravity field, it is obvious that the starting model is not reproducing the measured gravity
field: in the south the model shows more negative gravity values in the area of the Alpine Body pointing
towards improper density values assigned to units composing this part of the model. In the central and
northern part of the model area the calculated gravity response deviates from the observed gravity values

indicating that a simple isostatic approach is not sufficient to derive the configuration of the crust.

To improve the gravity response of the model the densities of the Tauern Body (+ 20 kg/m?) and the
Alpine Body (+ 30 kg/m?) were modified on the one hand (Tab 2). On the other hand the fit between the
calculated and the observed gravity could be improved by locally changing the geometry of the upper
crust-lower crust interface. Such changes by a few kilometers were required for the crystalline crust
below the Rhine Valley, the Franconian Basin and the Tauern Body. After the modification the model
intergrated a thick lower crystalline crust of up to 26 km beneath the area of the Alps (Fig 6d), a lower
crystalline crust of moderate thickness below the Bohemian Massif (~ 15 km) and a thin lower
crystalline crust in the central and northern part of the model (~ 6 km) and below the Rhine Valley
(~ 2 km). Vice versa, the upper crystalline crust (Fig 6¢) shows large thicknesses below the central and
northern parts (~ 25 km) as well as in the eastern and western parts (~ 21 km) of the model. In contrast,

reduced thicknesses (~ 5 km) of the upper crystalline crust are evident beneath the Alps.

The gravity response of the best-fit model (Fig 8c) reasonably reproduces the trend of the measured
Bouguer gravity anomaly. Comparing the calculated gravity response of the best-fit model with the
observed gravity anomaly, a short wavelength residual anomaly of + 20 mGal can be determined for
most parts of the model (Fig 8d) with locally higher values in the Alpine area. This short wavelength
residual anomaly in the foreland area as well as the locally higher peaks in the Alpine area are likely
caused by shallow density differences, which are not resolved in our model, neither vertically nor
horizontally. Given the lithospheric-scale as well as the vertical and horizontal resolution of the model,
this residual anomaly was considered acceptable. Moreover, the difference in the gravity response
between the first and the best-fit model (Fig 8e) is a measure for the deviation from isostatic equilibrium
as the starting model was based on the assumption of Pratt isostasy whereas the model consistent with
observed gravity is not. Though this deviation is largest in the southernmost part of our model area in
the Alps and the Tauern Body, a significant difference also is found for the Bohemian Massif, the

Molasse Basin and the north of the model area.
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Fig 8 Map a shows the measured Bouguer gravity
anomaly, which was used to evaluate the structural
model, and the position of the cross section shown in
Fig 10. Map b shows the first gravity response of the
starting model before the modification of the layer
interfaces. Map ¢ shows the calculated Bouguer gravity
response and map d the associated residual anomaly of
the best-fit model after the modification of the layer
geometry and the densities. Map e displays the
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fit model from the isostatically equilibrated state. Maps

are shown in UTM32N.
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25 Load calculation

The result that the gravity constrained best-fit model departs from the isostatically balanced
configuration indicates that the system is not in isostatic equilibrium. To quantify the departure of the
model from isostatic balance the load distribution was calculated using a 3D finite element method
(Scheck and Bayer 1999, Scheck et al. 2003). A comparison of the lateral variation in load is shown in
figure 9.

Two distinctly different load domains can be recognized at all depth levels of the model. One with larger
load variation in the Alpine area (blue-yellow colours) and one in the central and northern model area
with smaller variations (red-yellow colours). Thereby, the total lateral differences in load attains
~ 88 MPa at a depth of 0.5 km bsl, albeit most parts of the model area are characterised by smaller load
differences of less than 35 MPa (red colours). The largest differences of more than 80 MPa (yellow and
blue colours) are restricted to the area of the Alps. With increasing depth the total lateral differences in
load increase to ~ 96 MPa at a depth of 5 km bsl (lower than the Molasse Sediments). Also at this depth
the largest part of the model area is characterised only by smaller variations in load (~35 MPa) while
the area of the Alps shows the largest variations (~80 MPa). Hence, the absolute difference in load
increases with depth while the two different subdomains of the Alps (largest variations) and the rest of
the model area (smaller variations) persist. At 30 km bsl (lower than the Alpine Body) the total
magnitude of lateral load variation increases to ~ 101 MPa, but the bimodal distribution of major load
variations in the area of the Alps (~ 85 MPa) and minor load differences in the rest of the model area
(~ 55 MPa), is preserved. However, the spread between the load variation in the mountain area and the
rest of the model decreases in the deeper lithosphere (45 MPa at 5 km bsl, 30 MPa at 30 km bsl).
Looking even at larger depths the magnitude of the total lateral load variation decreases to ~ 98 MPa at
a depth of 60 km bsl (lower than the deepest point of the Moho) again with major variations in the
Alpine area (~ 95 MPa) and smaller variations in the rest of the model area (~ 60 MPa). Thereby, the
difference between the load variations in the two domains remains constant (30 MPa). Even below
60 km bsl the total lateral load variation as well as the variation in the respective domains persist, though
this part of the model consists mostly of lithospheric mantle. Finally, at a depth of 150 km bsl (lower
than the LAB), significant variations in the lateral load distribution are still evident. Summarising, the
lateral load variation is significantly larger in the Alpine area than below the foreland where the smallest
variation in the lateral load distribution are found. However, the absolute difference of the lateral load

increases stronger with depth in the central part of the model area than in the Alps.
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Publication 1: Interpretation and Discussion

2.6 Interpretation and Discussion

After the 3D gravity evaluation, the lithospheric-scale 3D structural model (Fig 10) is used to derive
interpretations related to the configuration of the model layers, the state of isostatic equilibrium and the
stress field of the Molasse Basin area.
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Fig 10 Cross-section through the lithospheric-scale model (below) and a zoom-in into the crustal part (middle). Above, the

measured Bouguer Gravity (black) and the best-fit model response (red) are shown for this cross-section.

Concerning the sedimentary part of the model constraints are given by the implemented seismic, well
and surface data. Accordingly, the geometry of these layers was not changed during gravity modelling
and is consistent with other published sedimentary configurations (e.g. Ebbing 2002 and 2004, VVosteen
2003, Ebbing et al. 2006). Also the wavelength and the amplitude of the residual misfit between the
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gravity response of the starting model and the observed gravity could not be significantly improved by
changes of the density configuration of the sediments. Moreover, sensitivity analyses concerning
variations of the sedimentary densities proved that this structural level has only a minor impact on the
gravity field. Different sedimentary densities resulted only in changes of small amplitude and short
wavelength in the gravity response of the model in the error range of the gravity data provided by the
BGI (2012). However, in the Alpine area the density of the Alpine Body had to be increased by 30 kg/m?
during gravity modelling, a value still within the range of published densities for the Austroalpine unit
(Ebbing 2002, Simeoni and Brickl 2009, Tesauro 2009). The same holds for the Tauern Body, where
the firstly chosen value of 2,780 kg/m® was modified to 2,800 kg/m® (Vosteen 2003, Ullemeyer et al.
2006, Simeoni and Brickl 2009). Both layers have a significantly higher impact on the gravity response
of the model than the sedimentary units due to their large thicknesses.

The approximation of the calculated model response to the measured wavelength and amplitude of the
gravity signal additionally required changing the geometry of the upper crystalline crust - lower
crystalline crust interface and the density of the crustal layers. Seismic studies (e.g. Gebrande and the
TRANSALP Working Group 2001) indicate that p-wave velocities increase with depth. Assuming a
Nafe and Drake (1957) relationship between seismic velocities and density, this would also indicate that
the densities increase with depth. It is more difficult to relate the modelled interface between the upper
crystalline crust and the lower crystalline crust as well as the averaged density of both crustal layers to

seismic data as respective velocity data is not available so far in 3D.

Comparing the gravity constrained 3D structure of the crystalline crust below the Molasse Basin area to
published information, a good correlation of the depth to the intra-crustal interface of our model with
the base of the middle crystalline crust of the Eschen-38 density model (Miller 1976) and of the density
model of Ebbing (2004) is found. Assuming an equivalence of the upper crust in our model with the
upper and middle crystalline crust in the mentioned earlier studies, all three models indicate lower
thicknesses of the lower crystalline crust in the north than in the south and vice versa for the upper
crystalline crust. On the other side both previously published density models (Miller 1976, Ebbing 2004)
suggest crustal densities between 2,700 kg/m? in the upper crystalline crust, and 3,000 kg/m? in the lower
crystalline crust, which are slightly smaller than our results (2,850 kg/m? for the upper crystalline crust
and 3,150 kg/m? for the lower crystalline crust). Nevertheless, the density contrast between the upper
crystalline crust and the lower crystalline crust is the same with ~ 300 kg/m?, thus causing a similar
impact on the gravity signal. It has to be mentioned however, that the density values chosen in our model
are on the higher limit of the range given by the few available values of observed seismic p-wave
velocities (Bleibinhaus et al. 2006).
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Both crustal layers indicate a subdivision of the model area into a mountain region (Alps and Bohemian
Massif) and a lowland region, with a transition between both in the Molasse Basin proper. The minimum
thickness of the upper crystalline crust and, vice versa, the maximum thickness of the lower crystalline
crust correlate thereby spatially with the rather high average density values below the Tauern Body
(more than 3,250 kg/m?) obtained from Pratt isostasy. Such high density values in the crystalline crust
below the Alpine area support the hypothesis of subsurface loads in the Alps proposed earlier by Banks
et al. (2001) and Ebbing et al. (2006). These deep crustal loads are needed to explain the observed
maximum crustal thickness in the Alps, as the latter is larger than expected from topographic loads
(Ebbing et al. 2006). However, the origin of these deep loads is still unknown, since no unusually high
seismic velocities have been so far detected in the area (Ullemeyer et al. 2006). Based on our results we
propose that instead of increased crustal densities in that area an increased thicknesses of the lower
crystalline crust with “normal” lower crustal densities is present, and vice versa, that the thickness of

the upper crystalline crust is reduced, respectively.

The modelled high densities indicate that the lower crystalline crust is mafic in character. A thick mafic
lower crystalline crust beneath the Alps in turn would imply a strong lower crustal rheology. The lower
crustal layer beneath the Alps is, however, not uniformly thick, but considerably thinner beneath the
Tauern Body. This would imply that the rheology varies in response to thickness changes of the strong
lower crustal layer. Consequently, the lithosphere should be weaker where the lower crustal layer is
thinner as beneath the Tauern Body. This is in consistent with a weak lithosphere in the Alps across the
Tauern Window as derived by Genser et al. (1996) and Okaya et al. (1996) from thermo-mechanical

modelling studies.

On the other hand, a weaker lithosphere in the Alps compared to the foreland could also be related to
the differences in the lithospheric mantle. The best-fit model presented here indicates that the
lithospheric mantle is significantly thinner below the Alpine area than below the foreland and the South
German Scarpland. A thinner lithospheric mantle and a thicker crystalline crust would result in an
overall weaker rheology for the Alps compared to a normal crystalline crust and a thicker lithospheric
mantle in the foreland. Though, at this point we admit that the Tauern and the Alpine Body are both
strongly simplified in our model and that the Tauern Body does not progress further to the west under
the Alpine Body as indicated by Schmid et al. (2004a). Uncertainties originating from this part of the
model may propagate not only into the respective gravity response of the model but also into the
calculation of the loads. This may be, besides the limited resolution of the model and the assignment of

laterally uniform average densities to the layers, a source of error in our calculations.

The modified upper crust-lower crust interface required to fit the observed Bouguer gravity anomaly
indicates a departure from isostatic equilibrium at least on a crustal scale. This alteration confirms two
earlier hypotheses: (1) that the Molasse Basin area is not in isostatic equilibrium at crustal level,

otherwise the isostatic starting model would have reproduced the measured gravity signal, and (2) that

35



Publication 1: Interpretation and Discussion

the gravity anomalies are mainly related to density variations in the crystalline crust below the Molasse
Basin area. This result is in good agreement with other published results (e.g. Wagini et al. 1988, Gotze
et al. 1991, Ebbing 2004). Moreover, our results show that the Alpine area and the Bohemian Massif
have the largest deviations from isostatic equilibrium in the model area (Fig 8e; blue to red colours).
Both areas are regions of active tectonics (e.g. Lenhardt et al. 2007, Brtickl et al. 2010), thus are not
expected to be isostatically balanced. In addition, the deviation from the isostatic state is larger in the
Alpine area than in the Bohemian Massif. However, both domains show positive values in the map (Fig
8e) showing the difference between the gravity response of the first model result and the response of the
best-fit model — an indication that they are overcompensated. In contrast, the Molasse Basin as well as
the northern parts of the model show negative values in the difference map (Fig 8e) — an indication that
they are undercompensated. Interestingly, the transition between domains of overcompensation and
undercompensation is localized directly at the northern front of the Alpine collision zone and at the
border of the Bohemian Massif with a steep gradient. This may explain why active deformation is

observed along these transition zones.

The calculated 3D load distribution allows to assess the amount of stress caused by internal loads at
different depth levels. Thereby, the deviatoric stress is limited to the vertical component and does not
consider external forces. Furthermore, we cannot delimit the amount of stress caused by tectonic forces
already introduced by the data used to build up the model (geological structures, densities). Hence, our

results can only be considered as a measure of the internal potential energy of the system.

At all depths, the lateral load as well as the variation in the lateral load distribution are largest below the
Alps and smaller below the area of the Molasse Basin, the South German Scarpland and the Bohemian
Massif. Down to a depth of 30 km bsl, the variation in the lateral load increases from ~88 MPa to
~101 MPa in the whole model area due to the increasing proportion of (heavier) crystalline crustal
material and the decreasing part of (lighter) sedimentary material with depth. Thereby, the increase in
the lateral load variation with depth is more pronounced below the Molasse Basin proper, the South
German Scarpland and the Bohemian Massif (+ ~ 20 MPa) than below the Alpine area (+ ~ 5 MPa).
Below 30 km depth bsl the total lateral load variation decreases slightly to ~ 98 MPa at a depth of 60 km
bsl, while the load variation in the two model domains increases again by + 5 MPa in the Molasse Basin,
the South German Scarpland and the Bohemian Massif and by + 10 MPa in the Alpine area. This
confirms the results from the gravity modelling that in general the Alpine area deviates stronger from

isostatic equilibrium than the rest of the model area.

The deviation from isostatic compensation increases with depth for both domains, whereby in the
Molasse Basin and the South German Scarpland this increase is more pronounced in the upper 30 km
than the Alps. On the other side the deviation increases stronger in the Alpine area in the lower part of
the model below 60 km bsl than in the rest of the model area. The difference between the total lateral

variations in load in the upper 30 km and below this depth can be interpreted as a change in the gradient
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between the two compensation domains in the model area: for the upper 30 km of the model the gradient
between the undercompensated lowlands and the overcompensated Alps is higher than below 60 km
depth bsl, where the gradient between the two compensation domains remains constant. Finally, the
lateral load variation below the LAB (~ 98 MPa at 150 km bsl) indicates that the system is still far from

isostatic equilibrium on a lithospheric scale.

An explanation for this preserved disequilibrium are the active forces due to the still ongoing collisional
processes in the Alps that are known to induce tectonic horizontal stresses in the colliding tectonic plates.
In case no tectonic horizontal stress (compression) was effective, the system would gravitationally
collapse and areas of larger loads would impose respective vertical stresses. Thus, the deduced lateral
variations in load provide a minimum estimate of the horizontal stress required to prevent gravitational
collapse, a quantity we further refer to as required compensating horizontal stress. Walpersdorf et al.
(2006) estimate very low (less than Imm/yr) convergence rates from GPS measurements in the Jura
Mountain Belt in France. This would indicate that the horizontal stresses in response to plate
convergence are in the range or slightly higher than the ones in response to internal body forces as
calculated in this study. In addition, this would support the hypothesis that the stress field in the Molasse
Basin and the Alpine area is mostly controlled by internal body forces, as proposed by Delacou et al.
(2004).

The differential increase of the lateral load variations with depth indicates that the horizontal stress
needed to sustain the present configuration increases likewise with depth but not equally strong. Even
though the Alps seem to be influenced by a larger horizontal stress, the Molasse Basin, the South German
Scarpland as well as the Bohemian Massif indicate a stronger increase in the horizontal stress with depth.
At larger depths, where the overall lateral load variation decreases, the difference between both domains
decreases as well. This supports that also the required compensating horizontal stress becomes smaller
in both domains beneath the Moho. At depths below the Moho the overall lateral load variation remains
stable due to the uniform density of the lithospheric mantle and the rather small density contrast at the
LAB (30 kg/m?) assumed in the model. This stable configuration of the load variation below the Moho
suggests a uniform magnitude of the required compensating horizontal stress and thus, a stable
horizontal stress field below 60 km depth bsl. However, since the load variation changes non-uniformly
with depth in the upper 60 km of the model, the three principal stress components (¢1, 62 and 63) may
change as well, leading locally to a different stress pattern than assumed from simplified far-field effects.
Induced by variations in the vertical stress the position of 61, 62 and 63 may switch as the deviatoric
stress is changing (Gvertical VEISUS Gminimum horizontal @Nd Gmaximum horizontal). INA€Ed, it has been shown that the
stress state is orogen-perpendicular in the eastern Alps for 63 in the inner extensional zones and for o1
in the outer transpressional zones (Delacou et al. 2004) with strike-slip tectonics in the Alps
(Willinghofer and Cloething 2003).
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2.7 Conclusions

To construct a lithospheric-scale 3D structural model the integration of surface, well and seismic data
helps to limit the degree of freedom in constraining the deeper parts of the earth that often are not well
constrained by measurable propertys. Therefore, a combined approach of isostatic calculations and a
subsequent 3D gravity evaluation of the model is a useful method to derive possible configurations of
density heterogeneities in the deeper lithosphere. Using this approach also inferences about the isostatic

state or deviation from the latter can be drawn.

Our calculations indicate that the crystalline crust below the Alps and the adjacent northern foreland
basin is divided into two layers of different densities with lower densities in the upper part and higher
densities in the lower part. The Lithosphere-Asthenosphere Boundary is deepest below the Alps and
rises towards the Eifel plume in the northwest. Despite its large thickness, the configuration of the
lithospheric mantle has only a minor influence on the gravity field due to the small density contrast at
the LAB. The strongest influences on the gravity response of the modelled Molasse Basin area are
caused by pronounced density contrasts at the upper crust-lower crust interface and at the Moho, whereas
density contrasts in the sediments and the upper crystalline crust are less influential. Our investigations
suggest that the Molasse Basin area is still far from isostatic equilibrium at the base of the lithosphere.
Thereby, the Alps deviate strongest from the isostatic state on the scale of the lithosphere. The deduced
deviation from isostatic equilibrium indicates that the Alps, as well as the Bohemian Massif, can be
considered as overcompensated, whereas the Molasse Basin and the South German Scarpland appear to
be undercompensated. From the calculation of the 3D load distribution we find that the Alps show the
largest load variations at all depths. In contrast the Molasse Basin and the South German Scarpland are
characterised by smaller load variations. The range of lateral load variations increases stronger below
the Molasse Basin and the South German Scarpland than below the Alps and the Bohemian Massif. This
non-uniform increase of the load with depth indicates, that the vertical stress as well as the required
compensating horizontal stress preventing a gravitational collapse of the system may change with depth
as well. These findings may be considered in future stress models and our results may be used as input
data for such. Significant lateral load differences at the base of the lithosphere are in the range of

~ 90 - 100 MPa and thus considerably larger than commonly assumed for tectonic stresses.

38



Publication 2: Abstract

3. The 3D conductive thermal field of the North Alpine Foreland Basin: influence of the

deep structure and the adjacent European Alps

3.1 Abstract

We use a databased lithospheric-scale 3D structural model of the Molasse Basin area and the adjacent
part of the Alpine orogen to calculate the present-day 3D thermal field of this continental collision zone.
With our work we contribute to the understanding of the temperature distribution and the existence of
pronounced positive and negative thermal anomalies in the Molasse Basin. We assume conductive heat
transport and compare calculated temperatures to measured values and to other published 3D models.
Areas, where predicted and observed temperatures match closely, are interpreted to be dominated by
conductive heat transport. For areas, where a poor fit between modelled and observed temperatures has
been obtained, we discuss possible reasons of this misfit. In particular, an additional contribution by
fluid flow to the heat transport is likely. We conclude that the thermal field is controlled by conduction
in the lithospheric mantle and the crystalline crust. Furthermore, we show that the positive and negative
thermal anomalies in the Molasse Basin are partly triggered by the structural configuration of the
crystalline crust. In particular, the domains of the Tauern Body and the upper part of the Alpine crust on
one hand and the insulating Molasse Basin Sediments on the other hand control the shallow thermal
field of the Molasse Basin area in response to their contrasting thermal properties. Our results
demonstrate that the foreland basin and the adjoining Alps have to be regarded as an interdependent

system that needs to be considered adequately if the present-day 3D thermal field of that area is assessed.

3.2  Background
The North Alpine Foreland Basin

The North Alpine Foreland Basin, also known as the European Molasse Basin, is a Tertiary foreland
basin situated in the northern front of the European Alps (Fig 11). The formation of the basin is closely
connected to the closure of the Tethys Ocean and the Alpine orogeny since the Cretaceous (Schmid et
al. 2008). With the stacking of the Alpine mountains in the course of the collision process significant
loads have been imposed onto the colliding tectonic plates, leading to a flexural response of the
crystalline crust underlying the Alps and the creation of the wedge-shaped Molasse Basin. Today this
foredeep is filled with clastic sediments, the Molasse, originating from erosional processes of the Alps
(Roeder and Bachmann 1996). These Tertiary sediments are underlain by a Mesozoic sedimentary
succession, including the Upper Jurassic aquifer (Malm) (Birner et al. 2011 and 2012), which is today
intensively used for geothermal energy production, and a crystalline crust of Paleozoic age (Lemcke
1973, Freudenberger and Schwerd 1996, Schmid et al. 2004a and b, Berge and Veal 2005, Schmid et al.
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2008). Roughly said the adjoining Alps consist of nappes stacked due to the collision and subduction
processes in the Mediterranean area during Late Cretaceous to Cenozoic times (Schmid et al. 2004a and
b, Handy and Rosenberg 2011). These calcareous nappes are punctuated by crystalline domes uplifted
during the long time of tectonic activity, which are today outcropping in tectonic windows in the Alps
(Tauern, Engadine and Rechnitz windows, Brickl 2011). Caused by tectonic processes related to the
continental collision of Europe and Africa, large scale fault zones occur in the Molasse Basin and the
Alps (Schmid et al. 2004a and b). Such fault zones might have a significant local influence on the
present-day thermal field since they may act as pathways for fluid flow and could enhance fluid flow
related cooling. For a more detailed description of the structural and tectonic architecture of the Alpine
collision zone and the Molasse Basin we refer to Freudenberger and Schwerd (1996), Schmid et al.
(2004a and b), Thomas et al. (2006) and Briickl et al. (2010).
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Fig 11 The North Alpine Foreland Basin in its topographic environment. The model area is marked with a red square. The
basin is highlighted in green, the position of the Tauern Body is marked with yellow. LNH stands for the Landshut-Neudttinger
High, which is uplifted crust. The purple dashed line shows the position of the profile in Fig 12. Topography modified after
Amante and Eakins 2009.

Geothermal field of the Molasse Basin

The North Alpine Foreland Basin and its underlying sediments have been explored for hydrocarbons
since the beginning of the 20" century (Sachsenhofer et al. 2006) and subsequently for geothermal
energy since the 1960°s (Bachmann et al. 1982). While the relevance of geothermal energy production

40



Publication 2: Background

in the European Molasse Basin has increased steadily during the last decades (Roeder and Bachmann
1996, Kempf et al. 1999, Berge and Veal 2005, Jodocy and Stober 2009, Pamer and Diepolder 2010,
Bohm et al. 2011, Reischenbacher and Sachsenhofer 2011, Birner et al. 2012, Cacace et al. 2013,
GeoMol Team 2015,) its significance as a provider of fossil fuels has decreased (Pasternak 2015). Today
the Tertiary aquifers in the European Molasse Basin and the underlying Mesozoic units are intensively
used for shallow as well as for deep geothermal energy production and contribute to the provision of so-
called “green energy”. Unfortunately, the production rates and the potential extraction temperature may
vary significantly regionally as well as locally even in a single hydraulically conductive layer,
phenomena that are poorly understood. Such a case occurs in the south-eastern proximity of the city of
Munich (Germany) in the Molasse Basin, where the temperature of the geothermal fluid decreases
rapidly laterally within a few kilometers by 40 to 60 K (StMWIT 2010) in the Malm aquifer. Even
though a huge amount of data exists for the European Molasse Basin obtained from different studies,
the described strong local temperature decrease cannot be explained based on the present-day
knowledge. The most decisive factors are the irregular data coverage in the basin area and the possibly
deep-rooted and three-dimensional character of the causative processes. In areas of the Molasse Basin,
where increased groundwater temperatures have been found in the past, the exploration effort has been
increased yielding more data. In contrast, where the extracted temperatures have been disappointing,
exploration efforts have been reduced resulting in a lack of further data. Even where the amount of data
is large, the lateral variations in temperatures are not always understood. Significant processes of heat
transport act on a basin wide scale and can be influenced by neighboring and local structures, such as
the Alpine mountain chain and large fault zones, and thus have to be regarded in 3D. Until today, several
studies have been conducted using different approaches addressing the temperature distribution in the
Molasse Basin (e.g. numerical modelling approach: Riihaak et al. 2010; interpolation approach e.g.:
Agemar et al. 2014a and b, Rihaak 2015) or the European Alps (Ebbing 2004; Ebbing et al. 2006;
Vosteen et al. 2006). However, studies regarding both, the basin and the mountain chain, as an
interdependent system are either two-dimensional, of local scale, or have an insufficient resolution of
geological structures and tectonic elements to reproduce the local to regional temperature variations.

Accordingly, it remains open which heat transport processes are acting on a regional scale.

Modelling approach

To address the problem of vertical resolution and horizontal coverage we use the databased lithospheric-
scale 3D structural model of the European Molasse Basin of Przybycin et al. (2015a) to calculate the 3D
conductive thermal field. The model covers the whole German part of the Molasse Basin, as well as the
Northern Calcareous Alps, the Central Eastern Alps and the Tauern Body to the south and the South
German Scarpland to the north. This model resolves the basin configuration with a higher resolution
than previously published for such regional extent. Moreover, the model integrates all freely available

depth and thickness information (wells, seismic lines) as well as faults as interpolation barriers and has
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been additionally constrained by 3D gravity modelling. With our study we assess whether the measured
temperatures at depth in the basin can be reproduced with a purely conductive approach, assuming that
the temperature distribution over the largest parts of the model area is mostly controlled by the structural
setting and the related variations in thermal properties. In consequence, for areas where the temperature
field cannot be reproduced assuming purely conductive heat transport, an additional influence of heat
transport related to fluid flow on the thermal field is likely, especially when taking into account large
fault zones permeable for fluid flow in the basin area.

Earlier studies

As mentioned, earlier studies have dealt with the temperature field of the Molasse Basin before. Riihaak
(2009) and Ruhaak et al. (2010) present a temperature distribution calculated for the western Molasse
Basin based on a 3D quasi steady-state conductive thermal model. They quote, that the temperature
distribution in the upper crystalline crust is dominated by conductive heat transport and indicate that the
thermal field in the sediments is controlled by advection and groundwater flow. They further conclude
that the strong thermal anomalies in the Molasse Basin may be explained by E-W striking faults
intersecting aquifers and characterised by fault parallel fluid flow. However, the model of Riihaak (2009)
and Rihaak et al. (2010) was structurally based only on well information due to the lack of other data
and assumed a constant basal heat flow at a fixed depth as lower thermal boundary condition. In contrast,
the structural model used here integrates multidisciplinary depth and thickness information (wells,
seismic lines, gravity). Moreover, we attempt to consider variations of basal heat flow in response to
lithospheric heterogeneity. Instead of using a constant heat flux at a constant (shallow) depth, we use a
physically motivated lower thermal boundary condition, in which we assume the thermal Lithosphere-
Asthenosphere Boundary to represent the 1,300°C-isotherm, which may vary in depth across the model
area. However, in conformance with Riihaak (2009) and Riihaak et al. (2010), heat transport related to
fluid flow is not considered in this study. Considering advective and convective heat transport in the
calculation would require a much higher horizontal and vertical resolution of the model than the one
chosen for this study and thus much more information about the hydrogeological structure and property
distribution, which was not accessible for this study. Though, the provided conductive part of the thermal
field of the Molasse Basin area may be used as starting point for further coupled fluid and heat transport
simulations to understand the origin of the distinct positive and negative thermal anomalies in the basin
area.

One other project investigating the deep temperature distribution in the European Molasse Basin is the
project GeotlS (Geothermal Information System; Schulz et al. 2009, Agemar et al. 2012, 2014a and b)
conducted by the Leibniz Institute for Applied Geophysics (LIAG) in Germany. This internet-based

geothermal information system provides information about deep aquifers and geothermal productions
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sites in geothermally active areas of Germany. The data covers parts of the North German Basin, the
Upper Rhine Valley and the South German Molasse Basin including more than 30,000 wells from
industry and academia. GeotlS serves as a fundament for feasibility studies conducted by the geothermal
industry (Schulz et al. 2009) by providing geoscientific base information in terms of depth maps of
geothermally relevant aquifers, hydraulic and temperature data and is updated constantly with newly
acquired information.

Based on measured data a 3D temperature model of Germany has been published for the European
Molasse Basin by Agemar et al. (2014b), in which single temperature measurements have been
interpolated in three dimensions. Using bottom hole temperature measurements and/or temperature data
from drillstem tests these interpolations were done using 3D kriging interpolation. From the resulting
model temperature information may be extracted for different depths down to 5,000 m below sea level,
whereby the reliability and spatial coverage of the measurements decrease with depth due to the
decreasing data density and increasing measuring uncertainties. Even though this model does not
consider heterogeneities in subsurface properties or heat transport processes, it provides the most up-to-
date map of the present-day deep thermal configuration of the basin. However, the 3D interpolation
results may be improved in future by taking into account different quality classes of temperature
measurements, an approach tested by Rihaak (2015) who used the temperature database of the Leibniz
Institute of Applied Geophysics (LIAG) to assess the temperature distribution in the German Molasse
Basin with weighted 3D temperature interpolations.

Since original data from temperature measurements performed by the oil and gas industry are partly
confidential and thus not accessible, the thermal model of GeotlS was used as the target temperature
configuration to compare modelled temperatures for the shallow part of the basin down to a depth of
4,000 m bsl. Furthermore, we compared our calculated temperatures to published values of temperature

measurements from 24 geothermal production sites in Southern Germany (Tab 4).

3.3  The lithospheric-scale 3D structural model

The structural model our calculations are based on is the lithospheric-scale 3D structural model of
Przybycin et al. (2015a, Fig 12), which is based on 2D maps (Freudenberger and Schwerd 1996,
StMWIT 2010), on the 3D structural models of Baden-Wirttemberg (Rupf and Nitsch 2008) and
Munich (Schulz et al. 2012) and several deep seismic profiles (TRANSALP [e.g. Gebrande and the
TRANSALP working group 2001], CELEBRATION [e.g. Hrubcové et al. 2002], ALP2002 [e.g. Briickl
et al. 2010], ALPASS [e.g. Mitterbauer et al. 2011]).

Thus, the model resolves six lithostratigraphic units in the sedimentary part of the basin (the Nordlinger
Ries Impact structure, the Folded Molasse as well as the Foreland Molasse Sediments, the Cretaceous,
the Upper Jurassic (Malm), the Middle and Lower Jurassic and Triassic Sediments summarized in one

unit called the PreMalm Sediments) and two units in the Alps (the Alpine Body and the Tauern Body).
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Below this sedimentary part, the structural model consists of a two-parted crust (upper and lower
crystalline crust) bending towards the south and a lithospheric mantle. The bending of the crystalline
crust, and with it the wedge shape of the basin, were caused by the continental collision and the rise of
Alps. This wedge shape of the basin causes a non-uniform distribution of the thicknesses of the Tertiary
Molasse Sediments (Fig 13). Accordingly, the sediments of the Foreland Molasse (Fig 13c) increase in
their thickness from 0 m in the north to up to 5 km in the south. The Foreland Molasse Sediments are
separated from the Alps by the Folded Molasse Sediments (Fig 13b), which are strongly internally
deformed and party overridden by the Alps. These sediments show apparent thicknesses of up to 7 km
in a thin belt in front of the Alps.

Surface = varlable meansurface temperature
(Dirichlet)

P i Cretaceous UpperCrust
' AlpineBody Malm LowerCrust
P " l 7L g FoldedMolasse PreMalm thhosphericMantle
| LAB = 1300°C (Dirichlet) ForelandMolasse TauernBody
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s 5 N ;7;77\7\33@;;;:”,\”; | /‘/1/5
vertical exaggeration 1: 2 —==__

Fig 12 The lithospheric-scale 3D structural model used for the calculation of the present-day conductive thermal field
(modified after Przybycin et al. 2015a). First kind boundary conditions have been used at the surface (variable mean surface

temperature Fig 16) and at the LAB (1,300°C, Fig 15) for the thermal calculation.

Underlying the Molasse Sediments, the Cretaceous (Fig 13d) is only preserved in a restricted domain
with thicknesses of up to 850 m with small outcropping areas of low thickness at the western rim of the
Bohemian Massif. Below the Cretaceous, the Upper Jurassic (Malm, Fig 13e) shows reduced thicknesses
in the outcropping domain in the north which increase southwards to up to 650 m directly in front of the
orogen. The Malm is partly eroded above the uplifted crust of the Landshut-Neudttinger High (LNH).
Apart from the Malm, all Jurassic and Triassic Sediments have been summarized in one unit, the
PreMalm Mesozoic Sediments (Fig 13f), which show highest thickness values (up to 1,500 m) in the
Franconian Basin. At the northern rim of the Molasse Basin, the Nordlinger Ries (Fig 13a), an impact
structure 14.6 Ma in age (Jankowski 1977) with a diameter of ~23 km, cuts through all units down to

the crystalline crust with a maximum thickness of up to 600 m.
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Fig 13 Thickness maps (a-f) of the sedimentary units resolved in the 3D structural model (modified after Przybycin et al.

2015a).
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Since the structural model of Przybycin et al. (2015a) focuses on the Molasse Basin and considers the
Alps only as first order structure, all deformed sedimentary units in the Alpine area have been

summarized into one model unit, the Alpine Body (Fig 14a), with average thermal properties (Tab 3).

This Alpine Body shows thicknesses of up to 30 km at the southern model boundary and is disrupted by
the Tauern Body (Fig 14b), which in turn shows thickness values of up to 30 km as well. The Tauern

Body comprises all non-sedimentary units occurring within this crystalline core.
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Fig 14 Thickness maps of the Alpine units (a-b) and the crustal units (c-d) resolved in the 3D structural model (modified after

Przybycin et al. 2015a).
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We admit that summarizing all lithological units occurring in the Alpine area into two units, the Alpine
Body and the Tauern Body, is a strong simplification of the geological situation of the Alps. This was
done because of two reasons: The first reason is the general goal of this study. With this study we wanted
to investigate the first order interdependence of the Alpine area with the Molasse Basin related to the
long wavelength thermal field. Resolving the geological structure in the Alps better would surely
introduce local thermal effects in the thermal field in the Alps. However, the long wavelength thermal
field and the temperature distribution in the Molasse Basin would not be significantly changed. The
second reason for the strong simplification is the non-uniform distribution of geological information in
the Alps, especially for deeper parts, which renders a three dimensional representation of the Alpine
area with high resolution mostly challenging. To assess the influence of this simplification the different
lithologies considered in the units Alpine Body and Tauern Body are summerized in table 3. Moreover

a range of values for these thermal properties was tested.

The base of the crystalline crust in the model has been defined by integrating the Moho depth of Grad
et al. (2009). The resulting crystalline crustal layer is split into an upper and a lower part. The depth of
the upper crust-lower crust interface has been calculated using isostatic principles as well as 3D gravity
modelling and is partly constrained by a deep seismic profiles (Przybycin et al. 2015a). Accordingly,
the two crystalline crustal layers (Fig 14c and d) show opposed thickness distributions with a thick lower
crystalline crust below the Alps, an intermediately thick lower crystalline crust below the basin and the
Bohemian Massif and a thin lower crystalline crust in the north and west of the model area (vice versa
for the upper crystalline crust). Gravity modelling and seismic data indicate that the seismic velocities
and the densities of the upper crust correspond to an acidic (granitic to granodioritic) composition
whereas the lower crust is of mafic composition (gabbro). Furthermore, a seismologically derived
Lithosphere-Asthenosphere Boundary (Fig 15) has been implemented integrating results of Tesauro
(2009), Geissler et al. (2010), Karousova et al. (2013), Seiberlich et al. (2013) and Bianchi et al. (2014).
The LAB is deepest (up to 150 km bsl) below the Alps, moderately deep (~130 km bsl) below the
Bohemian Massif and the Molasse Basin and rises towards the Eifel plume (~80 km bsl) in the

northwest.
For our calculation of the thermal field we have adopted this structural model as described, to calculate

the regional impact of the different lithostratigraphic units as first order structures on the temperature
field.
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3.4 Method

Conductive heat transport is based on the theory of energy transfer (in this case thermal energy) by
diffusion due to a temperature gradient within a body with the goal to reach thermodynamic
equilibration. The base of the domain influenced by conductive heat transport is represented by the
thermal Lithosphere-Asthenosphere Boundary (LAB), which is defined as the 1,300°C-isotherm.
Depending on the depth of the LAB, an average geothermal gradient evolves in the lithosphere along
which heat is transported to the surface. In areas where the LAB is shallower than average, a steeper
thermal gradient evolves, and vice versa. In areas with steeper geothermal gradients heat is transported
more efficiently towards the surface, thus causing positive thermal anomalies in shallow sedimentary
successions, which are targets for geothermal projects. Additionally, the geothermal gradient is
influenced by material specific parameters, as the thermal conductivity and the radiogenic heat

production.

To calculate the present-day thermal field of the Molasse Basin area the conductive heat equation for
steady-state conditions (Eq 9) has been solved using a 3D finite element method (Scheck and Bayer
1999; Scheck et al. 2003) with A as the thermal conductivity, T as the temperature and S as the radiogenic
heat production.

0=div(AgradT)+S (Eq9)
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Thermal conductivity is defined as the heat flow across a specific cross-section and along a specific
distance for a defined temperature decrease in a defined time (Clauser 2011a). In a material with higher
thermal conductivity (e.g. crustal material) heat is transported more efficiently than in a material with
lower thermal conductivity (e.g. sediments). Thus, in areas where crustal material lies shallower, but is
covered by insulating sediments, higher temperatures can be expected at shallower depths than in areas
with deeper lying crustal material. Vice versa, where crustal material is exposed, heat can escape the
system more efficiently than in areas where crustal material is covered by sediments. Hence, lower
temperatures can be expected in areas where crustal material is outcropping than in areas, where crustal
material is covered. Even though anisotropic conditions are not deniable even within single sedimentary
layers of the Molasse Basin, we have considered all units of the model as isotropic in our calculations
due to a lack of data and admit that this is a limitation of our model.

The radiogenic heat production represents the amount of thermal energy set free by the decay of
radiogenic isotopes in a defined volume in a defined timespan (Clauser 2011b) and thus has to be
considered as an additional heat source in the calculation. Since more additional heat is generated in the
silicic upper crystalline crust because of radioactive decay than in the mafic lower crystalline crust or
sediments, more additional heat is introduced into the system by crystalline material of acidic
composition than by mafic material and sediments. This leads to higher temperatures in areas with

thicker acidic upper crystalline crust than in areas where the upper crust is thin.

Like the thermal conductivity, the radiogenic heat production is a specific material characteristic
depending on the material composition and can vary significantly for different lithologies. For the
calculation of the thermal field of the basin, all lithostratigraphic units of the model have been
characterised with average values for the thermal conductivity and the radiogenic heat production

according to their lithological composition (Tab 3).

Tab 3 Thermal properties assigned to the lithostratigraphic units and the range of values tested in the sensitivity study.
References: [1] Ernstson and Pohl 1977, [2] Freudenberger and Schwerd 1996, [3] Landolt-Bérnstein 1982, [4] Ebbing 2002,
[5] Marotta and Splendore 2014, [6] Allen and Allen 2005, [7] Koch et al. 2009.

. i . . . . Thermal Conductivity Radiogenic Heat Production
Ref Ref Ref
Lithostratigraphic Unit dominant Lithology (W/mK) (Wi
Nordlinger Ries lacustrine sediments, impact breccia 1 2106 1 1*10°+ 0.5*10°° 3
Alpine Body limestone, dolomite, marl, clay, silt, conglomerate | 2 22+06 3 3*107 + 5%107 3
Folded Molasse Sediments conglomerate, sand, silt, clay 2 21+0.6 7 1*10°+0.2%10° 3
Foreland Molasse Sediments conglomerate, sand, silt, clay 2 21+0.6 7 1*10°+0.3*10° 3
Cretaceous claystone, limestone 2 2.4+05 7 1.4*10°+0.3*10° 3
Upper Jurassic Malm limestone, dolomite 2 27+05 7 1.4*10°+0.4*10° 3
PreMalm Sediments claystone, sandstone, marl 2 27+04 7 1*10°+ 0.6%10° 3
Tauern Body granite, gneiss, shale 3 26+0.8 5 1.8*10° + 1*10° 3
Upper Crystalline Crust granite/ granodiorite 3 31+0.7 5 1.8%10%+0.7%10° 3
Lower Crystalline Crust gabbro 4 2.7 +08 5 7*107 + 3*10” 3
Lithospheric Mantle peridotite 6 3.0 +07 5 3*10% + 5*10° 3
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Where available, measured values of the respective properties have been favored, like for the sediments.
For deeper parts, where no measured values were available, average published values have been chosen
for the assumed lithology (Ernstson and Pohl 1977, Landolt-Bornstein 1982, Freudenberger and
Schwerd 1996, Ebbing 2002, Allen and Allen 2005, Koch et al. 2009, Marotta and Splendore 2014).
Furthermore, the calculation of the thermal field not only depends on the heat conduction and the
radiogenic heat production, but also on the chosen thermal boundary conditions. For our calculation we
used a 1% kind upper boundary condition (Dirichlet) by assigning a variable mean surface temperature
to the top surface of the model (topography) based on averaged measured surface temperature values
between 1961 — 1990 (DWD 2013; InMeteo 2013; HISTALP 2013, Fig 16).
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Fig 16 The mean annual surface temperature used as upper thermal boundary condition along the model surface for the
calculation of the 3D thermal field (modified after DWD 2013, InMeteo 2013, HISTALP 2013).

Locations of the 24 geothermal energy production sites (Tab 4) are depicted, for which observed temperatures are available,
to which our calculated temperatures have been compared. The color-coding of the locations is corresponding to the
temperature difference between calculated and measured values according to the table beside. Positive values indicate that
the model is too warm, negative values indicate that the model is too cold. The city of Munich is marked with a yellow star.

Black lines show the locations of faults in the basin.
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Besides, a 1% kind lower thermal boundary condition (Dirichlet) was assigned to the thermal LAB with
a constant value of 1,300°C (Fig 15). To evaluate the influence of the assigned values for thermal
conductivity and radiogenic heat production of each lithostratigraphic layer on the resulting thermal
field, a sensitivity study has been carried out. Thus, a reasonable range of plausible values has been
tested (Tab 3).

3.5  Results
The present-day 3D thermal field

In the calculated 3D temperature distribution (Fig 17) the temperatures increase non-uniformly with

depth over the whole model area and several general thermal effects are evident (Fig 17-19).

The LAB, as the 1,300°C isotherm, lies shallower in the north and northwest than in the south of the
model with a smooth transition in between (Fig 15). Accordingly, the geothermal gradient is much
steeper in areas of a shallower LAB (northern and northwestern part of the model area towards the Eifel
plume) than in areas of a deep LAB (Alps). This effect results in vertically closer-spaced isotherms in
the north than in the south (Fig 17). Furthermore, the isotherms in the lithospheric mantle are bend
upwards in the northwestern corner and flat in the northern and northeastern model part, whereas they
are bent downwards in the central part of the model below the basin. In the area of the Alps, where the

modelled LAB is deepest in our model, the isotherms are curved upwards in the mantle.

In the northern part of the model the isotherms are flat in the crystalline crust, illustrating a continuous
decrease of temperature towards the surface. In contrast, the isotherms are bend upwards in the
crystalline crust below the basin and even stronger below the Alps.

At the transition between the crystalline crust and the sediments, the shape of the isotherms changes in
the domain of the Tauern Body. There, the upward-curved isotherms in the mantle and the crystalline
crust flatten and even turn into a downward-curved shape when entering the Tauern Body (Fig 17b).
The isotherms flatten again when entering the sediments of the Alpine Body. Accordingly, cooler
temperatures are predicted in the Tauern Body than in the Alpine Body at shallow depth.

The upwards curved isotherms in the mantle and crust flatten when entering the Mesozoic sediments
below the Molasse Basin (Fig 17a). This results in higher temperatures in the Mesozoic sediments under
the Tertiary sediments in the Molasse Basin than in the northern parts of the model, where no insulating

sediments are covering the crystalline crust.
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b) chimney effect
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Fig 17 The resulting present-day lithospheric-scale 3D conductive thermal field of the Molasse Basin area. Subpanels a and b
zoom into areas of specific thermal effects with a) thermal blanketing effect and b) chimney effect (shown with higher

temperature resolution, scale shown at zoome-in b).

At all depths within the sedimentary part (Fig 18 and 19) a colder part in the north and a warmer part in
the south are predicted with distinct short-wavelength temperature variations. These anomalies are in
close correlation with topographic highs and can be traced in the temperature distribution at all depths

in the sedimentary part.

To illustrate how the calculated temperatures change non-uniformly with depth, Fig 18 and 19 presents
different temperature-depths maps.

At a depth of 1,000 m bsl (Fig 18a) the colder part in the north shows temperatures between 25 and
50°C, while the warmer part in the south shows temperatures of up to 105°C. The outer frame of the
Molasse Basin and the outcropping Mesozoic sediments can be clearly recognized in the temperature
distribution. Within the basin, temperatures between 50 and 70°C are predicted with a general trend of
southwards increasing temperatures. A minor negative temperature anomaly with a difference in
temperature of 5-10 K is predicted south of Munich (city marked with a red star) and a short-wavelength
positive anomaly is modelled in the southwestern corner of Bavaria.
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The binary division of the thermal signature of the basin is also present in the temperature distribution
at 2,000 m bsl (Fig 18b), where calculated temperatures vary between 60 and 96°C. Likewise, both the
colder northern part of the model as well as the Alpine area are still distinct with up to 60°C and 130°C,
respectively. A positive thermal anomaly at 2,000 m bsl is predicted in the western part of the Molasse
Basin with temperatures of up to 95°C. A second smaller and weaker positive thermal anomaly occurs
in the eastern part of the basin in Austria. Between the hotter domains a colder area is predicted by the

model.

At a depth of 3,000 m bsl (Fig 18c) temperatures between 130 and 100°C are calculated for the basin
area. The temperatures in the Alpine area increase to up to 155°C, while the northern part of the model
area shows temperatures of up to 90°C with slightly warmer temperatures in the northwestern corner of
the model area towards the Eifel plume. Within the basin, the positive temperature anomaly in the
western part attains up to 125°C. Likewise, the thermal anomaly in the Austrian part increases to 125°C.
Furthermore, a third positive temperature anomaly is visible in the south of the city of Munich with
temperatures comparable to the ones of the thermal anomaly in the west of the basin.

Between these positive thermal anomalies, an area of colder temperatures is evident southeast of Munich

with a temperature difference of up to 20 K with respect to the neighboring positive thermal anomalies.

At 4,000 m depth bsl (Fig 18d) the temperature predicted in the basin ranges between 115 and 160°C,
while the temperatures in the northern model area reach up to 115°C. In the Alpine area modelled
temperatures are significantly higher and may reach up to 185°C. The positive thermal anomaly in the
western basin as well as the anomaly in the south of Munich increase to up to 160°C. Furthermore, the
smaller positive thermal anomaly in the Austrian part of the Molasse Basin has shifted westwards and
shows temperatures of up to 160°C. The negative thermal anomaly in the east-southeast of Munich in
between the two positive thermal anomalies shows a temperature of ~145°C, which is up to 20 K colder

than the temperature within the positive thermal anomalies.

At the depth of 5,000 m bsl (Fig 18e), the temperatures increase to up to 125°C in the northern model
part and to 210°C in the Alpine area. For the basin area temperatures between 130 and 180°C are
predicted with some local anomalies of higher temperature. The temperatures characterizing the positive
thermal anomalies in the basin increase to up to 185°C, while the anomaly south of Munich and the one
on the eastern border of the German Molasse Basin connect to form a narrow high temperature bridge.

The negative thermal anomaly in the southeast of Munich is far less pronounced than at shallow levels.
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Fig 18 Temperature maps (a-f) for different depths extracted from the 3D thermal model of which maps a-d have been
compared to respective temperature-depth maps of the GeotlS thermal model (Agemar et al. 2014b, purple dashed lines).

Maps e-f show depths for which no observed data was available as comparison.
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At 6,000 m bsl (Fig 18f) the temperatures in the northern model part and towards the Eifel plume
increase to 150°C. In the Alpine area temperatures of up to 235°C are predicted. The frame of the
Molasse Basin can still be recognized clearly in the temperature distribution even at this depth. The
basin shows temperatures between 150 and 210°C. The individual positive thermal anomalies distinct
at shallower depths form a realm of higher temperatures at this level (up to 210°C) in the south of
Munich.

At depths below 6,000 m bsl (Fig 19a - b) the pattern of temperature distribution is more smooth than
at shallower levels though the contour of the Molasse Basin in the temperature distribution is still visible.
In the area of the Molasse Basin the temperature distribution shows a continuous increase from north to
south towards the Alps. At all depths a distinct temperature effect of short wavelength is predicted for
the Alpine area. In this domain, the strongly varying surface temperature propagates downward causing
higher temperatures in topographically high areas in the Alps. However, this effect decreases with depth
and is barely visible below 6,000 m bsl. Noticeable are significantly lower temperatures in the Tauern
Body than in the Alpine Body at all depths. This effect is more pronounced in the deeper parts: The
temperature difference between the Tauern Body and the Alpine Body rises to up to 80 K at a depth of
10,000 m bsl.
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Fig 19 Temperature maps for larger depths (a-b) extracted from the 3D thermal model.

Prominent Isotherms

In case a geothermal power plant shall be used not only for heating, but as well for electric power
production, a temperature threshold value of 100°C should not be undercut as reservoir temperature
(Agemar et al. 2012). Looking at the depth of the 100°C isotherm predicted by the model (Fig 20a),
again a binary pattern is visible: In the northern part, the depth of the isotherm ranges between 4,800
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and 3,800 m bsl. At the northern edge of the Molasse Basin the modelled depth of the 100°C isotherm
decreases from 3,800 m bsl at the edge of the basin to 2,200 m bsl in the central part. Southward, the
100°C isotherms lies nearly flat at a depth of ~2,100 m bsl. Below the Alps the isotherm rises to a depth
of up to 800 m bsl (but still with > 3000 m below topography) with a strongly irregular course. However,
the largest depth values of the 100°C isotherm in the Alps can be found in the area of the Tauern Body
with up to 3,200 m bsl.
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Fig 20 Depth maps (a and b) showing the depth to the 100°C and 450°C isotherms predicted by the model.

Another prominent isotherm is the 460°C isotherm, around which, assuming an average increase of
pressure with depth, the brittle-ductile transition zone of crystalline crustal material is assumed (Ranalli
1995). Around this temperature, the rheological behaviour of mainly crystalline rocks changes from
brittle to ductile and therefore the depth of this isotherm sets a threshold below which no earthquakes
are expected to occur (Dragoni 1993). Thus, the depth of this transition zone in a specific area is strongly
affected by the geothermal gradient: the steeper the gradient the shallower the transition zone (and vice
versa). According to our calculation the 460°C isotherm is at a depth of 16,500 to 25,500 m bsl in the
Molasse Basin area (Fig 20b). This isotherm is deepest in the northeastern and western part of the model
area with 25,500 m bsl and intermediate in the central model area with values around 23,000 m bsl.
Towards the northwestern corner of the model area, in the direction of the Eifel plume (Seiberlich et al.
2013), the 460°C isotherm rises to up to 19,500 m bsl. From the northern edge of the Molasse Basin to
the south the isotherm rises continuously to 20,000 m bsl depth at the margin of the Alps. Lowest depth
values of this isotherm (up to 16,500 m bsl) are predicted for the area of the Alps, whereby the isotherm
is deepest within the Tauern Body. Unlike the 100°C isotherm, the depth of the 460°C isotherm shows

no short-wavelength variations.
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3.6  Sensitivity Analysis with respect to thermal properties

To assess the influence of each model unit and the prescribed thermal properties on the predicted thermal
field a sensitivity study was carried out within which different values for each property were assigned
to the model layers (Tab 3) and the thermal field was calculated. In figures 21 - 23 the predicted
temperature distributions at a depth of 3000 m bsl are shown for the highest and the lowest values
assigned, respectively, for the model units exerting the strongest influence on the temperature
distribution.

Thermal Conductivity

Figures 21a and b show the influence of the thermal conductivity of the Alpine Body on the temperature
distribution in the Molasse Basin.

Assuming a low thermal conductivity of this model unit (Fig 21a, 1.6 W/mK) temperatures between
115°C and 130°C are predicted for the basin with three positive thermal anomalies (in the western part,
south of Munich, and at the eastern Bavarian border) with temperatures of up to 140°C. Between the
latter two positive thermal anomalies, an area with average temperatures (125°C) can be seen in the
southeast of Munich.

Assuming a significantly higher thermal conductivity for the Alpine Body (Fig 21b, 2.8 W/mK) lower
temperatures by 10 to 15 K are predicted by the model for the positive thermal anomalies with no

pronounced cooler area in the southeast of Munich.

When decreasing the thermal conductivity of the Tauern Body to 2.3 W/mK (Fig 21c) higher
temperatures in the area of the Tauern Body and the Alpine Body are predicted compared to the original
model by ~20 K. The same temperature shift can be seen in the Molasse Basin, for which temperatures
of up to 150°C are predicted. Assuming a higher thermal conductivity of the Tauern Body (Fig 21d,
3.5 W/mK) the area of the Tauern Body shows lower temperatures than in the original model by ~10 K.
In addition, the positive thermal anomalies in the Molasse Basin decrease in size and no significant
negative thermal anomaly in the southeast of Munich can be seen. Thus, removing the contrast in thermal
conductivity between the Alpine and the Tauern Body also causes the negative thermal anomaly

southeast of Munich to disappear.
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Fig 21 Temperature distribution at a depth of 3,000 m bsl predicted for different ranges of thermal properties as assessed in
a sensitivity analysis. Maps a to d show the influence of the thermal conductivity of specific model units on the temperature
distribution. A higher thermal conductivity of the Alpine Body leads to an average cooling of the model. A different heat

conductivity of the Tauern Body mostly affects the Alpine area, while the Molasse Basin remains mostly unchanged.

Decreasing the thermal conductivity of the upper crystalline crust in the model to 2.4 W/mK (Fig 22a)
the temperature increases by 10 K in average in the northern and eastern model part where the upper
crystalline crust is outcropping with a stronger variation compared to the original model (Fig 18c). In
the basin a temperature change of ~5 K can be recognized compared to the original model.

Increasing the thermal conductivity of the upper crystalline crust to 3.8 W/mK (Fig 22b) decreases the
average temperature in the outcropping areas of the upper crystalline crust in the north and east by
~10 K. The thermal anomalies in the Molasse Basin is not significantly influenced by the changes in
thermal conductivity of the upper crystalline crustal layer compared to the original model.
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As visible in figure 22¢ and d, decreasing (1.9 W/mK) and increasing (3.5 W/mK) the thermal
conductivity of the lower crystalline crust has very little influence on the predicted thermal field.
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Fig 22 Temperature distribution at a depth of 3000 m bsl predicted for different ranges of thermal properties as assessed in
a sensitivity analysis. Maps a - d show the influence of the thermal conductivity of the upper and lower crystalline crust on
the temperature distribution. An increased thermal conductivity of the upper crystalline crust leads to higher temperatures
in the Molasse Basin and the Alps, but lower temperatures in the central and northern parts of the model. Different thermal
conductivities of the lower crystalline crust have only a minor influence (5 K) on the temperature distribution in the whole

model area

Radiogenic Heat Production

Decreasing the radiogenic heat production of the upper crystalline crust to 1.1*10-° W/m3 (Fig 23a) leads
to an overall cooling of the system compared to the original model, especially in areas with a thick upper
crystalline crust as in the northern and western model parts. Those areas show predicted temperatures
lower by up to 25 K. The positive thermal anomalies in the Molasse Basin show decreased temperatures
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by 20 K. Further south in the Alps, where the thickness of the upper crystalline crust is smaller, the

temperature difference amounts ~-10 K.
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Fig 23 Temperature distribution at a depth of 3000 m bsl. Maps a and b show the impact of the radiogenic heat production
of the upper crystalline crust on the thermal field. A lower radiogenic heat production of the upper crystalline crust leads to

overall lower predicted temperatures in the whole model and vice versa.

Assuming an increased radiogenic heat production of the upper crystalline crust (3.1*10° W/md, Fig
23b) the model predicts temperatures higher by up to 25 K compared to the original model in the
northern and eastern parts, where the upper crystalline crust is cropping out. For the positive thermal
anomalies in the basin the model would predict temperatures 15 K higher than the original model,

whereas the negative thermal anomaly in the southeast of Munich is less affected.

The sensitivity analysis has shown that the thermal conductivity of the Alpine Body as well as the
thermal conductivity and the radiogenic heat production of the upper crystalline crust have the strongest
impact on the basin wide conductive thermal field. While the thermal conductivity of the Tauern Body
shows a smaller influence on the temperature distribution in the Molasse Basin, the thermal conductivity
of the lower crystalline crust has only a minor influence on the basin-wide thermal field. Both properties
of the Molasse Sediments, the Upper Jurassic and the PreMalm Sediments show no significant influence
on the thermal field within the range of values tested (Tab 3) and are therefore not further described.
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3.7 Interpretation and Discussion

Analyzing the calculated 3D thermal field, different thermal effects can be recognized affecting the deep
temperature distribution in the Molasse Basin area. Regional effects affecting the deeper part of the

system and local effects having the strongest influence on the shallow thermal field can be distinguished.

Regional thermal effects

One regional effect is caused by the average geothermal gradient due to the depth of the thermal LAB.
Where the LAB is shallower, as in the northern and northwestern model parts, the heat has to overcome
a smaller distance to equilibrate between the two thermal boundaries (LAB: 1,300°C, Surface: -11 to
+12°C) leading to an increased geothermal gradient than in areas with a deeper LAB (central model
area). The switch of the bending direction of the isotherms in the mantle in the central model part from
bend upwards (increasing geothermal gradient) to bend downwards (decreasing geothermal gradient) is
thereby credited to the increasing depth of the LAB towards the south. Interestingly, the geothermal
gradient is not smallest in the area of the Alps where the LAB is deepest, but higher than in the basin
area. This is related to the compensating effect of crustal thickness. The crystalline material produces
radiogenic heat adding to the total heat budget and is thinner below the Alpine foreland than below and

within the orogon.

A second regional effect can be connected to the radiogenic heat production in the crust, which is an
additional heat source in the system and much higher in the upper crystalline crust than in the rest of the
model layers. Since the absolute amount of produced heat is dependent on the crustal volume, the
intensity of this effect is in close correlation to the thickness of the upper crystalline crust, which varies
between 20 and 28 km thickness in the northern model part. In contrast, below the Alpine area and the
Molasse Basin the upper crystalline crust is far thinner and may locally be only 6 km thick. The Tauern
Body consists predominantly of upper crystalline material and thus also represent a domain with high
radiogenic heat production. Accordingly, the heat budget within the Tauern Body is larger than in the
surrounding domain where the radiogenic upper crust is thinner (Fig 14c). This causes higher
temperatures in the lower part of the Tauern Body compared to its neighboring areas (Fig 17b).
Therefore, in spite of a uniform depth of the thermal LAB, lateral variations in temperature evolve in
the upper part of the lithospheric mantle and the lower part of the crust illustrated by upward-curved

isotherms in Fig 17.

A third thermal effect affecting the thermal field on a regional scale is the contrast in the thermal
conductivity between the highly conductive crystalline crust and the Tauern Body and the less
conductive sediments. In areas, where crystalline material is exposed to the surface, as in the Tauern
Window (Schmid et al. 2004a), heat can escape more efficiently than in areas covered by insulating

sediments. This effect is known as chimney effect (Fig 17b) and can be observed as downward-bend

61



Publication 2: Interpretation and Discussion

isotherms inside the shallow Tauern Body and as lower shallow temperatures in the area of the Tauern

Body compared to the surrounding area in the temperature maps (Fig 18c - f, Fig 19).

Around the Tauern Window the deformed sediments of the Alpine Body cover the crystalline crust (Fig
14a). Consisting mostly of limestone, dolomite, marl and clay, the Alpine Body has a far smaller heat
conductivity that the underlying crystalline crust and the crystalline Tauern Body. Thus, the heat
generated in the crust and mantle is trapped by the low conductive sediments of the Alpine Body which
causes heat storage in the sediments. This effect is known as blanketing effect (Fig 17a) and is stronger
where the sediments are thicker (as in the Alps and the basin) and weaker where sedimentary thickness
is smaller (as in the north of the model). Such a blanketing effect can also be recognized in the fill of
the Molasse Basin, where calcareous and clastic sediments overly the crystalline crust. This thermal
blanketing leads to increasing temperatures from north to south in the Molasse Basin (Fig 18a - d) and

correlates with the increasing thickness of Molasse Sediments from north to south (Fig 13c).

The chimney effect and thermal blanketing are thus results of heat refraction in response to contrasts in
thermal conductivity. Such phenomena have already been described for other basins in different tectonic
settings (Bayer et al. 1997, Allen and Allen 2005. Stephenson et al. 2009, Noack et al. 2010, Cherubini
et al. 2014) and are laterally influencing each other. For the Alps and the Molasse Basin this implies that
the heat coming from the asthenosphere together with the heat generated in the crystalline crust arrives
at the base of the insulating sediments of the Alpine Body and the Molasse Basin, is stored within the
sediments and causes higher temperatures within the latter. In areas where the heat is conducted directly
to the surface, as within the Tauern Body, lower shallow temperatures evolve than in the surrounding
areas. In summary, the binary division of the model area into a cooler northern part and a warmer
southern part with a transition at the northern rim of the Molasse Basin is in close correlation with the
distribution of sedimentary thicknesses (Fig 13, Fig 14), but additionally influenced by the thickness of
the conductive crystalline crust (Fig 14) and the amount of radiogenic heat created in this upper part.

In addition, topographic features may have an effect on local subsurface temperatures which has
already been quoted by Kutasov (1999) and Noack et al. (2010). In topographically high areas (e.g.
summits of the Alps) the upper thermal boundary condition is prescribed at higher elevation than in
topographically low areas (e.g. valleys of the Alps). This difference in elevation can reach up to 2 km.
Accordingly, a temperature variation evolves in the upper few kilometers that correlates spatially with
the topography. Even considering 3D heat transport such a topographic effect on the temperature
distribution can be traced downwards to upper crustal levels, causing local short-wavelength
temperature anomalies in the thermal field. In the deeper crust the influence of topographic effects is

lost and the depth to the thermal LAB dominates the evolving temperature pattern.

The superposition of all three described effects (topographic effect, blanketing effect and chimney
effect) leads to a characteristic lateral temperature distribution in the Molasse Basin area with a stronger

variation (Fig 18, Fig 19) than in the temperature maps created by 3D interpolation of measured values
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(Agemar et al. 2014b). This is due to the implemented structural heterogeneity considered in the thermal
model of this study compared to the interpolation between measured data points in the GeotlS project
(Agemar et al. 2014b) assuming a homogeneous and isotropic configuration of the subsurface. However,
Agemar et al. (2012) recommend to treat the deeper temperature estimates of the thermal model of
GeotlS with extra care due to possible local effects on the temperature distribution caused by a
heterogeneous distribution of thermal conductivities, which have not been regarded in the temperature

interpolation.

Comparing with measured temperatures

Assuming heat conduction being the main heat transport mechanism in the Molasse Basin, the observed
temperature pattern and the temperature values have been reproduced to a certain degree in this study.
Compared to the results of the GeotlS project (Agemar et al. 2014b) our model is too warm in the upper
5,000 m bsl. Also, the temperatures predicted in our model are too warm if compared to published
temperatures measured at 24 geothermal production sites. As illustrated in Fig 16 and Tab 4, 12 sites
are showing temperature differences in a range of £10 K, a value as high as the standard deviation of
bottom hole temperatures and temperature logs (Hermanrud et al. 1990, Forster 2001, Noack et al. 2010,
Agemar et al. 2012 and 2014a).

At further 5 locations the model results show temperature difference of more than +10K in the area of
the described negative thermal anomaly southeast of Munich, which is less cold in the model than
observed. In this area, an additional effect on the thermal field by heat transport related to fluid flow is
considered likely (Birner 2013). Such a phenomenon has already been assumed for the western Molasse
Basin by Riihaak et al. (2010), for a similar setting with a the deep carbonate aquifer in the Po Plain in
Italy (Pasquale et al. 2013), and for other structural settings as the North German Basin by Noack et al.
(2010) and the Western Canada Sedimentary Basin (Majorowicz et al. 2014).

For 7 locations, the modelled temperatures are too cold compared to the measured values. One of these
locations is Windischeschenbach, where the difference between modelled and observed temperature is
largest (>65 K at 8,638 m bsl). A possible reason for such a high temperature difference may lay in local
heterogeneities of the radiogenic heat production and thermal conductivity in the crust, which are not
resolved in our model, or advective heat transport related to fluid flow, which is not considered in our

approach.
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Tab 4 Geothermal energy production sites with their measured and the respective calculated temperatures. The production

sides are additionally depicted in Fig 16.

. . Depth Temperature | Temperature | Temp Difference
ID Location UTM Coordinates [masi] | measured [°C] | calculated [°C] | calc. - meas. [K] Reference
1 |Traunreut 768326.3446| 5317920.521| -4095.710 108 153 45 Agemar et al 2014a
2 |Poing 709645.0836| 5338567.483| -2464.960 76 103 27 Agemar et al 2014a
3 |Pullach 2 687645.8845| 5324767.734| -2361.960 80 104 24 Agemar et al 2014a
4 |Erding 716537.888| 5354505.059| -1894.809 62 83 21 Agemar et al 2014a
5 |Pullach 687645.8845| 5324767.734| -2920.960 104 119 15 Agemar et al 2014a
6 |Aschheim 701945.275| 5338366.932| -2117.904 85 94 9 Agemar et al 2014a
7 |Garching 696945.2515| 5346766.704| -1683.616 70 79 9 ITG (2014)
8  [Garching 696945.2515| 5346766.704| -1744.916 74 80 6 Agemar et al 2014a
9  |Sauerlach 698045.8424| 5316267.778| -3852.980 140 146 6 Agemar et al 2014a
10 [Dirrnhaar 704145.653| 5318768.12| -3504.876 135 139 4 Agemar et al 2014a
11 |Minchen Riem 700893.3825| 5334418.605| -2155.422 95 95 1 Agemar et al 2014a
12  |Oberhaching 693645.4216| 5321868.061| -3232.777 128 128 1 Agemar et al 2014a
13 |Straubing 761610.226( 5420054.051| -500.613 37 36 -1 Agemar et al 2014a
14 |Unterhaching 695375.7952| 5325900.639| -3031.660 123 122 -2 Agemar et al 2014a
15 [Simbach-Braunau 800291.3264| 5352101.534| -1586.610 81 75 -6 Agemar et al 2014a
16  |UnterschleiBheim 690746.0027|  5349666.83| -1484.859 78 72 -6 Agemar et al 2014a
17 |Kirchstockach 699744.9973| 5322467.964| -3384.942 139 132 -7 Agemar et al 2014a
18  |Unterfohring 696542.4435| 5340811.137]| -1484.408 86 75 -11 Agemar et al 2014a
19 |Bad Saulgau 537376.4201| 5317524.491| -21.667 41 30 -11 Werner et al 1978
20 [Waldkraiburg 752496.3402|  5344579.67| -2291.049 109 96 -13 Agemar et al 2014a
21 [Landshut 732766.0605| 5379951.31| -72.503 60 27 -33 Agemar et al 2012
22 [Bruchsal 469755.6067| 5440897.013| -2409.251 120 64 -56 GTV (2014)
23 |Bad Urach 529623.6519| 5371419.002| -3862.813 168 101 -67 Agemar et al 2012
24 |Windischeschenbach 724584.8959| 5522239.823| -8638.671 253 183 -70 Agemar et al 2014a

In addition, the influences of large faults zones permeable for fluid are not considered in our approach.
Such fault zones may act as pathways for fluid flow and enable convective heat transport in the basin.
To investigate a potential influence of fluid flow related cooling on the thermal field of the Molasse
Basin area coupled transport of fluid and heat should be considered. However, a higher vertical and
horizontal resolution than used for this study and the implementation of faults into the model would be

needed, which in turn would require an improved structural and (hydro)geological database.

Sensitivity

We admit that the limited model resolution and the assignment of homogenous parameters to the layers
are likely to be a source of error in our approach. However, a sensitivity analysis (Fig 21 - 23) addressing
the impact of different lithostratigraphic units and their respectively assigned thermal properties on the
geothermal field has shown, that the lithospheric-scale thermal field mostly depends on the depth of the
LAB, the configuration of the crystalline crust and the thermal properties of the Alpine and Tauern Body
as well as the thickness of the Molasse Sediments. Of these, especially the radiogenic heat production
of the upper crystalline crust shows a large a priori uncertainty related to the assigned values for
radiogenic heat production (Vosteen et al. 2006, Vila et al. 2010) due to lacking measurements.

Variations in the thermal properties of the Nordlinger Ries, the Folded Molasse Sediments, the
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Cretaceous, the Upper Jurassic Malm and the PreMalm Sediments have shown only minor influences
on the long wavelength thermal field as these layers are of limited thickness and partly even
discontinues. Nevertheless, a better representation of the real geological situation could be achieved by
implementing varying thermal properties laterally and with depth within a model unit. Recent studies
(Homuth et al. 2014 and 2015) on the nature and distribution of thermal properties of the Upper Jurassic
could help to reduce the uncertainties further. However, the findings for the long wavelength thermal
field of the Molasse Basin area and the thermal interdependence between the basin and the Alps are
robust. Prescribing laterally varying thermal properties to the model units would lead to short
wavelength thermal effects and thus not change the regional pattern of temperature distribution

significantly.

Prominent isotherms

Given the mentioned limitations, the results nevertheless indicate that assuming conductive heat
transport as the first order control for the thermal field is valid and give first order estimates of deep
temperature variations. According to the calculated depth of the 100°C isotherm (Fig 20a), temperatures
high enough for both geothermal heating and electric power production can be found at deeper levels in
the north of the model area than in the south, due to the thickness distribution of the Molasse Sediments.
Within the Molasse Basin this isotherm is at an average depth of 2,000 m bsl with small lateral depth

variations, a result that supports the suitability of this area for electrical power production.

The second prominent temperature level is the 460°C isotherm, which marks the transition between
brittle to ductile behaviour of granitic material and thus is a threshold value below which the probability
of crustal rupture and associated earthquakes are strongly reduced. The larger depth of this isotherm in
the northern part of the model compared to the southern part (Fig 20b) implies a weaker rheology of the
lithosphere at shallower depth below the Alps than below the northern part of the model area. This in
turn is consistent with earlier results from thermo-mechanical models of Genser et al. (1996) and Okaya
et al. (1996). Moreover, higher temperatures at shallow depths below the Alps (compared to larger
depths below the Molasse Basin) would explain the earthquake distribution described by Deichmann et
al. (1999), Willinghofer and Cloething (2003) and Singer et al. (2014) with deep earthquakes in the
foreland and shallow earthquakes in the Alpine area. In fact, the deepest earthquakes shown by Singer
etal. (2014) correlate well with the depth of the 460°C isotherm predicted by the conductive calculations
of this study.
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3.8 Conclusions

Assuming conductive heat transport to be the dominand process, the lithospheric-scale 3D thermal field
of the Molasse Basin area has been calculated. In the predicted temperature distribution different
superposed thermal effects can be recognized, which show an interdependence between the Alps and

the foreland basin with respect to the regional thermal field.

Our results indicate that the temperature distribution in the lithospheric mantle and the crystalline crust
is controlled by the depth of the thermal LAB, the thickness distribution of the radiogenic crust and the
contrast in thermal conductivities between crystalline and sedimentary rocks. For the Molasse Basin and
the adjacent Alpine orogen this results in shallow hotter temperature where thick sedimentary rocks
cover the crystalline crust (Alpine Body and Molasse Basin) and colder shallower temperatures where
the crystalline crust is exposed (Tauern Body). This related chimney effect can have a significant lateral
influence in response to 3D heat transport and cause local negative anomalies in neighboring domains
(e.g. southeast of Munich). Together with the topographic effect, the chimney and blanketing effect
control the regional scale temperature distribution in the sedimentary part of the model.

Using a conductive approach, this study was able to reproduce the measured present-day thermal field
in the shallow part of the Molasse Basin area to a certain degree. Though the predicted temperatures are
in average a few degrees too hot, the predicted temperature trend matches the observed temperature
pattern shown by GeotlS. The respective reproduced positive and negative thermal anomalies show that
this temperature pattern is caused by the structural configuration of geological units and related contrasts
in thermal properties. In particular, sensitivity studies have shown that considering the configuration of
the crystalline crust and the Tauern Body as well as the Alpine Body is of high significance for the
regional thermal field. Lateral variations in the structure and the lateral heterogeneity of thermo-physical
properties of the Molasse Sediments and the Mesozoic and Triassic Sediments have only an additional

influence on the temperatures at shallow depth.

The misfit between the measured and calculated temperatures in the sediments is interpreted to be caused
by additional advective and convective heat transport, mechanisms not considered in this study. To test
if fluid flow related cooling is as significant for the creating of the thermal anomalies as the structural
configuration, coupled fluid and heat transport simulations are required. The conductive model of this
study may suit as a starting point and provide lower thermal boundary conditions for the deeper,

conductive dominated parts of such coupled simulations.
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4. The origin of deep geothermal anomalies in the Germany Molasse Basin assessed by

3D numerical modelling of coupled fluid flow and heat transport

4.1 Abstract

The European Molasse Basin is a wedge-shaped Tertiary foreland basin at the northern front of the Alps,
which is filled with mostly clastic sediments. These Molasse Sediments are underlain by Mesozoic
sedimentary successions, including the Upper Jurassic aquifer (Malm) which has been explored since
decades due to its specific structural and thermal configuration suitable for geothermal energy
production. The thermal field of the Molasse Basin area is characterised by prominent positive and
negative thermal anomalies of which especially the latter ones represent a high risks for geothermal
energy exploration. However, the origin of these thermal anomalies could not be explained by studies
in the past satisfactorily and is still an object of debates. With our study we want to contribute to the
understanding of this thermal configuration and with that help to reduce the exploration risk for future
geothermal projects in the Molasse Basin. Therefore, we conducted coupled fluid and heat transport
simulations for the German Molasse Basin using a basin-scale model which was based on an existing
lithospheric-scale 3D structural and conductive thermal model of the basin area. Using a 3D finite
element method, we aimed to reproduce the present-day thermal field of the Molasse Basin assuming

conduction, advection and convection as heat driving mechanisms.

This paper focuses on the thermal field of the Molasse Basin and its dependence on regional fluid flow.
Within this paper we show how the temperature distribution of the Molasse Basin including the
pronounced thermal anomalies can be reproduced by coupled fluid flow und heat transport simulations
following a multi-scale 3D modelling approach. We find that the shallow thermal field is strongly
affected by basin-wide fluid flow. Furthermore, we show that the temperature distribution at the depth
of the Malm aquifer is strongly influenced by the hydraulic conductivity of the Foreland and Folded
Molasse Sediments and that possible hydraulically conductive faults have only a minor influence on the
regional temperature distribution in the Molasse Basin. Moreover, we show that the positive and
negative thermal anomalies in the basin are caused by the superposed effects of conductive and

advective heat transport and correlated to the geological structure.

4.2 Introduction

In times of decreasing hydrocarbon resources, the provision of renewable energy is a key topic for the
present-day scientific and industrial community to assure the socio-economic status of the society in the
future. One type of so called “green energy” is geothermal energy, whose energy source is the earth

itself. This energy can be extracted from different depths of the subsurface by geothermal power
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plants and used for heating or power generation depending on the extraction temperature, which in turn

depends on the geological, tectonic and hydrogeological condition of a geothermal area.

One area in Europe which is suitable for the production of geothermal energy is the European Molasse

Basin.

The European Molasse Basin is a Tertiary foreland basin at the northern front the Alps and extends over
parts of France, Switzerland, Germany and Austria (Fig 24). The typically wedge shape of the basin
(Berge and Veal 2005) evolved in consequence of the Euro-Adriatic continental collision and the rise

of the Alps since the Cretaceous.
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Fig 24 The model area (red frame) shown on the topography ETOPO1 (after Amante and Akins 2009). The model area of the

coupled model covers the Bavarian part of the Molasse Basin and a part of the Austrian Molasse Basin.

Today the basin is filled with mostly clastic sediments originating from erosional processes of the Alps
which are partly overrun and folded due to the ongoing plate movement of the Euro-Adriatic continental
collision (Schmid et al. 2008). These Molasse Sediments are underlain by Mesozoic sedimentary
successions, which include the Upper Jurassic Malm aquifer (Birner 2013) deposited in the Tethys
Ocean. This Malm aquifer shows a high potential for geothermal energy production and is explored by
the petroleum and geothermal industry as well as by the scientific community since decades (Blchi et
al. 1965, Sachsenhofer et al. 2006). The exploration efforts have led to a large amount of data with which
a picture of the subsurface temperature distribution of the basin could be generated by interpolation
between the points of temperature measurements (GeotlS; Schulz et al. 2009, Agemar et al. 2014b). The
subsurface thermal field shows increasing temperatures from north to south in the basin, as well as
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prominent positive and negative thermal anomalies especially in the Bavarian part, where temperature

differences of up to 60 K may occur within just a few kilometers of lateral distance (Agemar et al. 2012).

Though the knowledge about the basin has advanced in response to studies of the industry and the
scientific community (Roeder and Bachmann 1996, Kempf et al. 1999, Berge and Veal 2005, Jodocy
and Stober 2009, Pamer and Diepolder 2010, Béhm et al. 2011, Reischenbacher and Sachsenhofer 2011,
Birner et al. 2012, Cacace et al. 2013, GeoMol Team 2015) over the last decades, the origin of this
temperature pattern and the fluid flow directions in the basin are still not fully understood and a matter
of debate.

Unfortunately, the distribution of data is non uniform in the Molasse Basin, leading to gaps in the
pictures of the temperature and pressure field: where the extraction temperature or fluid quantity of
geothermal drillings has been disappointing (Moeck et al. 2013), exploration efforts have been reduced
leading to a lack of data in these areas and vice versa. To overcome such data gaps, 3D models
considering structural heterogeneities are a useful tool by applying physically reliable interpolations

between points of observations to fill up areas of data gaps (Cacace et al. 2010).

At present 17 major geothermal power plants are operating in the German Molasse Basin (Agemar et
al. 2014a), of which the biggest part is located in the area around the city of Munich in Bavaria (B6hm
et al. 2012). In this area two major thermal anomalies are located, a positive and negative one, leading
to a temperature difference of up to 60 K at a depth of 3,500 m bsl (GeotlS, Agemar et al. 2012). Such
strong changes in the temperature distribution over a small lateral distance represent an increased
exploration risk and may reduce the willingness for further geothermal drilling projects in the Molasse

Basin.

However, being aware of the complex temperature distribution at depth is not enough to reduce the
exploration risk as the productivity is another key parameter for geothermal energy production. To
enable a reliable temperature and pressure prediction for a geothermal reservoir, the heat transport and
fluid flow mechanisms have to be understood on a bigger scale. Thereby, different types of heat transport
acting in a sedimentary basin should be considered (Kaiser et al. 2011): (1) conductive heat transport,
where the efficiency of heat transfer depends on the thermal conductivity of the lithology of the
respective layer, (2) advective heat transport, where heat is transported passively by pressure driven
fluid flow, (3) convective heat transport, where heat is transported by density driven convective fluid
flow. In a fluid influenced geothermal environment, like the Molasse Basin, a combination of all three
heat driving mechanisms can be expected, as has been already shown for other sedimentary basins, e.g.
for the North German Basin by Kaiser et al. (2011) and Noack et al. (2013) and for the Po Plain by
Pasquale et al. (2013).
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Different studies have been conducted so far, based on different physical assumptions and modelling
techniques, to understand the temperature and pressure field of the European Molasse Basin, of which
Frisch and Huber (2000), Rihaak (2009, 2015), Riihaak et al. (2010), Agemar et al. (2012), Birner
(2013) and Przybycin et al. (2015b) are just some examples.

Frisch and Huber (2000) investigated the flow field of the Upper Jurassic Malm aquifer in the German
part of the basin using measurements of hydraulic potential and thermal water balancing to deduce the
general flow direction. They propose a main fluid flow direction from west to east inside the Malm
aquifer with a significant flattening of the hydraulic potential in the central basin area as well as
discharging fluids into parts of the Danube river and in the east of the uplifted crust of the Landshut-
Neuottinger High (LNH). However, they could not explain the fluid flow pattern between the city of
Munich and the LNH in the Malm aquifer.

Such a fluid flow direction could be mainly confirmed by Birner (2013), who investigated the
hydrochemistry and hydraulic regime of the German Molasse Basin with a hydrogeological model of
the Upper Jurassic Malm aquifer with the intention to characterize the processes driving the groundwater
dynamic and the mass transport. He states that, even though the Malm aquifer shows a complex system
of pores, joints and karst related cavities, it can be described with lithological units of different but
homogenous hydraulical characteristics on a basin-scale.

The work of Birner (2013) has been incorporated into the Geothermal Information System (GeotlS,
Schulz et al. 2009), a web-based platform integrating all available data about geological structure,
lithology and temperature from outcrops, wells and seismic data for areas of geothermal interest in
Germany with the intention to reduce the exploration risk for geothermal drilling projects. Based on 3D
interpolation between temperature measurements, maps have been generated, available at the GeotlS
platform (Agemar et al. 2012), depicting the temperature distribution at different depths in the Molasse
Basin. Unfortunately, the lateral coverage and reliability of these maps is decreasing with increasing
depth due to the decreasing data density and with that increasing uncertainty of interpolation.
Nonetheless, the thermal model of GeotlS (Schulz et al. 2009, Agemar et al. 2012) is so far the best
representation of the thermal field of the Molasse Basin according to the implemented data and has

therefore been used as a reference for validation in our study.

A different approach to explain the thermal anomalies in the Molasse Basin has been used by Rihaak
(2009) and Riihaak et al. (2010). They investigated the groundwater flow regime and the thermal field
of the western part of the Molasse Basin using a quasi-steady-state conductive 3D modelling approach
on a local-scale with the intention to compare calculated temperatures to measured values. Since they
were not able to reproduce the observed thermal anomalies in the western Molasse Basin with a purely
conductive approach of heat transport, they proposed E-W striking fault parallel fluid flow to cause

lateral temperature differences of more than 10 K at the same depth in the basin.
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Such influence of hydraulically conductive major fault zones on the thermal field has also been studied
by Cherubini et al. (2014) for the area of Brandenburg in north-eastern Germany using a basin-scale 3D
numerical model of coupled fluid flow and heat transport. Their results however indicate only a limited

lateral influence of permeable fault zones on the regional thermal field.

Another conductive heat transport approach was followed by Przybycin et al. (2015b), who used a
lithospheric-scale 3D model covering the German Molasse Basin as well as the South German Scarpland
to the north and parts of the Alps including the Tauern Body in the south (Przybycin et al. 2015a) to
calculate the present-day 3D conductive thermal field. By choosing a model extent which integrates a
large part of the continental collision zone, Przybycin et al. (2015b) investigated the interdependence of
the basin with the mountain chain with respect to the thermal field. With their approach they were able
to reproduce the measured thermal field of the Molasse Basin as shown by GeotlS (Agemar et al. 2012)
to a certain extent. The conductive model of Przybycin et al. (2015b) reproduces the positive and
negative thermal anomalies southeast of Munich, but the predicted temperature of the negative thermal
anomaly is still too high compared to the measured temperatures (GeotlS, Agemar et al. 2012).
However, the conductively modelled temperature trend shows that the thermal anomalies in the Molasse
Basin are generated to some extent by the structural configuration of the crust and the presence of the
Tauern Body in the Alps. Przybycin et al. (2015b) propose an additional cooling influence of fluid flow
in the sedimentary part of the basin as possible mechanism to explain the observed lower temperatures

in the Molasse Basin, an effect already discussed for the Po Plain by Pasquale et al. (2013).

Nevertheless, a systematic assessment how far fluid flow, geological and hydrogeological heterogeneity
or the presence of permeable faults may control the deep thermal field on a basin-scale in the Molasse

Basin is still lacking.

To improve the understanding of the regional thermal field and the temperature controlling mechanisms
in the Molasse Basin and with that decrease the exploration risk of geothermal energy projects we have
conducted a systematic parameter study by simulating the coupled fluid flow and heat transport in the
Bavarian part of the Molasse Basin between the Danube in the north and the Alpine front in the south

using a three-dimensional basin-scale numerical FE-model.

Thereby, we followed a modelling approach whose advantages have already been demonstrated for
different sedimentary basins in the past, e.g. for the North German Basin by Noack et al. (2014) and
Scheck-Wenderoth et al. (2014). In this approach, a lithospheric-scale regional 3D structural model is
used to calculate the present-day conductive thermal field. From this lithospheric-scale conductive
model, temperatures are extracted from depths dominated by conductive heat transport (e.g. the crust)as

lower thermal boundary condition for a higher resolved basin-scale model of the basin fill that considers
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coupled transport of heat and fluid. Following this workflow, the obstacle of choosing a proper lower
thermal boundary condition for the simulation of coupled fluid flow and heat transport on a basin-scale
can be overcome. The resulting thermal and flow field may help to understand the relation between
basin-scale fluid dynamics and temperature distribution. Moreover, these results from basin-scale
simulations can be exploited to provide physically reliable thermal and hydraulical boundary conditions
for local high-resolution reservoir-scale models as required for areas of exploitation interest. To
investigate the possible influence of hydraulically conductive faults on the thermal field we have
integrated three large hydraulically conductive testfaults into the model representing the main strike
direction of faults in the Molasse Basin in a second modelling step.

4.3  The hydrogeological model

For the simulation of coupled fluid flow and heat transport, a basin-scale 3D structural model has been
build based on the lithospheric-scale 3D structural model of Przybycin et al. (2015a). The latter
integrates freely available depth and thickness information from wells and seismic lines and has been
additionally constrained by 3D gravity modelling. For this study, the upper part of the lithosphere-scale
model has been used. In addition, the vertical resolution of lithostratigraphical units has been increased
compared to Przybycin et al. (2015a) for the basin-scale model by additionally distinguishing the
Purbeck formation (Lower Cretaceous) from the Cretaceous layer according to StMWIT (2010) and the
different Malm layers (Zeta - Alpha, Schulz and Thomas 2012). The base of the structural model was
defined at a constant depth of 7,500 m bsl, a depth at and below which conduction is the dominant
mechanism of heat transport. This basin-scale 3D structural model covers an area of 180 km in N-S
direction and 340 km in E-W direction with a horizontal resolution of ~1 x ~1.7 km corresponding to
185 x 201 grid points. In the vertical direction the structural model contains 12 lithostratigraphic units

from the topography downwards (Fig 25):

At the southern border of the model, the Folded Molasse Sediments occur in a thin band along the
mountain chain. Due to the tectonical imprint of the moving Alps these sediments are strongly folded
and steeply erected. They consist of conglomerate and sand as well as silt and clay with a moderate
average permeability (Fig 25a, Tab 5). They show apparent thicknesses of up to 7,000 m directly in front

of the Alps and represent therefore a possible pathway for fluid flow from the surface into larger depths.

The northwards following Foreland Molasse Sediments (Fig 25b) consist of mostly unconsolidated
conglomerate and sand with intercalated silt and clay layers originating from erosional processes of the
Alps (Handy et al. 2010, Bousquet et al. 2012b). These Molasse Sediments are considered as highly
permeable for fluid flow (Tab 5) and show increasing thicknesses from 0 m in the north to up to 5,000 m

in the south at the Alpine front.
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Fig 25 Thickness maps of lithostratigraphic units implemented into the coupled model. The main structure has been extracted
from the 3D lithospheric-scale structural model of Przybycin et al. (2015a). In addition, the vertical resolution of the
Cretaceous and the Upper Jurassic Malm aquifer has been increased by distinguishing the Purbeck formation (Lower
Cretaceous) from the Upper and Middle Cretaceous and the single Malm layers (Alpha-Zeta) following StMWIT (2010), Schulz
and Thomas (2012) and Birner et al. (2009).

Below the Molasse Sediments the Cretaceous (Fig 25c¢) consists mostly of claystone and limestone and
is only preserved in a limited area between the city of Munich and the Landshut-Neudttinger High with
thicknesses of up to 850 m and in a small area east of the Landshut-Neudttinger High with up to 150 m
thickness. This unit has an average hydraulic conductivity even higher than the Molasse Sediments (Tab
5).

According to deviating hydraulic properties (higher porosity, but lower hydraulic conductivity) and a
different lithology (mainly limestone) compared to the (Upper and Middle) Cretaceous, the Purbeck
formation (Lower Cretaceous, Fig 25d) resembles more the Upper Jurassic and has therefore been

implemented as a separate unit in the hydrogeological model.
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Fig 25 continued

Like the Cretaceous, the Purbeck formation is preserved in a small area between the city of Munich and
the Landshut-Neudttinger High but with smaller thicknesses of 10 - 40 m.

The Upper Jurassic Malm aquifer consists of mostly limestone and dolomite with small appearance of
clay and has been separated into 6 single layers (overlying Zeta — underlying Alpha, Fig 25e - j)
according to the composition and average permeability (Birner et al. 2009, StMWIT 2010, Schulz and
Thomas 2012). While the lower two Malm layers (Alpha and Beta) have been regarded as impervious,
the upper four Malm layers (Zeta —Gamma) have been considered as a continuous aquifer with a laterally

varying hydraulic conductivity.
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Publication 3: The hydrogeological model

For this aquifer the hydraulic conductivity has been prescribed according to the degree of dolomitisation,
karstification and different hydraulic properties determined by Birner (2013, Fig 26) based on well data.
A high hydraulic conductivity was prescribed to the Malm aquifer in the central northern and the most
eastern part, with 10* m/s. Towards the south, the aquifer has been characterised by average hydraulic
conductivities (10° m/s). To the west, lowest hydraulic conductivities are prescribed to the Malm aquifer
with 10° m/s. The underlying layers Malm Beta and Malm Alpha have been characterised as low-

conductive with hydraulic conductivities of 10° m/s according to Birner et al. (2009).
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Fig 26 The hydraulic conductivity of the Malm Gamma-Zeta following Birner (2013) implemented into the 3D numerical
model. As shown in the map the hydraulic conductivity is highest in the northern and eastern part of the model and decreases
to the south and west. In the area of the Landhut Neuéttinger High, where the Malm is eroded, lowerst hydraulic

conductivities are prescribed.

All Malm layers show increasing thicknesses from north to south with a maximum in the central model
area and are eroded around the uplifted crust of the Landshut-Neudttinger High. In particular, Malm
Zeta (Fig 25e) shows maximum thicknesses of up to 100 m, whereby Malm Epsilon (Fig 25f) shows
thicknesses of up to 40 m in the central model area. Lower, Malm Delta (Fig 25g) is thicker with up to
100 m in the central basin, and is, in turn, followed by a much thinner Malm Gamma (Fig 25h) with
thicknesses of up to 32 m. The two lowermost Malm layers show maximum thicknesses of up to 220 m
(Malm Beta, Fig 25i) and 120 m (Malm Zeta, Fig 25j) in the central part of the basin, respectively.
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Below the Upper Jurassic Malm, the PreMalm layer (Fig 25k) is summarizes all sediments of the Middle
and Lower Jurassic as well as Triassic and is assumed to consist of mostly claystone, sandstone and
marl. This layer is restricted to the model area north and northwest of the city of Munich and is

characterised by an average thickness of 200 - 500 m with locally higher thickness values.

The lowermost layer of the model is represented by the crystalline crust, which is assumed to be
impermeable for fluid (Fig 251, Tab 5). In response to the constant depth of the model of 7,500 m bsl at
the model base, the thickness of this layer decreases from north to south with a maximum thickness of

up to 7,500 m directly at the northern border and less than 500 m at the southern border of the model.

4.4 The numerical approach

The simulations of the coupled fluid flow and heat transport have been carried out using the commercial
software package FELOW® (Version 6.2, Diersch 2009), which is based on a finite element method
(FEM) and allows the consideration of different processes of heat transport in natural porous media, as

conductive, advective and convective heat transport.

For the case of conductive heat transport, Kinetic energy is transported along a geothermal gradient
through the earth by molecule collision (Turcotte and Schubert 2014). The efficiency of conductive heat

transfer is thereby only dependent on the thermal conductivity of the medium.

Both, the advective as well as the convective heat transport are related to fluid flow. While heat is
transported passively by fluid flow along a hydraulic gradient in case of advection, convective heat
transport occurs due to differences in fluid temperature and with that density and is a form of buoyant
flow (Bjerlykke 2010). A combination of all heat driving mechanism is called mixed convection. The
coupled calculation of the flow and temperature field in a saturated porous media with FEFLOW® is
done solving three partial differential equations based on Darcy’s law, on mass conservation as well as

on energy conservation (e.g. Nield and Bejan 2006) which are described in the following part.

Governing Equations

Here, the governing equations solved for the calculation of the coupled fluid and heat transport as given

by Diersch (2009) are briefly summarized.

The generalized Darcy law (Eq 10) and the mass conservation of the fluid (Eq 11) are solved as a system

of flow equations with variable fluid density p/ and viscosity u .

Since FEFLOW® uses the hydraulic head as primary variable in the mathematical formulation, the

Darcy law (Eq 10) is written in terms of hydraulic head rather than pressure:
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f_,f
o = —K (Vh ol f;%l) (Eq 10, Darcy Law)
Po
; .
a(zi )y y. (p'q") = £Q, (Eq 11, Mass Conservation)

Thereby, q/ stands for the specific discharge (Darcy velocity) and K for the hydraulic conductivity

tensor of the porous media; g describes the gravity acceleration and p/ the mass density of the fluid.

f
Further, K can be described with K = ’Z’—jf’k with k as the permeability tensor and u/ as the fluid

viscosity. In Eq 11, ¢ is defined as the porosity and @, as the sink-source term for mass.

Applying the law of energy conservation under the condition of thermal equilibrium between the fluid
and the porous medium (Tf = T = Ts) and neglecting density gradients, the following heat transport

equations are solved:
(pc)fsg—: + pfcfv-(¢/T) = V- (AVT) = Qr (Eq 12, Energy Conservation)

Q- is the heat source-sink function with 4 as the equivalent thermal conductivity tensor of the fluid and

the porous medium.

(pc)ys is defined as the bulk specific heat capacity of the fluid (f) and solid (s) phase system, whereby

the phase system is defined as

()ys = [0/ + (1 - e)p'cs] (Eq 13)

Since taking into account the conductive (Fourier) and thermodispersive (mixing) effects, the thermal
conductivity tensor of the fluid and the porous medium A can be subdivided into two separate

components:
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A= Apisp + Aconp (Eq 14)

where Ap;sp is the thermodispersive term and Aconp the conductive term with a; and a; as the
longitudinal and transversal dispersion length, respectively. 2/ and A° represent the thermal conductivity
of the fluid and solid phase with I as the unit matrix in Eq 15 and 16:

y) — fof Fa 1 _ ﬂ Eq 15
pisp = p’ ¢’ |ar |\q; qi) + (a, —ar) (alal) (Eq 15)
q; q;

ACOND = Slf + (1 — S)AS (Eq 16)

The coupling of heat transport and fluid flow via the density of the fluid was done according to an

equation of state using the brine-density ifm of Magri et al. (2009).

The FE model

To transform the geological model into a numerical one for the software FEFLOW®), all geological
layers have been converted into continuous layers and discretized as a three dimensional finite element
mesh with irregular triangular elements horizontally and prismatic elements vertically. While the
horizontal resolution was defined as 600 m in average, the vertical resolution depends on the thickness
of the lithostratigraphic units. To avoid a high aspect ratio (horizontal : vertical resolution), layers with
large thicknesses, as the Folded Molasse Sediments, the Foreland Molasse Sediments and the crystalline
crust, have been subdivided into sublayers with maximum thicknesses of 1.5 km resulting all in all in
26 numerical layers. The resolution of the horizontal discretization was closely connected to the facies
distribution of the Upper Jurassic Malm aquifer, as given by StMWIT (2010) in the Geothermal Atlas
of Bavaria: In areas where no or little fluid flow is expected due to a low permeability of the Malm
aquifer a courser discretization (element size up to 1,000 m) has been chosen than in areas of high
permeability. As for the latter central model area, where more vigorous fluid flow is expected, smaller

mesh elements had been implemented to assure numerical stability (element size down to ~400 m).

To assess the influence of fluid flow along permeable fault zones on the thermal field in the basin (Fig
27) three faults have been integrated into the numerical model as discrete feature elements - finite
elements with lower dimensionality inserted at element faces and edges (Diersch 2009). For those

vertical 2D elements a horizontal buffer zone of 40 m on both sides of the faults has been implemented
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to which a higher horizontal resolution of up to 20 m was set to assure stable calculation during

simulations. For these domains (faults and buffer zones) fluid flow according to Darcy’s law was
assumed.
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Fig 27 The 3D numerical model used for the coupled simulations of fluid flow and heat transport. The different horizontal
mesh resolution was chosen according to the facies distribution of the Malm aquifer (StMWIT 2010). The color-coding shows

the resulting thermal field in the model area. The faults (1, 2 and 3) have been implemented as discrete features and can be

seen as areas with higher vertical resolution.

These faults are simplified representations of known fault zones in the Molasse Basin and are oriented
in the main fault direction, respectively. Fault 1 has been integrated south of the city of Munich to
represent the east-west oriented fault system in the Malm aquifer (StMWIT 2010). It can be traced
vertically from the middle of the Foreland Molasse Sediments down to Malm Epsilon. It represents a
normal fault created due to the flexural bending of the European plate in response to the load exerted by
the Alps. Fault 2 has been integrated at the southern border of the model representing the east-west
oriented fault system along the Alpine front in the Folded Molasse Sediments as the tectonical boundary
between the Molasse Basin and the Alps. This fault can be traced from the topography down to the top
of the crystalline crust (Schmid et al. 2008). Fault 3 has been integrated at the western side of the

Landshut-Neudttinger-High and represents a possible flow pathway along the tectonic border between
the Malm and the uplifted crust of the Landshut-Neud6ttinger-High.
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The influence of each permeable fault on the fluid flow and the temperature field has been investigated
separately at first. In a second step all faults were included simultaneously as permeable to investigate

a possible interdependence.

All in all, the numerical model including the three faults consists of 2,432,560 prismatic mesh elements
and 1,283,391 mesh nodes subdivided into 26 layers and 27 slices and three vertical faults (Fig 27).

To achieve gquasi-steady-state conditions in the numerical simulations and with that predict the present-
day thermal and flow field, a simulation time of 100,000 years was chosen with an automatic time step
control with a limited maximum time step size of 50,000 days and a first-order accurate predictor-
corrector-scheme. For the iterative calculations we chose the SAMG solver for the symmetric matrix
and the BICGSTABP solver for the unsymmetric matrix as well as full upwinding for the model

stabilization.

Parametrisation

For the simulations all layers have been characterised by thermal (heat capacity, thermal conductivity,
radiogenic heat production), mechanical (porosity) as well as hydraulical properties (hydraulic
conductivity) according to their dominant lithology (Tab 5). Measured values have been favoured.
However, is case no measured values were available, average lithology-based values have been
assigned. Every layer has been assigned with one uniform value for each property apart from the Upper
Jurassic Malm aquifer. For the upper four layers of the Malm (Gamma - Zeta) a variable hydraulic
conductivity was adopted following Birner (2013, Fig 26). Accordingly, high hydraulic conductivities
prevail in the northern and eastern-most model parts, and decreasing hydraulic conductivities towards

the south and west. Malm Alpha and Beta have been considered as homogeneously low-conductive.

Like the layers, all faults have been characterised with hydraulic properties following Schulz and
Thomas (2012) and Cherubini et al. (2014). Thereby a hydraulic conductivity much higher than of any

other layer of the model was assumed for the faults to open permeable fluid flow paths along the latter.

Detailed sensitivity analyses have been carried out to assess the level of influence of all assigned

physical properties.

Boundary Conditions and Initial Conditions

To solve the partial differential equations thermal as well as hydraulic upper and lower boundary
conditions are required. The thermal boundary conditions at the base and the top of the model have been
defined as fixed temperatures (Dirichlet). At the surface a mean variable surface temperature measured
over 30 years (1960 — 1990) in the area of interest (DWD 2013, Fig 28) has been prescribed as upper
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thermal boundary condition. Thereby, the surface temperature ranges between -2°C in the south-western

corner and +12°C in the northern most and eastern part of the model area.
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Fig 28 The upper thermal boundary condition implemented into the numerical model. The map shows a variable mean annual
surface temperature over the last 30 years (DWD 2013) and was assigned as Dirichlet boundary condition to the topography.
20 locations of geothermal energy production sites are shown for which observed temperatures are available. To these
observations our predicted temperatures have been compared. The color-coding of the locations is corresponding to the
temperature difference between calculated and measured values given in table 6. A red colour coding means temperatures
are predicted too warm by the model, blue colour coding means predicted temperatures are too cold compared to the

observed ones.

A laterally variable temperature distribution, which has been extracted from a 3D lithospheric-scale
conductive thermal model of the Molasse Basin and the adjoining Alps (Przybycin et al. 2015b) has also
been implemented as lower thermal boundary condition. The latter considers the influence of a varying
depth of the thermal Lithosphere-Asthenosphere Boundary, a heterogeneous internal structure of the
crystalline crust as well as variations in thermal properties in response to the geological structure.
Accordingly, the interdependence between the Alps, the Tauern Body and the Molasse Basin with
respect to the basin-wide thermal field is captured by the 3D lithospheric-scale conductive model from
which the temperature distribution at 7,500 m bsl has been extracted.

Hence, lower temperature values in the north (~150°C) and higher temperature values in the south
(~240°C, Fig 29) are prescribed at the base as lower thermal boundary condition for the coupled model.
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Fig 29 Temperatures distribution at a depth of 7,500 m bsl which has been extracted from the 3D lithospheric-scale conductive
thermal model of Przybycin et al. (2015b) and prescribed as lower thermal boundary condition (Dirichlet) to the base slice of

the coupled model.

As upper boundary conditions for fluid flow a constant pressure head (0 Pa, Dirichlet) was assigned to
the topography (Fig 24). Further, fixed hydraulic heads (Dirichlet) were assigned to the river Danube

and to the lateral borders of the Malm aquifer in the east and west according to Frisch and Huber (2000).

Furthermore, thermal and pressure initial conditions have been calculated with uncoupled fluid and heat
transport simulations for steady-state conditions.
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4.5 Results and Interpretation

In the following chapter the resulting thermal field of the Molasse Basin predicted by the coupled fluid
and heart transport simulations is presented with temperature maps at different depths and prominent
thermal effects are highlighted. At first, the results of model 1 without considering faults are presented
and compared to an alternative version of the model obtained during the sensitivity study (model 2).
Afterwards, the results of the simulations considering hydraulically conductive faults (model 3) are

presented.

The basin-scale thermal field (model 1)

Figure 30 shows the temperature distribution predicted by model 1 (without faults) at depths for which
temperature maps from GeotlS (Schulz et al. 2009, StMWIT 2010) are available for validation.
Compared to the maps of GeotlS (StMWIT 2010), the maps produced in this study show temperature
variations changing at a much smaller wavelength at all depths. This effect is related to the assumption
of a homogeneous space in GeotlS whereas this study considered heterogeneities related to geological
structures. Also, the grid resolution is far higher in this study compared to the GeotlS interpolation grid
of measured data (Schulz et al. 2009).

At a depth of 500 m bsl (Fig 30a) temperatures between 8 and 35°C are predicted for most parts of the
model area with the coolest values in the area of the Folded Molasse Sediments. In addition, some
positive thermal anomalies of smaller lateral extent with temperatures of up 63°C are present at the
southern border of the model area, in the western part of the model, at the eastern border of Bavaria as
well as in the area of the city of Munich. Of those the latter one shows the highest temperatures at this
depth. A comparable distribution of temperatures and thermal anomalies is shown in the temperature
map of GeotlS (StMWIT 2010).

At a depth of 1,500 m bsl (Fig 30b) modelled temperatures range between 10 and 90°C, though most
parts of the model area are not warmer than 50°C. The lowest temperatures are bound to the negative
thermal anomalies at the southern border of the model area (~10°C) and to the negative thermal anomaly
predicted in the southeast of Munich (up to 15°C). The highest temperature values are limited to the
positive thermal anomalies, which, compared to the 500 m depth bsl, increased in size and temperatures.
At 1,500 m bsl three positive thermal anomalies are visible in the western part of the model, one big and
two smaller anomalies, with highest temperatures of up to 90°C. For the positive thermal anomaly in
the area of Munich temperatures of up to 75°C are predicted by the model, which again is comparable
to the temperature distribution shown by GeotlS (StMWIT 2010). Further, some smaller positive
thermal anomalies are predicted in between the negative thermal anomalies at the southern model border
with temperatures between 50 and 70°C. The positive thermal anomaly at the eastern border of Bavaria

shows temperatures of ~60°C.
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<«Fig 30 Predicted temperatures by the coupled fluid flow and heat transport simulations without considering faults in the
system (model 1) shown with temperature maps at different depths. The model predicts widespread negative thermal
anomalies (blue colours) at shallower depths within the whole basin. These negative thermal anomalies decrease with
increasing depth in most parts of the basin area. Only the negative thermal anomalies in the area of the Folded Molasse
Sediments, directly at the border to the Alps, are predicted even in bigger depths. These cold anomalies are caused by an
inflow of cold water into depths through the hydraulically (too high?) conductive Folded Molasse Sediments. The small
positive thermal anomalies (reddish colours) from shallower depths increase in size with increasing depth.

At all depths the predicted temperatures show a pronounced negative thermal anomaly in the southeast of Munich bounded
by two positive thermal anomalies to the west and east. Even though the predicted temperatures are slightly lower than the
observed ones, the observed temperature trend could be reproduced with the coupled fluid flow and heat transport

simulations without any consideration of faults. Map d) shows the locations of the profiles shown in figure 32.

At 2,500 m bsl (Fig 30c) the coupled simulations predict temperatures between 15 and 140°C. At this
depth the northern model area shows mean temperature values of ~75°C, while the southern model area
shows lowest temperature values of 15°C within the negative thermal anomalies in the Foreland Molasse
Sediments. Compared to shallower levels these negative thermal anomalies have increased in size as
has the negative thermal anomaly southeast of Munich, which shows a temperature of ~25°C. Likewise,
the positive thermal anomalies are larger in size than at shallower levels. While at the depth of 1,500 m
bsl the three positive thermal anomalies in the west appear as distinct features, they have merged into
one bigger anomaly at the depth of 2,500 m bsl and show temperatures of up to 140°C. The small
positive thermal anomaly at the eastern border of Bavaria shows temperatures of ~100°C. For the
positive thermal anomaly around the city of Munich temperatures between 80 and 100°C are predicted,
which is colder than the temperatures predicted by GeotlS (StMWIT 2010) by ~10 K. However, the
trend of the measured temperature distribution could be reproduced even for this depth.

Deeper, at 3,500 m bsl (Fig 30d), temperatures between 20 and 160°C are predicted by the model, with
average temperatures of ~90°C apart from the thermal anomalies. At this depth, the coldest temperatures
are limited to the negative thermal anomalies in the Folded Molasse Sediments at the southern border
of the model area. The negative thermal anomaly to the southeast of Munich is characterised by
temperatures of ~60°C. The positive thermal anomaly in the west of the model area increased in size
compared to 2,500 m bsl and displays highest temperature values with up to 160°C. For the positive
thermal anomaly in the area of Munich the simulations predict a temperature of ~120°C, and the anomaly
is larger in size compared to shallower depths. The temperature of the positive thermal anomaly at the
eastern border of Bavaria increased as well to 130°C. Compared to the measured temperatures shown
in the GeotlS maps (StMWIT 2010), the simulations of this study predict temperatures 10 K lower in

average for this depth. Nonetheless, the temperature trend of GeotlS is reproduced.
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At adepth of 4,500 m bsl (Fig 30e) average temperatures of ~100°C are predicted for the Molasse Basin.
The negative thermal anomalies along the southern border of the model area decrease in size and show
low temperatures of up to 20°C. For the negative thermal anomaly in the southeast of Munich the model
predicts temperatures of ~90°C. To the west the positive thermal anomaly reaches temperatures to up to
170°C. The temperature of the warm thermal anomaly around Munich rises to 135°C. For this depth, no

map from GeotlS (StMWIT 2010) is available anymore for comparison.
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Fig 30 continued
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The last temperature map (Fig 30f) shows the temperature distribution at a depth of 5,500 m bsl. At this
depth, an average temperature of 140 to 150°C is predicted by the coupled simulations. The negative
thermal anomaly at the southern border of the model area decreased strongly in size and predicted
temperatures are about 50°C. Highest temperatures are predicted for the positive thermal anomaly in the
most western corner of the model area with up to 190°C. While the positive thermal anomaly around
Munich shows temperatures of up to 170°C, the negative thermal anomaly southeast of Munich is less

pronounced than at shallower depths with values of ~130 - 140°C.

All predicted temperatures have been additionally compared to measured bottom hole or extraction
temperatures from different depths of 20 measurements (e.g. Agemar et al. 2014a). For 12 sites the
modelled temperatures lie in a range of £10 K of the measured temperatures (Fig 28, Tab 6). For two
sites west of the Landshut-Neudttinger High the model predicts temperatures more than 10 K lower and
for two sites temperatures higher than the measured ones. For four sites in the area of Munich
temperatures more than 10 K higher and for one site temperatures more than 10 K lower than the

measured ones are modelled.

Tab 6 Comparison of observed and calculated temperatures for the location of 20 geothermal production sites at different
depths. The locations of measurements are shown in figure 28. A red colour coding means temperatures are predicted too

warm by the model, blue colour coding means predicted temperatures are too cold compared to observed ones.

D Location UTM Coordinates Depth Temperature Temperature Residual Temp Reference
[masl] | measured [°C] | calculated [°C] | calc. - meas. [K]
1 |Traunreut 768326,3446 5317920,521| -4095,710 108 151 Agemar et al 2014a
2 |Poing 709645,0836 5338567,483| -2464,960 76 101 Agemar et al 2014a
3 |Pullach 2 687645,8845|  5324767,734| -2361,960 80 101 Agemar et al 2014a
4 |Erding 716537,888 5354505,059( -1894,809 62 81 Agemar et al 2014a
5 |Pullach 687645,8845 5324767,734| -2920,960 104 117
6 |Aschheim 701945,275[  5338366,932| -2117,904 85 91 6 Agemar et al 2014a
7__[Garching 696945,2515 5346766,704| -1683,616 70 76 6 ITG 2014
8 [Garching 696945,2515 5346766,704| -1744,916 74 78 4 Agemar et al 2014a
9 [Sauerlach 698045,8424|  5316267,778| -3852,980 140 143 3 Agemar et al 2014a
10 [Durrnhaar 704145,653 5318768,12| -3504,876 135 135 0 Agemar et al 2014a
11 [Minchen Riem 700893,3825 5334418,605| -2155,422 95 92 -2 Agemar et al 2014a
12 |Oberhaching 693645,4216 5321868,061| -3232,777 128 126 -2 Agemar et al 2014a
13 |Straubing 761610,226|  5420054,051| -500,613 37 35 -2 Agemar et al 2014a
14 |Unterhaching 695375,7952 5325900,639( -3031,660 123 119 -4 Agemar et al 2014a
15 |Simbach-Braunau 800291,3264 5352101,534| -1586,610 81 72 -8 Agemar et al 2014a
16 |UnterschleiBheim 690746,0027 5349666,83| -1484,859 78 70 -8 Agemar et al 2014a
17 |[Kirchstockach 699744,9973 5322467,964| -3384,942 139 129 Agemar et al 2014a
18 |Unterféhring 696542,4435 5340811,137| -1484,408 86 72 Agemar et al 2014a
19 [Waldkraiburg 752496,3402 5344579,67| -2291,049 109 95 Agemar et al 2014a
20 [Landshut 732766,0605 5379951,31] -72,503 60 26 Agemar et al 2012
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Interpretation: Influence of deep fluid flow on the thermal field

To compare the temperatures predicted by the coupled simulations to a purely conductive approach as
followed by Przybycin et al. (2015b), the temperature distribution in the model area at a depth of 3,500 m

bsl calculated considering only conductive heat transport is shown in figure 31.
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Fig 31 Temperature map at a depth of 3,500 m bsl showing the temperature distribution calculated considering only

conductive heat transport following the approach of Przybycin et al. (2015b).

This temperature map shows increasing temperatures from the north (~80°C) to the south with ~120°C
around Munich. South of Munich three prominent positive thermal anomalies with temperatures of
~140°C are predicted in the area of the Folded Molasse Sediments by the conductive model with lower
temperatures (~130°C) in between. Compared to this conductive model, the coupled model 1 predicts a
more diverse temperature distribution with a variation of much smaller wavelength for the depth of
3,500 m bsl (Fig 30d). Where a continuous increase of temperatures from north to south is calculated
with the conductive model, an irregular temperature distribution is predicted by the coupled model.
Moreover, the positive thermal anomalies predicted by the conductive model in the south of Munich are
shifted to the north in the coupled model representing the positive thermal anomalies in the west, around
Munich and at the eastern border of Bavaria. In turn, at the position of the positive thermal anomalies
in the conductive model at the southern model boundary, negative ones are predicted by the coupled
model. This shift of the positive thermal anomalies in the coupled model compared to the conductive
case is caused by the downward directed fluid flow through the Folded Molasse Sediments in the
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coupled case. This fluid inflow from the surface displaces hotter fluid at depth and thus relocates the
heat coming from deeper parts of the basin by advective heat transport from the south to the north. This
relocation can also be seen in the profiles through the model area depicting the temperature distribution
in the basin (Fig 32).

The first profile (Fig 32a) runs west-east through the model and directly cuts the positive thermal
anomaly around Munich and the negative thermal anomaly southeast of Munich. In this profile, areas
where cold temperatures reach larger depths represent domains of downward flowing fluid (recharge).
In contrast, areas of higher temperatures at shallower depth represent domains of upwards flowing fluids
(discharge). For the negative thermal anomaly southeast of Munich this profile illustrates that the fluid
turnover creating the negative thermal anomaly is limited to a local area and a comparable shallow depth
(~2,000 m). At this depth, the Purbeck formation hydraulically decouples the Foreland Molasse
Sediments from the Upper Jurassic (Fig 30c and d) due to its low hydraulic conductivity, and thus
prevents deeper penetration of cold water from the surface. Nevertheless, the overall colder upper 2 km
also affect the deeper layers via conductive heat transfer. Profile b (Fig 32b) shows the temperature
distribution in north-south direction through the negative thermal anomaly southeast of Munich. Also
from this perspective the prevented inflow of cold fluid from the surface to the larger depth is evident.
In addition, upward directed flow of warmer fluid from larger depths is prevented as well by the Purbeck
layer. This upward directed flow of warm fluid diverts to the west and east and creates the positive
thermal anomalies around Munich and at the western border of Bavaria, as illustrated in profile c (Fig
32c). In particular, stream tracers show that the positive thermal anomalies are closely related to fluid
entering the system vertically through the Folded Molasse Sediments due to a high topographic gradient.
This fluid flows to deeper levels until it reaches the impervious crystalline crust. At that depth, the fluid
flow direction changes to northward directed fluid flow. This in turn causes a general northward flow
pattern through the Malm aquifer and the Molasse Sediments between Munich and the Landshut-
Neuottinger High parallel to the tilted top of the crystalline crust and around the Purbeck formation.
Thereby, the heat from deeper levels is relocated compared to the conductive case by northward directed
flow under advective conditions, leading to the positive thermal anomalies around Munich and at the

eastern border of Bavaria and the strong negative thermal anomalies in the Folded Molasse Sediments.

While the negative thermal anomaly in the east of Munich is related to locally restricted downward flow
of cold fluids, the positive thermal anomaly around Munich is caused by regional flow of fluid that
initially entered the model through the Folded Molasse Sediments. This indicates that the Folded
Molasse Sediments have a significant influence on the regional thermal field of the Molasse Basin and

the underlying Upper Jurassic Malm aquifer even at larger depths.
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Fig 32 The predicted temperature distribution shown on profiles (vertical exaggeration 1:10) through the model area. The
location of the profiles is shown in figure 30 (map d). The crosscuttings of profile b) (red frame) and c) (purple frame) are
marked in profile a).

Profile a (yellow frame) shows the temperature distribution from west to east cutting through the pronounced thermal
anomalies around Munich. Profile b) (red frame) shows the temperature distribution along a profile from north to south
running through the cold thermal anomaly in the southeast of Munich. It shows that the negative thermal anomaly in the
southeast of Munich is cause by fluid flow restricted to a small area and a shallow depth. This limitation can be correlated to
the lateral distribution of the Purbeck formation occurring in that area. Profile c) (purple frame) shows the temperature
distribution along a profile running from north to south through the positive thermal anomaly around the city of Munich. It
shows that the positive thermal anomaly is caused by basin-wide advective heat transport bound to rising fluid flow from

deeper depth.

Even though the Folded Molasse Sediments are characterised by the lowest hydraulic conductivity of
all sediments, their large thickness of up to 7,000 m (Fig 25a) in combination with the high hydraulic
gradient caused by the topography in front of the Alps, results in an overall flow pathway for cold fluid
to larger depths. This combination of factors (hydraulic conductivity, thickness and high hydraulic
gradient) leads to the very low temperatures at large depths. This result is however difficult to validate
as no temperature measurements are available for comparison. To assess, how strong the influence of
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the hydraulic conductivity of the Folded Molasse Sediments is on the thermal field in the whole basin,
we decreased the hydraulic conductivity of the Folded Molasse Sediment even further by two orders of
magnitude compared to the original model to 2*102° m/s. A temperature map at a depth of 3,500 m bsl
(Fig 33) for this second model is shown. At this depth a much lower average temperature of ~60°C is
obtained in the second model compared to the model 1. While the positive temperature anomalies at the
southern model border, which were small in model 1, increase in size and value in the second model,
the strong negative thermal anomalies in turn disappear nearly completely. The Folded Molasse
Sediments, which were cold in average in model 1, are warm in the second model. The positive thermal
anomalies in the west, around Munich and at the eastern border of Bavaria are much colder (~90°C)
than in model 1. Likewise, the negative thermal anomaly southeast of Munich also shows lower
temperatures in the second model (~30°C) than in model 1.
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Fig 33 The temperature distribution at a depth of 3,500 m bsl calculated using a lower (by two two orders of magnitude)
hydraulic conductivity of the Folded Molasse Sediments compared to model 1. The pronounced negative thermal anomalies
along the Alpine border decreased significantly in size, the positive thermal anomalies increased. The central and northern
model part is colder compared to the original model. The positive and negative thermal anomalies in the central model area

are predicted by model 2 even though showing a lower temperatures compared to model 1.

Obviously, a lower hydraulic conductivity of the Folded Molasse Sediments leads to warmer
temperatures in the Folded Molasse Sediments, but colder temperatures in the rest of the model. Though,
the general temperature trend remains the same and consistent with GeotlS (StMWIT 2010) the absolute
values are better reproduced by model 1.
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The influence of permeable faults on the thermal field (model 3)

Even though the measured thermal field of the Molasse Basin could be reasonably well reproduced
already by coupled fluid flow and heat transport simulations without considering fault related fluid flow,
a possible influence of permeable faults on the temperature distribution cannot be excluded, at least on
a local scale. Therefore, three permeable testfaults have been implemented into the model as described
earlier to simulate the potential influence of large permeable faults on the thermal field. First, the effects
of each fault have been simulated separately, before all three faults have been included simultaneously
(model 3). In figure 34 the resulting temperature distributions of these simulations are presented with

temperature maps at a depth of 3,500 m bsl, respectively.
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Fig 34 Temperature maps at a depth of 3,500 m bsl showing the influence of different hydraulically conducive testfaults on
the thermal field, which have been included stepwise and subsequently all together in model 3. Besides a minor cooling
impact on the temperature distribution in the proximity of the fault by fault related advective or convective heat transport

no significant influence can be seen on the basin-wide thermal field by single and combined included faults.
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Compared to the temperature distribution at the corresponding depth of model 1 only minor changes of
the temperature distribution are observable for all versions of model 3. Each permeable fault has only a
local influence on the thermal field in its direct surroundings (~1 km) by fault related fluid flow which
cools down or heats up the fault-near areas, respectively. A combination of all faults in one simulation

has as well only a minor influence on the regional thermal field.
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Fig 34 continued

These results indicate that permeable faults have no significant influence on the regional flow field and
are not particularly necessary to reproduce the basin-wide trend of temperature distribution in the
Molasse Basin area. However, the temperature misfit between measured and predicted values in model
1 of more than 10 K at the three locations in the area of the Landshut-Neudttinger High could be
decreased slightly when considering permeable faults in model 3. This indicates that permeable faults
may influence the local temperature and pressure evolution and therefore should be considered for local

and reservoir-scale simulations.
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4.6 Discussion

As was already shown by Przybycin et al. (2015b), the long wavelength thermal field of the Molasse
Basin is dominated by conductive heat transport which in turn is mostly influenced by the structural
configuration of the crust and the lithosphere beneath the basin and lateral heterogeneities in the thermal
conductivity. Thereby, the depth of the LAB has a distinct effect on the long wavelength thermal field:
where the LAB is shallow, a steeper geothermal gradient evolves leading to higher temperature values
in shallower depth than in areas where the LAB is deep. A second effect is caused by the upper
crystalline crust, characterised by a much higher radiogenic heat production than the sediments or the
deeper crust and the mantle: where the upper crust is thick, as in the Tauern Body, more heat from the
decay of radioactive elements can be introduced into the system as an additional heat input, leading to
higher temperatures in the south, where the upper crust is thicker, than in the north, where the upper
crust is thinner. In addition, sensitivity analyses of thermal properties have shown that the structure and
high thermal conductivity of the crystalline core of the Tauern Window cause a chimney effect between
the thermally more conductive Tauern Body and the thermally less conductive Alpine Body. This effect
may partly explain the positive thermal anomalies around Munich and at the eastern border of Bavaria

with a negative thermal anomaly in between.

A third conductive effect is the blanketing effect (Przybycin et al. 2015b). Here, thermally more
conductive material is covered by thermally less conductive sediments: higher thicknesses of insulating
sediments lead to higher temperatures compared to areas with low sedimentary thicknesses at the same
depth in the upper few kilometers. However, the thermal anomalies predicted by the conductive model
have been too warm compared to measured data, which indicates that other than conductive effects may

be relevant.

By using the lithospheric-scale 3D thermal model of Przybycin et al. (2015b) as a base for our basin-
scale simulations we took into account the long wavelength conductive thermal effects by prescribing
temperatures extracted from the lithospheric-scale model as lower thermal boundary condition to the
coupled model. With the modelling approach of simulating coupled fluid flow and heat transport the fit
of the predicted values for the thermal anomalies with observed temperatures could be improved (Fig
30) compared to the purely conductive approach (Przybycin et al. 2015b). The coupled fluid and heat
transport simulations were able to reproduce not only the pattern of temperature distribution, but also

the range of the measured temperatures values in the Molasse Basin area.

The remaining average temperature misfit between the measured data (GeotlS, StMWIT 2010) and the
model predictions of + 10 K lies in the range of the standard deviation of bottom hole temperatures and
temperature logs (Hermanrud et al. 1990, Forster 2001, Noack et al. 2010, Agemar et al. 2012, Agemar
et al. 2014a). Moreover, Agemar et al. (2012) recommends a careful treatment of the deeper temperature
estimates of GeotlS (StMWIT 2010) since possible local thermal effects are not considered in the

temperature interpolation. The latter assumes a homogeneous distribution of thermal conductivities in
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the subsurface which does not account for lithological heterogeneities and related heat refraction. Under
this consideration the reproduction of the observed temperatures in this study can be considered as
satisfying for the chosen model size. Albeit, we admit that the limited vertical and horizontal resolution,
the assignment of uniform physical properties to most of the layers and the prescribed first kind
boundary conditions may be sources of error in our results. Therefore, the sensitivity of the modelling
results on the prescribed thermal properties and the boundary conditions has been tested. The results of
this analysis show that even if the predicted temperatures are strongly depending on the hydraulic
conductivity prescribed to the Molasse Sediments, the temperature trend remains the same for different
variations of the model. A comparable, though weaker effect could be observed for different boundary
conditions.

Influence of faults

An additional consideration of permeable faults (Fig 34) had only a minor influence on the regional
distribution of temperatures in the Molasse Basin. Ascending warmer fluid in the area of the positive
thermal anomalies and descending colder fluid in the area of the negative thermal anomalies driven by
density gradients within the faults caused insignificant (1-3 K) cooling of the system but did not lead to
changes in the general temperature trend. Such a limited spatial influence of permeable fault zones on
the regional thermal field has been already described by Cherubini et al. (2014). However, an
implementation of permeable fault zones into reservoir-scale models might still be of high importance
for the local temperature distribution. Such a local significance of permeable faults was implied by the
slightly decreased temperature misfit between predicted temperatures and measured values in the area

of the Landshut-Neudttinger High after the implementation of permeable faults into model 3.

Summarizing, our results show that the basin-scale thermal field is caused by a combination of
conductive and advective heat transport. In contrast to the work of Pasquale et al. (2013) for the
karstified carbonate rocks in the Po Basin, we found no indication for large-scale free thermal convection
in the carbonates of the Malm aquifer. This may be explained by the much smaller thickness of the upper
four layers of the Upper Jurassic Malm aquifer in Germany of maximum 400 m of permeable thickness
compared to the thick carbonate platform of the Po Basin with more than 4,000 m. Free thermal
convection evolves only if the reservoir is sufficiently thick and lateral gradients in hydraulic head are
insignificant (Kaiser et al. 2011) as otherwise pressure-driven advection suppresses density-driven fluid
flow. The scenario of the Molasse Basin does not fulfil these criteria for free convection. The permeable
layers of the Upper Jurassic Malm (Zeta-Gamma) are not thick enough and the lateral variations of the

hydraulic head too uniform over the basin area to enable thermal convection.
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Ruhaak (2009) and Rilhaak et al. (2010) calculated the thermal field of the western Molasse Basin using
a local-scale conductive model. Since they were not able to reproduce the observed thermal anomalies
in the western Molasse Basin with such a conductive approach, they presumed fluid flow along E-W

striking faults to cause temperature differences of more than 10 K in the basin.

We regard the results of this study as consistent with their work, saying that fluid flow in general is
needed to reproduce the detected thermal anomalies in the Molasse Basin. However, in our case the
pathways for fluid flow are mainly created by the matrix porosity of the Folded and Foreland Molasse

Sediments and the complex permeability variations in the Upper Jurassic Malm aquifer (Birner 2013).

More precisely, sensitivity analyses have shown that the average temperature values in the Molasse
Basin are strongly influenced by the hydraulic conductivity of the Folded and Foreland Molasse
Sediments (Fig 33). Hydraulically less conductive Folded Molasse Sediments would lead to higher deep
temperatures at the Alpine front, but lower temperatures in the rest of the basin. Hydraulically more
conductive Folded Molasse Sediments would lead more cold water to larger depths causing an overall
cooling of the system. A similar effect would be caused by hydraulically more conductive Foreland
Molasse Sediments, whereas a lower hydraulic conductivity of the Foreland Molasse Sediments would

lead to an overall warming of the system.

Moreover, our results show that the hydraulic conductivity of the Malm aquifer has only an influence
on the flow direction in the Malm aquifer, but not on the overlying layers. Accordingly, the positive
thermal anomalies around Munich and at the eastern border of Bavaria appear to be caused by northward
directed regional fluid flow (Fig 32) from deeper parts in the south of the model area. Furthermore, our
results indicate locally restricted fluid flow related to the structural and hydraulical configuration of the
Purbeck formation causing the negative thermal anomaly in the east of Munich. This combination of
basin-wide regional and locally restricted fluid flow as explanation for the development of adjoining
positive and negative thermal anomalies in the Molasse Basin has so far not been suggested but can have
a significant influence on local and reservoir-scale studies. In particular, it may question some results
derived from a local-scale 3D structural and thermal model for the area of the city of Munich (Schulz
and Thomas 2012) that does not consider different hydraulic boundary conditions at the lateral model
boundaries.

An investigation of real anomalies with local or reservoir-scale models may not capture the
hydrothermal dynamics with sufficient detail since anomalies in the thermal field may be caused by
regional fluid flow. In such cases an adoptable strategy would be to extract pressures and temperatures
from basin-scale models as thermal and hydraulic boundary conditions for local and reservoir-scale

models to incorporate the appropriate consideration of regional effects.
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4.7 Conclusions

By following a multi-scale databased 3D modelling approach, the thermal field of the German Molasse
Basin was investigated with simulations of coupled fluid flow and heat transport. Thereby, existing
knowledge about the long wavelength and deep conductive thermal field of the basin was taken into
account by prescribing temperatures, extracted from lithospheric-scale 3D conductive models, as the
lower thermal boundary condition for the basin-scale model. The resulting thermal field reproduces the
measured temperature distribution of the basin including the pronounced negative and positive thermal
anomalies satisfactorily for a basin-scale approach. To reduce the remaining misfit between observed
and modelled temperatures as well as remaining uncertainties, a higher vertical and horizontal structural

resolution and better knowledge of the distribution of physical property is needed.

Considering the results of previous conductive studies, our results confirm that the thermal field of the
German Molasse Basin is controlled by conductive heat transport in the first place, especially in the
deeper parts, but strongly influenced by advective heat transport within the sediment fill bound to basin-
wide fluid flow. The pronounced positive and negative thermal anomalies in the basin are partly
triggered by conductive heat transport, but reinforced by a combination of regional and local fluid flow,
respectively, and mostly depending on the geological structure and the hydraulic conductivity of the
Molasse Sediments and the Upper Jurassic Malm. Faults appear to have only a subordinate, local
influence on the thermal field. The results of this basin-wide study of coupled fluid flow and heat
transport contribute to a better understanding of the origin of the thermal anomalies in the basin. In
addition, the study helps to reduce the exploration risk of geothermal energy project by providing higher
resolved predictions of the deep temperature conditions. Moreover, the model can be used to derive
reliable pressure and temperature boundary conditions for high-resolution reservoir-scale models for

areas of exploration interest.
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5. Summarising Discussion

In the German Molasse Basin distinct thermal anomalies occur at depth of exploration interest and are
a high risk for the geothermal energy exploration. Unfortunately, prior thermal models were not
successful in reproducing these observed anomalies satisfactorily, either due to their limited model size
(local) and resolution, their restriction to 2D or due to the limited consideration of different heat transport
mechanisms. In fact, it remained unclear from these studies if, and in case, how significantly deep and
long distance structural features may influence the thermal field of the Molasse Basin and which heat

transport mechanisms create the observed temperature distribution on which scale.

The aim of this thesis was to contribute to the understanding of the temperature distribution by
investigating the thermal field of the German Molasse Basin on different scales. Thereby it should be
tested whether it is possible to reproduce the observed temperatures and to derive an explanation for the
origin of the distinct thermal anomalies occurring in the basin by following a multi-scale modelling
approach. This approach consists in lithospheric-scale structural modelling and conductive thermal
calculations, which in turn provide the structural base and thermal boundary conditions for concluding

basin-scale simulations of coupled fluid and heat transport.

Before the main question of this thesis could be addressed, several principle and subordinate questions
had to be answered before. This chapter reviews how far the principal questions of this thesis presented
in chapter 1.2 can be answered based on the results and interpretations of the three main work steps
presented in the prior chapters (2-4). Finally, it will be stated how far the combined work of this study

provides an answer for the major question addressed.

In a sedimentary basin at the edge of an orogen different heat driving mechanisms and thermal effects
have to be taken into account. Since temperatures increase with depth due to the continuous basal heat
input from the mantle (Huenges 2010) and due to the additionally generated heat in the continental crust
by radiogenic heat production (Bjarlykke 2010), the average geothermal gradient may vary laterally
over the area. The heat from both sources is conductively transported to the surface, whereby the
efficiency of this heat transport is depending on the thermal conductivity of the respective material. The
temperature pattern created by this conductive heat transport can additionally be superposed by thermal
effects due advective and/or conductive heat transport. Each of this heat transport mechanisms acts on
a characteristic timescale and thus has to be regarded under adapted thermodynamic and/or hydraulic
conditions. While slow heat transport mechanisms, as e.g. conduction, may be investigated under steady-
state conditions in some cases, faster heat transport mechanisms, as e.g. convection, should rather be
investigated under transient conditions. In this thesis thermodynamic equilibrium is assumed for the
calculating of the conductive thermal field under steady-state conditions. Since thermal conduction is
strongly controlled by the structural configuration of an area, the state of thermodynamic equilibrium

may be dependent on the isostatic state of the area in turn. However, it was unclear whether the Molasse
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Basin area can be regarded as isostatically and thermally equilibrated and thus making it questionable

whether steady-state condition are justified in the calculation of the conductive thermal field.

To investigate whether the Molasse Basin area is isostatically equilibrated the first principal question of

this thesis was asked:
How does the lithospheric-scale 3D structure of the European Molasse Basin look like?

To answer this question, the first part of this thesis dealt with the structural configuration of the Molasse
Basin on a lithospheric-scale and how it affects the vertical stress field in the model area. Thereby, a
combined approach of structural modelling, isostatic calculations and 3D gravity modelling has been
followed to derive the lithospheric-scale 3D structural configuration and density distribution of the

Molasse Basin area with which the 3D load distribution has been calculated.

The resulting model includes key structural elements relevant for the assessment of the isostatic state of
the basin and the load variations at different depths as well as for the subsequently following conductive
thermal calculations.

The results indicate lower thicknesses of the lower crystalline crust in the north than in the south, and
higher thicknesses of the upper crystalline crust in the north than in the south, with even smaller
thicknesses directly below the Tauern Body. Accordingly, the model area can be subdivided into two

regions, a mountain region and a lowland region, with a transition in the Molasse Basin (chapter 2.4).

The comparison of the structure of the isostatically calculated model with the 3D gravity constrained
one (chapter 2.4) has shown, that the European Molasse Basin area is still far from isostatic equilibrium
at the base of the lithosphere, which has been additionally supported by the assessment of the 3D load
distribution (chapter 2.5) and is in correlation with earlier studies (Wagini et al 1988, Gotze et al. 1991,
Ebbing 2004). Although the Molasse Basin area is not expected to be isostatically balanced due to the
still ongoing continental collision process, the results of this thesis show, that the Alps deviate the most
from the isostatic equilibrium on the scale of the lithosphere followed by the Bohemian Massif. The
Molasse Basin and the South German Scarpland show the smallest deviations from the isostatic
equilibrium. The results from 3D gravity modelling (Fig 8e) indicated, that the smaller model units with
lower densities have only of minor influence of the isostatic state as their impact is superposed by
impacts of larger structures with higher densities (chapter 2.4). Moreover, the derived deviations from
the isostatic equilibrium imply that the Alps and the Bohemian Massif can be considered as
overcompensated. In contrast, the Molasse Basin and the South German Scarpland appear to be
undercompensated. The transition between overcompensation and undercompensation proceeds directly
at the northern Alpine front and the western border of the Bohemian Massif, both areas with strong
structural disruption and tectonic activity and a potential of entailing permeable faults as possible

pathways for fluid flow.
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The calculated 3D load distribution implies a non-uniform increase of loads with depths on both sides
of this transition (2.5). Such a non-uniform increase of loads with depth indicates that the vertical stress
as well as the required compensating horizontal stress needed to prevent a gravitational collapse of the
system may change non-uniformly with depth as well. A non-uniform change of vertical stress with
depth may lead to a switch between the three principle stress axes leading to different stress patterns at
different depths - a finding that challenges the general assumptions of simplified far-field effects. By
changing the deviatoric stress (Gvertical VErSUS Gminimum horizontal VEFSUS Omaximum horizontat) With depth,
unpermeable faults at shallower depth may change to permeable faults at deeper levels and act as
pathways for fluid flow. Such areas with non-uniform changes in vertical stress have been chosen as
locations for the testfaults in the coupled fluid flow and heat transport modelling step (chapter 4.4).
However, it has to be mentioned that the isostatic calculations and the 3D gravity modelling (chapter
2.4) have shown that the basin area is not isostatically equilibrated, thus leaving the assumption of

mechanical steady-state conditions in the calculation of the 3D load distribution questionable.

Though the first part of this thesis has shown that assuming steady-state conditions in the calculation of
the load distribution may be an oversimplification, assuming a thermally equilibrated situation for the
calculation of the 3D conductive thermal field may still be justified, since conductive heat transport is a
very slow process. To test whether the observed thermal field of the Molasse Basin area may be
reproduced based on such a simplification the work described in chapter 3 has been carried out. In this
second part the second principle question “How does the lithospheric-scale 3D conductive thermal
field of the European Molasse Basin look like?” was asked to distinguish the effects of heat transported
by conduction from effects on the thermal field related to fluid flow. Furthermore, a temperature
distribution should be derived from the conductive calculations as lower thermal boundary condition for
the subsequent coupled simulations at crustal depths. Neglecting potential permeable faults in the crust,
the matrix permeability of the crustal and mantle material (< 102! m/s) is too low to allow large-scale
fluid flow at crustal levels and deeper characterised by velocities relevant for heat transport. Thus, an
influence of fluid flow related cooling/heating on the temperature distribution can be disregarded for

these depths, leaving conduction as the only effective heat transport mechanism.

In the predicted thermal field of the Molasse Basin area (chapter 3.5), different conductive thermal
effects could be identified of which the combination lead to the particular temperature distribution in
the basin. Moreover, some of the positive and negative thermal anomalies observed in the Molasse Basin

were predicted already with this purely conductive approach.

One regional effect is caused by the laterally varying geothermal gradient due to the variable depth of
the thermal LAB below the model area. In areas with a shallower LAB, the heat from the inner parts of
the earth has to overcome a smaller distance to equilibrate between two thermal boundaries (LAB and
surface) leading to a steeper geothermal gradient than in areas with a deeper LAB. This leads to higher

temperatures at shallower depths in areas with a shallower LAB than in areas with a deeper LAB.
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Applied to the predicted thermal field of the European Molasse Basin in this study a steeper geothermal
gradient and higher temperatures at deeper levels are found in the north and northwest of the model area
towards the direction of the Eifel plume (Seiberlich et al. 2013). In contrast, a flatter geothermal gradient
is predicted for the central model area. Interestingly, in the area with the deepest LAB below the Alps

the geothermal gradient is not flattest, but steepens recognisably as upward-bend isotherms.

This divergence is in correlation with the thickness of the crystalline crust and the crystalline Tauern
Body in the Alpine area and results from a second conductive effect on the thermal field. The radiogenic
heat production in the crystalline material of the upper crust and the Tauern Body is much higher
compared to the radiogenic heat produced by sediments, the lower crystalline crust and the mantle. In
combination with the larger cumulative thickness of the upper crust and the Tauern Body in the south
than in the north of the model, more heat is generated in the south adding to the heat budget arriving
from the LAB and leading to higher temperatures at shallower depths.

Together, the upper crystalline crust and the Tauern Body are thickest in the southern part of the model
area leading to higher temperatures at shallower depths compared to central and northern parts of the

model area.

A third conductive thermal effect is caused by the contrast in thermal conductivity between the
thermally highly conductive crystalline upper crustal material and the thermally less conductive
sediments of the Molasse Basin fill and the sedimentary units of the Alpine Body. Due to this material
characteristic heat is transported and can escape more efficiently in areas where crystalline material is
exposed to the surface, like in the Tauern Window, than in areas covered by thermally less conductive
sediments. Such an association of lower temperatures at shallower depths with near-surface or
outcropping crustal material has already been recognized by Chopra and Holgate (2005) and Noack et
al (2010) and is known as "chimney effect".

An opposite thermal effect occurs in areas where thermally more conductive crystalline material is
covered or bordered by thermally less conductive sediments, as in the Molasse Basin or between the
Alpine Body and the Tauern Body. The thermal energy coming from the crystalline crust and the mantle
is trapped within the thermally less conductive sediments causing higher temperatures at shallower
depths. The intensity of this so-called "thermal banketing effect" is thereby depending on the thickness
of the insulating sediments and the contrast in the thermal conductivities between crystalline crust and

sedimentary rocks.

Such influence of crustal radiogenic heat production and crustal thermal conduction on the lithospheric-
scale thermal field has already been described by Mareschal and Jaupart (2013) and Maystrenko and
Scheck-Wenderoth (2013) and shows the relevance of the implementation of a differentiated crust into

thermal models.

All four effects may impact the shallow geothermal field of the European Molasse Basin area in

superposition: The heat coming from deeper parts of the mantle and the heat generated in the crystalline
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crust is stored in the insulating sediments of the Molasse Basin and the Alpine Body, whereas it is
conducted directly to the surface through the Tauern Body and outcropping crystalline crust, leading to
a characteristic laterally variable temperature distribution in the Molasse Basin area even at shallower
depths.

In particular, sensitivity analyses with respect to the assigned thermal properties have shown that the
occurrence of thermal anomalies in the Molasse Basin is strongly related to the presence of the
crystalline Tauern Body within the Alpine Body and the contrast in the thermal conductivity of both
units as well as to the increased radiogenic heat production of the crystalline Tauern Body and the upper
crystalline crust. Though these anomalies predicted by the conductive model are too hot compared to
observations, their sheer presence implies that their origin is triggered by the structural configuration of
the crust and the lateral contrast in thermal properties between the Alpine area and the Molasse Basin.
Since the absolute values of the thermal anomalies have been predicted too warm by the conductive
model an additional influence of the heat transport related to fluid flow in the shallow part of the basin

is likely.

The reproduction of the observed thermal field together with the distinct thermal anomalies occurring
the basin to some extend shows that even though assuming mechanical steady-state conditions for the
calculation of the 3D load distribution may be an oversimplification, following a steady-state approach
for the calculation of the conductive thermal field is possible to some extent. In addition, these results
imply that the Molasse Basin area deviates much stronger from the isostatic than from the thermal
equilibrium on lithospheric-scale. Thus assuming steady-state conditions for thermal calculations
appears to be justified on lithospheric-scale when advective and convective heat transport related to fluid

flow is neglected, both much faster heat transport mechanisms compared to thermal conduction.

Comparing the resulting temperature distribution derived from conductive calculations to observed
temperatures, areas were identified for which the observed temperatures could not be reproduced
assuming thermal equilibrium and only conductive heat transport. To answer the third principle question
of this thesis “Which heat driving processes are causing the present-day thermal field in the German
Molasse Basin?” coupled fluid flow and heat transport simulations have been carried out (chapter 4).
For these simulations a different workflow was followed than for the conductive calculations as
investigations of different heat transport mechanisms comprise diverse requirements with respect to
model simplification, resolution and computational effort. While the conductive thermal field was
calculated based on a lithospheric-scale model, a basin-scale model with much higher vertical and
horizontal resolution was chosen for the coupled simulation. For this, the lower, hydraulically
nonconductive parts of the lithospheric-scale structural model were discarded when building the basin-
scale model. Since no fluid flow related heat transport is expected in the crystalline crust and the
lithospheric mantle, coupled simulations with adequate resolution on lithospheric-scale would mean a

disproportional computational effort without justification. In turn, the conductive thermal effects derived
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from the lithospheric-scale model were introduced into the coupled simulations by prescribing a lower
thermal boundary condition extracted from the conductive model at a depth which was assumed to be
dominated by conductive heat transport. Thus the cumulative deep thermal effects caused by the depth
variations of the thermal Lithosphere-Asthenosphere Boundary, the internal structure of the crystalline
crust as well as the interdependence between the Alps, the Tauern Body and the Molasse Basin (chapter
3.7) were transferred to the model of coupled fluid and heat transport. Following this multi-scale
approach the obstacles of high computational efforts without additional benefit could be avoided without
neglecting the influence of thermal effects from deeper levels on the shallow thermal field. Moreover,
transient thermal and hydraulical conditions have been assumed for the simulation of the coupled fluid
and heat transport by choosing a simulation time of 100,000 years. Such a simulation time is long
enough to allow the fluid flow and heat transport to equilibrate within the model generating quasi-
steady-state conditions, but gives the possibility to assess at which timestep steady-state conditions are
reached. In fact, the evaluation of the development of the thermal anomalies in the course of these quasi-
steady-state simulations has shown that first thermal anomalies emerge after 10,000 years simulation
times in the basin area, and remain stable after 30,000 year simulation time. With these simulations not
only the trend of the observed temperature distribution in the Molasse Basin could be reproduced, but
also the absolute values of the pronounced thermal anomalies. These results imply that even though the
Molasse Basin area appears to be isostatically non-equilibrated, thermal and hydraulic equilibrium may
be assumed for the simulation of the coupled fluid and heat transport in the Molasse Basin area on basin-

scale.

The resulting temperature distribution suggests that the deeper crystalline parts below the basin and the
orogen are controlled by conductive heat transport, while the shallower thermal field is influenced by a
combination of conductive and advective heat transport. However, large-scale free convective heat
transport could not be recognized in the basin, what is different from the results of Pasquale et al. (2013)
for a similar setting in the Po Basin. This difference may be ascribed to the much smaller thickness of
the Malm aquifer in the Molasse Basin with 400 m compared to the thick carbonate platform in the Po
Basin with more than 4,000 m. In particular, the limited thickness of the Malm aquifer inhibits the
development of density driven instabilities.

Nevertheless, the calculated temperature distribution and the flow field indicate that the thermal field in
the sedimentary part of the Molasse Basin is strongly influenced by heat transport related to pressure-
driven advective fluid flow. Due to the inflow of cold fluid from the surface, the thermal field of the
basin is cooled down significantly, especially in areas where the Folded Molasse Sediments are thick.
There, the high hydraulic gradient generates high pressure forces in response to the first kind hydraulic
boundary condition prescribed to the model. These pressure forces, in combination with the large
thickness (up to 7,000 m thick) and the considerable hydraulic conductivity of the Folded Molasse
Sediments result in the establishment of pathways for fluid to larger depths. Coherently, low

temperatures were predicted for the deeper parts of the Molasse Basin at the southern border of the
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model. These values appear unrealistically low though no comparative measurements are available from
these depths at the Alpine border. However, a sensitivity analysis (chapter 4.5) of the thermal and
hydraulic properties has shown that a lower hydraulic conductivity of the Folded Molasse Sediments
would lead to higher temperatures at depth at the Alpine border, but considerably lower temperatures in
the rest of the model area. A lower hydraulic conductivity of the Foreland Molasse Sediments would
cause higher temperatures in most parts of the model area, while the temperature distribution in the
Foreland Molasse Sediment would not change significantly. In both cases, the absolute temperature
values would change, but the temperature pattern in the central part of the Molasse Basin would remain
the same. To better assess the robustness of these values, higher resolved models, both in space and
time, would be required in addition to deep temperature measurements for validation. A similar, but
slightly attenuated cooling effect by advective fluid flow is caused by the considerable hydraulic
conductivity of the Foreland Molasse Sediments in the central part of the model, leading to lower
temperatures predicted by the coupled than by the conductive model. That such a pressure-driven
cooling effect by advective heat transport significantly may influence the deep temperature field has
also been described for other basins as e.g. the North German Basin (Kaiser et al. 2011, Noack et al.
2014) or the Upper Rhine Valley (Lampe and Person 2002).

Though the strongest influence on the thermal field was ascertained for the hydraulic conductivity of
the Foreland and Folded Molasse Sediments, the results of the sensitivity study suggest a reasonable
choice of the hydraulic conductivity to both Molasse Sedimentary units, since other values would lead
to a larger misfit between observed and predicted temperatures. Furthermore, the sensitivity studies have
shown that the hydraulic conductivity of the permeable parts of the Upper Jurassic Malm aquifer has
only a small impact on the basin-wide thermal field. This is not surprising as the pressure differences in

the fluid are insignificantly small within this aquifer.

Particle tracking has shown that the thermal anomalies caused by conductive heat transport are enhanced
by basin-wide and deep fluid flow (chapter 4.5). Thereby, the fluid enters through the Folded Molasse
Sediments to larger depths until it reaches the impermeable layers, along which the fluid flows
northwards transporting the heat from deeper levels to shallower depths by advective heat transport. In
contrast, particle tracking indicates that the negative thermal anomaly in the east of Munich is caused
by locally restricted in-flow of cold surface water through the Foreland Molasse Sediments above the
Purbeck formation. The structural and hydraulic configuration of the Purbeck formation in turn prevents
a progression of cold fluid to deeper levels at this location, but also inhibits the ascent of warm fluid to
shallower depths. In combination these two effects can explain the known local negative thermal
anomaly. An additional consideration of permeable faults did not change the basin-scale thermal field
of the European Molasse Basin significantly. The results of this study imply that fluid flow not only
along permeable faults, but in general is needed to reproduce the thermal anomalies in the German
Molasse Basin with a modelling approach reliably. However, a relevance of fault related flow should

not be excluded for local- and reservoir-scale investigations with the results of this study.

105



Summarising Discussion

Limitations of the method and need of further research

Even though it was possible to reproduce the observed temperature distribution of the European Molasse
Basin with a multi-scale modelling approach, some limitations of the method cannot be concealed.

Admittedly, the vertical and horizontal resolution may have a strong influence on the modelling results.
The vertical and horizontal resolution are both determined by the regarded geological structure, the
available structural data and confined by the computational effort of a simulation. A higher resolution
leads always to an increased computational effort for the simulation. Hence, a model resolution should
be chosen which is suitable to resolve the respective process of interest with an acceptable amount of
computational effort. Accordingly, the appropriate resolution may vary for different processes
investigated and should therefore be adapted for each modelling step depending on the availability of
data. The results of this thesis indicate that a multi-step refinement of the model resolution is an adequate
strategy. Consequently, the resolution was successively increased progressing from conductive to
coupled modelling. However, a certain influence of the layer and mesh resolution on the modelling
results cannot be excluded completely, since the chosen resolution still represents a simplification of the
structural geometry. Especially for deeper parts and at the margins of the model, where data coverage is

low, uncertainties may arise within the results of the simulations.

Together with the resolution the accurate geometrical description of implemented faults is a source
of errors in modelling the thermal field. In nature, faults usually have an irregular shape and a tilted dip.
For this work, testfaults have been implemented as vertical structures, to test the influence of possible
permeable fault zones on the coupled thermal field in principle. This is rather a conceptual approach
than a realistic description. Such a simplification was necessary due to a lack of available data about the
actual location, course and dip of the faults. To assess the real influence of faults on the thermal field in
the Molasse Basin area, fault zones with a more realistic, ideally observed course and structure at depth
should be implemented.

Moreover, only three major fault zones have been implemented into the sedimentary part of the model
of this study though a high number of faults occur in the European Molasse Basin. Since it has been
shown by Barton et al. (1995), Magri et al. (2010), Petitta et al. (2011) and Cherubini et al. (2014) that
faults may act as pathways for fluid flow not only in sedimentary parts but also in the crust, a realistic
implementation of faults in numerical models may have a significant influence in the resulting thermal
field. Finally, the realistic numerical implementation of faults in 3D finite element models represents a

challenge.

FE-models are based on a continuum assumption, whereas faults in general disrupt the continuum. For
this work the discrete feature approach has been considered, though it is worth mentioning that
alternatives exist (Nakanten et al. 2013, Tillner et at. 2013, Cherubini et al. 2014, Cacace and Bldcher

2015). Such aspects could be addressed in future studies.
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Another possible source of error is the assumption of laterally uniform isotropic properties for the
model layers. Though measured values have been favoured for all properties, units and areas without
observations have been characterised with average values from literature. Indeed, it is known that large
lateral heterogeneities may exist with respect to the property distribution in response to different geology
and tectonic. For a more precise property assignment a better knowledge about their distribution would
be necessary, than available for this study. Especially the hydraulic characteristics of the Upper Jurassic
Malm have been simplified for the coupled fluid flow and heat transport simulation. Though the Upper
Jurassic Malm aquifer shows a complex system of pores, joints and karst related cavities, it was
described with domains with homogeneous hydraulical characteristics on basin-scale, a simplification
whose feasibility was stated by Birner (2013). Furthermore, lateral variations of thermal properties in
the crust have not been taken into account nor any effects of crustal composition or lithological
heterogeneities in the sediments.

Obviously, it cannot be neglected that this simplified characterization of all layers may introduce errors
in the modelling results. Nevertheless, this study gives a valuable insight on the first order long
wavelength thermal field and can be used as a starting point for follow-up investigations considering
more precise structural description. Moreover, sensitivity analyses of thermal properties have shown
that changes in the thermal properties would only lead to changes in the absolute temperatures predicted

by the models, but would not change the overall temperature trend.

For the calculations of the thermal field different boundary conditions have been prescribed to the
models. In contrast to the upper thermal boundary condition, prescribed as variable averaged surface
temperatures to the topography for both thermal models, different lower thermal boundary conditions
were chosen for the different calculations of the lithospheric-scale conductive thermal model and the
coupled transport model.

For the lithospheric-scale conductive thermal model a constant temperature of 1,300°C was prescribed
at the thermal Lithosphere-Asthenosphere Boundary that varies laterally in depth between 80 and
150 km bsl. This physically justified fixed thermal boundary condition introduces variations of basal
heat flow in response to lithospheric heterogeneities but still makes use of assumptions about the depth
and exact temperature of this boundary that some authors may question (Houseman et al. 1981, Levin
2006, Fischer et al. 2010).

A different workflow was followed for the simulations of coupled fluid flow and heat transport, for
which a temperature distribution was extracted from the lithospheric-scale thermal model and prescribed

as lower thermal boundary condition (Dirichlet) at a depth of 7,500 m bsl.

Though this boundary condition introduces the influence of the varying depth of the Lithosphere-
Asthenosphere Boundary, the internal structure of the crystalline crust as well as the interdependence
between the Alps, the Tauern Body and the Molasse Basin on the basin-wide thermal field as derived

from the conductive calculations indirectly into the coupled model, it may as well transfer possible error
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sources, as insufficient vertical resolution and homogeneously assigned properties of the crust and the
lithospheric mantle, into the coupled model.

The upper hydraulic boundary condition was defined as Dirichlet with a fixed O Pa pressure head at the
topography to the coupled model. With setting the hydraulic head as equal to the topography steep
pressure gradients have been imposed to areas with high topography. This surely overestimates the
pressure gradient and may enforce an excessive inflow of cold fluid to larger depths, thus causing an
overestimated overall cooling of the system. However, when testing other upper hydraulic boundary
conditions (variations of Dirichlet, Cauchy) only the absolute temperatures changed, while the basin-
wide temperature trend remained mostly unchanged. In addition, the sensitivity analysis with respect to
the hydraulic conductivities of the (Folded) Molasse Sediments showed that it is mainly the latter that
controls the hydraulic pressure and temperature distribution within the target Malm aquifer. As the goal
of this thesis was to assess regional influencing factors for the deep thermal field, the implemented
simplifications were considered as acceptable.

For future studies, however, different upper hydraulic boundary conditions should be considered, though
more detailed information about the actual hydrogeological situation of the European Molasse Basin

would be needed to reduce this potential source of error.

A further possible source of error is introduced into the modelling results by assuming steady state
conditions for the calculation of the temperature distribution which neglects the temporal evolution of
the thermal field with time. This was done to distinguish the dominant heat transport mechanisms at
different depths in the basin from each other. Using a transient approach this task would be much more
challenging. However, it has to be admitted that assuming thermal as well as hydraulical equilibrium of
the system may be an oversimplification leading to overestimations of the temperatures of the positive
and negative thermal anomalies in the German Molasse Basin. With only 15 Ma since the beginning of
the Alpine orogeny and the crustal thickening, the related thermal signals my not yet be in steady-state
(thermal time constant of the lithosphere ~60 Ma) as indicated by the non-existing isostatic balance
shown in chapter 2.6. Hence, a transient consideration of heat transport when calculating the conductive
thermal field may lead to a different temperature distribution. Moreover, the results of the coupled
simulations have shown, that stable conditions in the thermal field may be expected not until 30,000
years of simulation time, which is twice as much as the time since the end of the last glaciation (10,000
- 15,000 years) after the the start of the Alpine collision, implying that the Molasse Basin is not yet
hydraulically equilibrated.

While assuming steady-state conditions may be reasonable for conductive heat transport, since heat
conduction is a comparably slow transport mechanism, in some cases, enforcing steady-state
equilibrium in coupled simulations may lead to predicted temperatures much too low since advective
and convective heat transport show a much faster impact on the thermal field.

For the simulations of coupled fluid flow and heat transport “pseudo” steady-state hydraulical and

thermal conditions were assumed by choosing a simulation time of 100,000 years and time steps large
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enough to allow the system to equilibrate and enable numerical stability. This oversimplification may
have lead to unreasonably low temperatures values at deeper levels in e.g. the Folded Molasse Sediments
where cold water enters with high gradients for very long time. Nevertheless, the reproduced

temperature distribution has shown that this simplification can be justified in this thesis.

Finally, the predicted temperatures in this study have been compared to the interpolated temperature
maps published by GeotlS (Schulz et al. 2009) and just a few measurements of bottom hole and
extraction temperatures (tab 4, chapter 3.7 and tab 6, chapter 4.5). To ensure a better reliability of the
modelling results, a calibration of the model with measured temperature and pressure data, in the best
case measured temperature and pressure profiles with depth distributed regularly over the model area,
should be done. This could not be done in the course of this thesis because measured temperature and

pressure profiles were not accessible.

According to these limitations, some points may require further investigations to explain the temperature
pattern and the origin of the thermal anomalies in the German Molasse Basin in its entirety. Such follow-
up studies should comprise a further increased horizontal and especially vertical resolution of the model
and implement more information about the structure of the deeper parts and at the margins of the model,
which however is depending on the availability of structural data. In addition, a modified
characterization of the model units with laterally varying thermal, hydraulical and mechanical properties
taking into account effects of crustal composition and lithological heterogeneities in the sediments as
well as more realistic boundary conditions, especially for the hydraulic upper boundary condition,
should be considered to better approximate the natural condition of the Molasse Basin area. This fact
accounts also for the more realistic, ideally observed course and structure of faults zones with depth,
which should be implemented in future models of the Molasse Basin to assess the real influence of
permeable faults of the thermal field on local- and reservoir-scale. Moreover, thermal effects caused by
climate fluctuations (glaciations and interglaciations) and its remnants (permafrost) have not been
considered in the calculations of the thermal field, but may have an impact in the short wavelength
thermal field and should therefore be included into future studies. For such follow-up studies the results
of this thesis may be used as starting point and provide reliable thermal and hydraulical boundary
conditions, especially for studies on smaller scale for areas in which transregional fluid flow causes local
effects in the temperature distribution. The future model should moreover be calibrated with measured
temperature and pressure data and an influence on the local and reservoir-scale thermal and pressure

field by operating geothermal power plants should be considered.
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6. Summarising Conclusions

At the beginning of this thesis, one main question has been asked, which addressed the origin of the

pronounced deep thermal anomalies in the European North Alpine Foreland Basin.

To answer this question, a multi-scale 3D modelling approach with different modelling techniques has
been followed with which the basin-scale 3D thermal field of the European Molasse Basin was
calculated. Thereby, different heat transport processes have been considered and the interdependence
between the basin and the adjoining Alps with respect to the thermal field has been assessed. The
predicted temperature distribution has been compared to published temperature maps and measured
bottom hole and extraction temperatures. Moreover, different further statements could be made about
the stress field, the temperature distribution and different heat transport mechanisms in the European

Molasse Basin.

With respect to the main question of this thesis, this multi-scale modelling approach was able to
reproduce the observed thermal field together with the distinct positive and negative thermal anomalies
in the European Molasse Basin. In this thesis it has been shown that the heat budget of the North Alpine
Foreland Basin is in fact controlled by a combination of different heat transport mechanisms on
lithospheric-scale, though the dominant heat transport mechanism may vary laterally with depth. The
evaluation of the predicted thermal field indicates that the thermal anomalies are triggered by conductive
heat transport in the first place, but strongly reinforced by fluid flow related cooling. In particular, the
superposition of conductive and advective heat transport can be itemised into different thermal effects

and fluid flow pattern:

1) The geothermal gradient varies laterally over the model area due to the varying depth of the
thermal Lithosphere-Asthenosphere Boundary (LAB). Where this boundary is shallow a steeper
geothermal gradient leads to higher temperatures at shallower depths (northern part) than in

areas with a deeper LAB (southern part).

2) The additional heat input into the system generated by the radiogenic heat production of the
upper crystalline crust and the crustal material of the Tauern Body varies over the model area
due to the varying thicknesses of the respective layers. In areas where these layers are thicker
(southern part) more additional heat is added to the system than in areas where the layers are

thinner (north), leading to higher average crustal temperatures in the south than in the north.
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3)

4)

5)

6)

The combined effect of 1 and 2 lead to a geothermal gradient which is not smallest in the area
of the Alps as expected, where the LAB is deepest, but higher than in the basin area visible as
upwards bend isotherms below the Alps. This is related to the compensating effect of crustal
thickness. Combined, the upper crystalline crust and the Tauern Body are thinner below the
Alpine foreland than below and within the orogon. These thicker crystalline layers produce
radiogenic heat adding to the total heat budget what leads to higher temperatures in the south
than in the north at levels even deeper than the upper crystalline crust.

The efficiency of conductive heat transport varies according to the different thermal
conductivities of different lithologies. Heat is transported more efficiently trough material with
a higher thermal conductivity (crystalline rocks) than through material with a lower thermal
conductivity (sedimentary rocks). In areas, where thermally highly conductive material is
cropping out (Tauern Window) or lies shallow below the surface (northern and north-eastern
model part), heat can escape the system more efficiently and lower temperatures evolve at
shallower depth than in areas with thicker sedimentary cover. Such effect is known as chimney

effect.

A further conductive effect related to differences of thermal conductivities is the thermal
blanketing effect. This effect occurs in areas, where thermally highly conductive material
(crystalline) is covered (basin) or bordered (Alps) by thermal less conductive sediments. In such
areas, the heat coming from the mantle and generated in the crust is trapped in the low thermally
conductive sediments inducing an insulation effect and causing higher temperatures in areas
with thick sedimentary coverage than in areas with less sediments. Furthermore, this effect is

stronger with higher contrast in the thermal conductivities in the adjoining lithologies.

Fluid particle tracking for coupled heat and fluid transport simulations indicates that the positive
thermal anomalies in the area around the city of Munich and at the eastern border of Bavaria are
reinforced by basin-wide fluid flow. Thereby, surface fluids enter via the thick Folded Molasse
Sediment at the Alpine border and flow down into the Malm aquifer until they reaches the
hydraulically nonconductive layers. At that depth, the fluid flow direction changes northwards
and the warmed-up fluids flow upwards against the slope around the Purbeck formation to create
the positive thermal anomalies. In this way the positive thermal anomalies predicted by the
conductive model in the south of the Molasse Basin get relocated northwards. The intensity of
this effect is mostly dependent on the hydraulic conductivity of the Molasse Sediments
providing the buffer between the topography controlled gradient in hydraulic pressure and the
pressure distribution in the deep aquifers. The hydraulic conductivity of the Malm aquifer has

only a minor influence.
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7) The evaluation of fluid particle tracking has further shown that the negative thermal anomaly in
the southeast of the city of Munich is caused by locally limited fluid flow due to the structural
and hydraulic configuration of the Purbeck formation. In the area of the negative thermal
anomaly cold fluid enters the system through the Foreland Molasse Sediments until it reaches
the hydraulically lower conductive Purbeck formation. At this point the fluid flow deviates to
the east and west and contributes to the positive thermal anomalies around the city of Munich
and at the eastern border of Bavaria. At the same depth, the Purbeck formation prevents the
ascent of warm fluid from deeper parts. Necessarily, these deeper fluids flow round the Purbeck
formation and thus additionally contribute to the positive thermal anomalies around Munich and
at the eastern border of Bavaria.

The results show that the consideration of the Alps in the modelling work was of high importance to
assess the thermal interdependence between the basin and the orogen and with that necessary to
reproduce the observed thermal field and the distinct thermal anomalies in the European North Alpine
Foreland Basin with a multi-scale modelling approach. Therewith, this workflow extends the state of
the art for 3D thermal modelling of large-scale areas in continental collision zones. Moreover, the results
imply that the thermal field of the Molasse Basin area can be reproduced assuming steady-state thermal
conditions, even though the model area may not be isostatically equilibrated.

The proposed explanation for the distinct thermal anomalies in the basin area may help to reduce the
exploration risk for further geothermal drilling projects by improving the understanding of the hydro-
thermal dynamics on basin-scale and by providing appropriate lower and lateral thermal boundary

conditions for local and regional scale models, an issue of high relevance in thermal modelling.
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