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Abstract 1

Abstract

The South German Upper Jurassic reservoir is part of the North Alpine Foreland Basin, which extends
from France and Switzerland to Germany, Austria, and Slovenia. In the 1960-1980s, the Upper Jurassic
reservoir as a carbonate play was explored for hydrocarbons, and since 2000 for geothermal energy,
resulting in 22 geothermal plants cumulating in the area around Munich today. The Upper Jurassic strata
is exposed at the karstified Franconian and Swabian Alb with a southward dip. Due to the wedge-shaped
geometry of the foreland basin, referred to as Molasse Basin, the Upper Jurassic rocks are buried south
of the Danube River and deepen to 2-3 km in the area around Munich and more than 5 km toward the
Alpine frontal fault. Effectively, the Upper Jurassic reservoir temperature increases with depth to the

south.

While most of the geothermal wells are economically productive with flow rates higher than 60 L/s, few
wells exhibit a low productivity especially south and west of the Munich area. Moreover, at some wells,
which are spatially very close, a remarkable variety of well productivity exists, indicating a permeability
heterogeneity of the reservoir. Faults and facies are debated to cause the reservoir permeability
heterogeneity, however, the geologic controls on reservoir productivity were not systematically
investigated through scientific reservoir characterization so far. Carbonate rocks are controlled and
influenced either by deposition, diagenesis, fractures or karst structures. This study aims therefore to
characterize the Upper Jurassic carbonate reservoir by microfacies analysis and lithological
investigations on borehole cuttings, cores and outcrop analogues to better understand processes leading

to today’s porosity and permeability.

For the investigation of the deep Upper Jurassic reservoir (> 3 km), drill cuttings and drill cores of 17
deep wells were selected which intersect the Upper Jurassic carbonate rocks across the whole Molasse
Basin. To evaluate the influencing geological processes which might have caused the low reservoir
productivity, rock samples were described and characterized by petrography and microfacies analysis
(depositional environment) using optical microscopy. The diagenetic fluid evolution was analyzed by
fluid inclusions studies and stable isotope data. Cathodoluminescence, scanning electron microscopy
(SEM) and X-ray diffraction (XRD) measurements were used to describe secondary diagenetic

processes.

In contrast to earlier studies, the microfacies analysis showed that the lowly permeable Helvetian facies
is not present in the southern part of the North Alpine Foreland Basin, which was assumed to cause the
low reservoir productivity by previous researchers. However, a new transitional facies is now described,
which developed in the southern part of the Molasse Basin during the Oxfordian. The transition zone
facies is characterized by dense, dark, micritic carbonate rocks, which contain abundant planktonic
organisms such as radiolaria, foraminifera, and echinoderms (e.g. Saccocoma sp.). The microfossil
content and petrography of the deep (>3 km) Kimmeridgian and Tithonian rocks is similar to the

carbonate rocks (Franconian facies) in the area around Munich, however they show a higher compaction
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degree (stylolites) and hence less pore space. The fluid evolution was characterized in the Upper Jurassic
carbonate rocks and cement phases. The diagenetic sequence and fluid evolution (temperature and
chemistry) was determined using geochemical data and cathodoluminescence microscopy. The fluid
evolution showed a continuous dilution of the former Upper Jurassic sea water with a meteoric fluid,
which was determined using fluid inclusions and stable isotopes. The present reservoir fluid is diluted
in a higher grade by a meteoric fluid in the eastern part than in the western part of the Bavarian Molasse
basin. Furthermore, the fluid evolution analysis indicated an increase in reservoir temperature during
the foreland basin formation up to 200°C, and a following subsequent cooling of the fluid to the present
reservoir temperature of max. 150 °C. In this study, the fluid temperature evolution of the eastern North
Alpine Foreland Basin showed that the lower temperature anomaly of the aquifer possibly exists since
the maximum burial depth was reached in the area around Lake Chiemsee. By comparing the fluid
evolution (temperature and chemistry) and the diagenetic sequence, a dolomitization during the burial
diagenesis can be assumed. The late Tithonian (Purbeckian) carbonate rocks showed a dolomite genesis
probably in line with the evaporitic reflux dolomitization. A burial seawater dolomitization during the
burial diagenesis was suggested for the Kimmeridgian carbonate rocks, which were affected by tectonics
contemporaneously. The dolomitization processes formed different dolomite types in the Upper
Jurassic, with planar-e dolostones providing the highest matrix permeability, and planar-a dolostones
the lowest matrix permeability. Therefore, the decreasing well productivity to the south can be explained
by the observed lower amount and thickness of planar-e dolostones, and the occurrence of planar-a

dolostones at greater depths causing presumably a declining permeability.

Consequently, the productivity decline of Upper Jurassic carbonate rocks in the southern deep basin part
(>3 km) cannot be caused by the Helvetian facies, as the facies of the Kimmeridgian and Tithonian
carbonates is comparable to the productive rocks at Munich. Possible causes can be (I) the dense,
micritic transition zone facies of the Oxfordian, (II) a greater compaction originating from the greater
overburden pressure, and (III) by a different diagenesis with the occurrence of planar-a dolostone.
Because of the higher reservoir temperatures, the diagenesis developed in a different degree, and was
possibly not forming highly permeable planar-e dolostones, found in the high productivity zones of the

Upper Jurassic geothermal play today.



Zusammenfassung III

Zusammenfassung

Das siiddeutsche, oberjurassische Reservoir ist Teil des Nordalpinen Vorlandbeckens, welches sich von
Frankreich und der Schweiz nach Deutschland, Osterreich und Slowenien erstreckt. In den 1960-1980er
Jahren wurde das oberjurassische Reservoir als Karbonatlagerstitte nach Kohlenwasserstoffen und seit
2000 fiir eine geothermale Energiegewinnung exploriert, welches heute zu 22 Geothermieanlagen im
Raum Miinchen gefiihrt hat. Die Oberjura Schichtenfolge ist in der verkarsteten Frinkischen und
Schwibischen Alb nach Siiden einfallend aufgeschlossen. Durch die keilformige Geometrie des
Vorlandbeckens, auch Molassebecken genannt, sind die Oberjura Karbonatgesteine im Siiden der Donau
iiberdeckt und vertiefen sich auf 2-3 km im Raum Miinchen und mehr als 5 km am nordalpinen

Alpenrand. Nach Siiden nehmen die Reservoirtemperaturen mit einer héheren Tiefenlage zu.

Obwohl die meisten geothermalen Bohrungen 6konomische, produktive FlieBraten von mehr als 60 L/s
besitzen, gibt es einige Bohrungen mit einer geringen Produktivitit vor allem im Siiden und Westen von
Miinchen. Zum Teil zeigen auch rdumlich eng zusammenliegende Bohrungen einen deutlichen
Unterschied in der Produktivitidt, was auf eine heterogene Verteilung der Permeabilitit im Reservoir
hinweist. Storungen und die Fazies sind vermutlich fiir die heterogene Permeabilititsverteilung
verantwortlich, jedoch ist bislang der geologische Einfluss auf die Reservoirproduktivitit nicht
systematisch durch eine wissenschaftliche Reservoircharakterisierung untersucht worden. Karbonat-
gesteine werden durch den Ablagerungsraum, Diagenese, Kliifte und Karststrukturen beeinflusst. Diese
Studie hat daher das Ziel das oberjurassische Karbonatreservoir durch die Mikrofazies-Analyse und der
Lithologie der Karbonatgesteine an Hand von Bohrklein, Bohrkernen und Analogproben von
Aufschliissen zu charakterisieren, um ein besseres Verstindnis tiber die Prozesse zu erhalten, welche

zur heutigen Porositit und Permeabilitét gefiihrt haben.

Fiir die Untersuchung der geringen Produktivitit des tieferen, oberjurassischen Reservoirs (> 3 km)
wurden Bohrklein und Bohrkerne von 17 Tiefbohrungen ausgewihlt, welche den Oberjura im Vorland-
becken durchteufen. Um die beeinflussenden Faktoren zu untersuchen, die die geringere Produktivitit
hervorrufen wurden Gesteinsproben nach Petrographie und Mikrofazies (Ablagerungsraum) mittels
optischer Mikroskopie beschrieben und charakterisiert. Die diagenetische Fluidevolution ist durch
Fliissigkeitseinschlussstudien und stabilen Isotopendaten analysiert worden. Messungen der Kathodo-
lumineszenz, Rasterelektronenmikroskopie (REM) und Rontgendiffraktometrie wurden verwendet, um

sekundire diagenetische Prozesse zu beschreiben.

Im Vergleich zu fritheren Studien, zeigen die mikrofaziellen Analysen, dass die gering permeable
Helvetische Fazies im siidlichen Teil des nordalpinen Vorlandbeckens nicht vorhanden ist, was bisher
als Ursache fiir die geringere Reservoirproduktivitit von Wissenschaftlern angenommen wurde. Jedoch
konnte nun eine neue Ubergangsfazies charakterisiert werden, welche sich im Oxfordium im siidlichen
Teil des Molassebeckens entwickelte. Die Ubergangsfazies ist charakterisiert durch dichte, dunkle,
mikritische Karbonatgesteine, welche einen hohen Anteil an planktonischen Organismen wie

Radiolarien, Foraminiferen und Echinodermen (z. Bsp. Saccocoma sp.) enthilt. Im Mikrofossilgehalt
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und in der Petrographie zeigen die tiefliegenden (> 3 km) Kimmeridgium- und Tithonium-Gesteine
Ahnlichkeiten zu den Karbonatgesteinen (Frinkische Fazies) in der Gegend um Miinchen, jedoch eine
Zunahme der Kompaktion (Stylolithe) und dadurch einen geringeren Porenraum. Die Fluidevolution
wurde an Hand der oberjurassischen Karbonatgesteine und Zemente charakterisiert. Die diagenetische
und Fluid- Entwicklung (Temperatur und Chemie) wurden mittels geochemischer Daten und Kathodo-
lumineszenzmikroskopie untersucht. Die Fluidevolution zeigte eine kontinuierliche Verdiinnung des
fritheren oberjurassischen Meerwassers durch ein meteorisches Fluid, welches tiber Fliissigkeits-
einschliisse und stabile Isotope bestimmt wurde. Das heutige Reservoirfluid ist im 6stlichen Bereich
stirker ausgesiif3t als im westlichen Bereich des bayerischen Molassebeckens. Weiterhin konnte bei der
Fluidevolution eine Zunahme der Reservoirtemperatur wahrend der Vorlandbeckenentwicklung mit bis
zu 200°C und einer anschlieBenden Abkiihlung des Fluids auf die heutige Reservoirtemperatur von max.
150°C ermittelt werden. In dieser Studie hat die Fluidtemperaturevolution im &stlichen Nordalpinen
Vorlandbecken gezeigt, dass die negative Temperaturanomalie des Aquifers moglicherweise existiert
seit die maximale Versenkungstiefe im Gebiet des Chiemsees erreicht wurde. Durch den Vergleich der
Fluidevolution (Temperatur und Chemie) und der diagenetischen Entwicklung kann eine
Dolomitisierung wihrend der Versenkungsdiagenese angenommen werden. Die (Purbeck)
Karbonatgesteine des oberen Tithonium zeigen wahrscheinlich eine Dolomitentstehung wie bei der
evaporitischen Reflux-Dolomitisierung an. Eine buriale Salzwasserdolomitisierung ist fiir die Karbonat-
gesteine des Kimmeridgium wihrend der Versenkungsdiagenese wahrscheinlich, welche zeitgleich von
Tektonik beeinflusst wurde. Durch die Dolomitisierungsprozesse wurden verschiedene Dolomittypen
im Oberjura gebildet, einmal planar-e Dolomitstein mit der hdchsten Matrixpermeabilitdt und planar-a
Dolomitstein mit der geringsten Matrixpermeabilitit. Daher kann die Produktivitit im Siiden durch die
beobachtete geringere Existenz und die geringere Michtigkeit der planar-e Dolomitsteinen und durch
das Vorkommen von planar-a Dolomitsteinen in groeren Tiefen begriindet sein, welche wahrscheinlich

eine Abnahme der Permeabilitit verursacht hat.

Somit kann die geringere Produktivitét der oberjurassischen Karbonatgesteine im siidlichen Beckenteil
(> 3 km) nicht durch die Helvetische Fazies begriindet werden, da die Fazies der Kimmeridgium- und
Tithonium-Karbonate dhnlich sind zu den produktiven Gesteinen in Miinchen. Mogliche Ursachen
konnen (I) die dichte mikritische Ubergangsfazies des Oxfordium, (II) die stirkere Kompaktion durch
den hoheren Uberlagerungsdruck und (III) durch die verinderte Diagenese mit dem Vorkommen von
planar-a Dolomitsteinen sein. Durch die hoheren Reservoirtemperaturen entwickelte sich die Diagenese
in einem anderen Grad und formte nicht die hochpermeablen planar-e Dolomitsteine, welche in den

hochproduktiven Zonen des Oberjura heute gefunden werden.
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1. Introduction 1

1 Introduction
1.1 Geothermal exploration and production
1.1.1 Global perspective and geothermal play type

Natural, geothermal heat is stored in the Earth crust and is used where this heat reaches the surfaces
since thousands of years, e.g. at hot springs. Geothermal heat is either transported predominately by
conduction, forming the conduction dominated geothermal play types with average geothermal
gradients as in intra-cratonal basins, or in foreland basins with adjacent orogenic belts or in basement
terrains; or heat is transported predominantly by convection or advection, forming the convection
dominated geothermal play types with elevated geothermal gradients as in magmatic, plutonic or non-
magmatic extensional terrain play provinces (Moeck, 2014). The geothermal heat is generated in the
uppermost Earth crust by radiogenic decay of minerals as uranium, thorium, or potassium, and a small

amount is still stored from the formation of the planet Earth (Stober and Bucher, 2012).

Due to the low thermal conductivity of rocks, a very slow heat transport is assumed, and the geothermal
heat is therefore stored in the Earth crust. The time scale of geothermal heat production and heat
transport is steady but slow in convection dominated play provinces and accelerated in conduction
dominated play provinces (Moeck, 2014). This naturally generated heat can be accessed and utilized for

geothermal energy production, and hence belongs to the renewable energies.

Worldwide, the geothermal energy market is growing by producing energy from convective and
conductive systems over the last thirty years (Bertani, 2016). The advantage of geothermal energy is
that it can be used for base load operation, and among the renewable energies only geothermal does not
fluctuate with weather and seasonal conditions. As the geothermal energy source is always available, it
can stabilize the national grid, and it is a renewable decarbonized energy form. Moreover, geothermal
energy is manageable and scalable, depending on the heat demand (Bauer et al., 2014; Stober and
Bucher, 2012). Using ground source heat pumps in single homes, large buildings, campuses, quartiers
or districts, they can be heated by geothermal energy (domestic heating) (Fig. 1) (Weber and Moeck,
2018). Hydrothermal wells arranged in a doublet system can support geothermal energy for district
heating grids or can be utilized for power production. Globally, most geothermal projects generate power
and are installed in volcanic or tectonically active areas (Moeck, 2014). Only a minority of geothermal
projects is installed at conduction dominated play provinces, and Germany is one of the pioneer in
developing hydrothermal technologies to utilize - compared to the worldwide installed geothermal
capacity - unconventional geothermal systems. Therefore, the North Alpine Foreland Basin in southern
Germany is hitherto an outstanding geothermal technology area in comparison to these thermally active

convection dominated areas (Moeck, 2014).

In general, geothermal energy production is possible by a hydrothermal or by a petrothermal system.

Hydrothermal systems utilize hydrothermal technologies where large drilling diameters allow high flow
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rates. The categorization of “high” versus “low” flow rates depends on the play type, e.g. 60 L/s is
“high” in a sandstone reservoir at intra-cratonal basins, whereas it is “moderate” in carbonate reservoirs
(Moeck and Zimmer, 2014). A hydrothermal technology can only be applied when a sufficient amount
of producible fluids is present in a sufficient permeable reservoir. Hydrothermal systems use directly a
reservoir fluid which is stored in a permeable and porous sedimentary layer. For spa applications, a
single well is sufficient to cover the heat demand, whereas district heating requires a higher energy
demand, which is covered by hydrothermal well doublet systems (Bauer et al., 2014). In a hydrothermal
well doublet, the natural occurring reservoir fluid flows in a production well to the surface and is cooled
at a heat exchanger at the geothermal power plant. Afterward, the cooled reservoir fluid is usually

injected in a second well into the reservoir in a closed system.
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Fig. 1: Possible uses of geothermal energy, depending on the depth and an average geothermal
gradient, which is characteristic for a conductive dominated heat transport (Weber and Moeck,
2018). The different illustrated technologies show that a geothermal utilization is possible
depending on depth and temperature (scalable) and manageable to the energy demand at the
surface.
In contrast to the hydrothermal technology, the petrothermal technology is applied when an insufficient
volume of reservoir fluids is present to afford the high flow rates of more than 50 L/s. According to
Moeck (2014), petrothermal reservoirs have a permeability of less than 107> m? and a porosity of less
than 10 %. In petrothermal systems, an artificial fluid is pumped through an injection well into a hot,
brittle reservoir rock where fractures systems and fault are used as a natural heat exchanger, completed
by a production well. Such petrothermal well doublets require generally a hydraulic stimulation, which
can induce seismicity. Although petrothermal technology was tested the first time in the 1970’s (Moeck,

2014), it still requires research efforts to increase the efficiency and sustainability.
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1.1.2 Local perspective — The Bavarian Molasse Basin

The North Alpine Foreland Basin, the so-called Molasse Basin, provides a geothermal system, which is
dominated by a conductive heat flow and controlled by faults and fractures as well as by litho- and
biofacies (Moeck, 2014). The most important area for geothermal utilization is the 300-650 m thick
Upper Jurassic reservoir which hosts a warm fluid (65-130°C) in fractured, karstified and dolomitized
carbonate rocks in depths of around 2-3 km (Agemar et al., 2014b). Over the last past decades, the Upper
Jurassic carbonate rocks have been explored by geothermal, thermal, hydrocarbon, and water wells in
southern Germany. Due to the special significance of the Upper Jurassic reservoir in reaching the climate
protection goals of the COP 21 summit and the German Renewable Energy Source Act (EEG) goals
(Verbraucherschutz, 2018), further geothermal plants need to be planned, also in southern Germany. Up
to now, the Upper Jurassic reservoir is used for district heating and at some sites to generate power. The
heat demand is specifically increasing, because the “Energiewende” focus on renewable power
generation, even though the major demand in primary energy is heat in Germany (Faltlhauser and GeiB,
2018; Weber and Moeck, 2018). In Germany, the future energy development referring to climate
protection need therefore to focus on the “Wirmewende”, generating renewable heat, especially by

geothermal heat from the Upper Jurassic reservoir in Bavaria.

The development of geothermal projects in the Molasse Basin started when the fluid-rich hydrocarbon
well Erding was drilled in 1983 (Agemar et al., 2014a), which is used as a geothermal well today. In
2006, the first geothermal well Unterhaching was drilled with the aim of a geothermal application, which
started the main phase for geothermal exploration in the area around Munich. This main exploration
phase was interrupted by the unsuccessful geothermal well Geretsried GEN-1 in 2012 and is increasing
since 2017 again. In general, the thermal performance of a geothermal plant is defined by the density of
the fluid, specific heat capacity, flow rate, and temperature of the fluid (Schulz et al., 2007). Today, the
fluid salinity is constant below 1 g/L. (Mayrhofer et al., 2014) and the specific heat capacity can be
assumed constant, the remaining significant parameters are flow rate and temperature of the fluid. In the
Upper Jurassic reservoir, geothermal wells usually have fluid temperatures in the range between 65-
130°C and show flow rates higher than 60 L/s. Both parameters are controlled by the depth of the
reservoir and by the permeability of the Upper Jurassic carbonate rocks. While, the depth of the Upper
Jurassic reservoir in the Molasse Basin can be determined by a seismic campaign, however, the
permeability remains the only unknown parameter in the carbonate reservoir exploration. Consequently,
to find high-permeability areas in the Upper Jurassic carbonate rocks knowledge of the influencing
factors such as porosity, rock strength, depositional environment (facies), diagenesis (e.g. pressure

solution, recrystallization, dolomitization, karstification), and tectonic structures is necessary.

In the area around Munich, the Upper Jurassic reservoir is explored by seismic campaigns and well data
in depths of 2.5-3.5 km, because of the accumulation of successful geothermal wells in the last 20 years.
Hitherto, reservoir exploration in the south German Molasse Basin has still not reached an industrial
maturity, due to the still small number of wells and a varying permeability of the Upper Jurassic

carbonate rocks (22 projects over around 23.000 km?). In southern Germany, geothermal energy
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production is further found in eastern Bavaria, but not in the southern part of the Molasse Basin. As the
requirements for a geothermal plant producing energy for domestic heating are temperatures above 60°C
and flow rates higher than 35 L/s (Agemar et al., 2014b), it is applicable at areas with an intermediate
permeability of the Upper Jurassic carbonate rocks. In contrast, to produce power from the Upper
Jurassic warm fluid, temperatures above 110°C are essential as well as high flow rates (Agemar et al.,
2014b). As geothermal power is higher profitable and favored, the exploration of the Upper Jurassic
reservoir was expanded to the southern part of the Molasse Basin, because the reservoir temperature

increases to the south (Agemar et al., 2012).

This increase in temperature is due to the wedge-shape of the foreland basin, with the Upper Jurassic
strata (previously called Malm) covered by sedimentary rocks with up to 5 km near the north Alpine
boundary (Kuhlemann and Kempf, 2002). The geothermal projects Geretsried and Mauerstetten for
example tried to target the hotter reservoir fluid in the southern basin part. These wells were placed
within fault zones and build-up structures, visible in seismic data (Mraz et al., 2018a), and encountered
the Upper Jurassic reservoir at depths of around 4-5 km (ca. 130-150°C). However, these two wells did
not reach an economic level for a geothermal application, as the Upper Jurassic carbonate rocks did not
provide sufficient flow pathways. Up to now, in the south of Munich projects were not successful for a

geothermal application, because of a too low permeability.

1.2 Carbonate reservoirs

This permeability decline of the Upper Jurassic reservoir to the south (Birner, 2013) has not been
investigated in detail and only hypothesis were discussed. As an example, based on the dark rock color
and the appearance of dense, micritic limestones in the Upper Jurassic reservoir, prior researchers
suggested that the dense, dark, micritic limestones of the Helvetian facies (Quinten-Fm.) occur in the
southern basin part of the South German Molasse Basin (Birner, 2013; Schneider, 1962). Another
hypothesis is the lower degree of karstification of the Upper Jurassic rocks in the southern basin, as the
subaerial exposure during the Cretaceous happened for a shorter period (Koschel, 1991; Strasser, 1988;
Villinger, 1988). However, this hypothesis is not supported by the recent seismic interpretations
indicating a karst morphology on the reservoir top in the area around Munich (von Hartmann et al.,
2018). A third hypothesis refers to the different well productivity due to differences in diagenesis (e.g.
dolomitization), faults and fractures of the Upper Jurassic strata which might be influenced by the
increasing depth and temperature of the reservoir rocks to the south. Thereby, the massive facies is
considered to provide the best geothermal play supporting high flow rates in the area around Munich
(Birner et al., 2012).

In general, carbonate reservoirs are well explored for their facies, porosity, permeability and diagenesis
for example, as they host the main reservoirs for hydrocarbons (e.g. Saudi Arabia, Alberta Basin
(Canada), Mississippi, Gulf Coast (USA)). However, carbonate rocks are controlled by many different
parameters such as the primary depositional environment, and by secondary processes such as

dolomitization, karstification, recrystallization and compaction which can change within meters in a
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reservoir (Fligel, 2010; Ahr, 2008; Lucia, 2007). In contrast, sandstone reservoirs are relative
homogenous, and the porosity versus permeability shows a linear decrease with depth (Moeck, 2014).
Carbonate reservoir do not show a relationship of permeability/porosity with depth, and a reservoir with
low matrix porosity can provide sufficient permeability due to fractures and karst structures (Moeck,
2014). Hence, the four main controlling parameters are (1) depositional environment, (2) diagenesis, (3)

fractures, and (4) karstification and dissolution and are explained in detail below and in chapter 5.

(1) depositional environment

The depositional environment and depositional setting describe where the sediments are formed. The
depositional environment is characterized by the carbonate-producing organisms, which strongly
depends on light, water temperature and sedimentary influx (Fliigel, 2010). The microfacies analysis is
used to recognize and interpret the depositional environment, e.g. by using the paleontological data
(Fligel, 2010). Moreover, the carbonate rocks are classified by Dunham (1962) and Folk (1962); (1959)

according to their amount of components, fossils, and their composition of carbonate sands and muds.

(2) diagenesis

The diagenesis in a carbonate setting describes the processes which form carbonate sediments into
carbonate sedimentary rocks. These include cementation (precipitation of minerals in pore spaces) and
recrystallization (Fliigel, 2010). Besides, secondary processes (dolomitization, recrystallization,
silification) can occur during different stages of diagenesis which depend on the tectonic setting. In
carbonate rocks the main secondary processes are compaction (stylolites), recrystallization and
cementation, which can increase or decrease the primary pore space (Machel, 2004). The diagenesis is
analyzed by cement phases which can be distinguished by a different geochemistry, crystal morphology,

fluid inclusions and growth zonation (Fliigel, 2010).
(3) fractures

In carbonate rocks, either limestones or dolostones, fractures can occur due to differential stresses
resulting in a brittle or ductile behavior depending on the depth (Wong and Baud, 2012). The Upper
Jurassic carbonate reservoir in the North Alpine Foreland Basin was strongly affected by tectonics
during the Alpine orogeny, which resulted in fractures and fault systems (Mraz et al., 2018a; Budach et
al., 2017). The occurrence of fractures and fault systems can lead to an increase in the reservoir porosity

and permeability (Bense et al., 2013; Cacace et al., 2013; Billi et al., 2003; Knott et al., 1996).

(4) karstification and dissolution

The carbonate rocks can be affected by dissolution or precipitation of calcite minerals, for example
resulting in an increase or decrease of porosity and permeability, respectively. Karst is a phenomena
which is characterized by fissures, sinkholes, underground streams and caverns at the surface where
dissolution of rocks was induced by rain, fresh or ground water during period of subaerial exposure
(Klimchouk et al., 2017). In some carbonate reservoirs a hypogene dissolution by hydrothermal fluids
can further occur (Klimchouk et al., 2017), often linked to fractures and fault zones. Hence, karstification

and dissolution can form and produce flow pathways within the carbonate rock mass. A possible period
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of subaerial exposure of the Upper Jurassic carbonate rocks is during the early Lower Cretaceous

(Villinger, 1988).
1.3 Scientific questions and methods

In this study, possible hypotheses for the low productivity in the Upper Jurassic reservoir are (I) a change
in facies and depositional environment and/or (II) a different diagenesis and dolomitization. A change
in facies and depositional environment can cause dense, low-porous limestones, which can result in a
low-permeability. So far, the transitions between the facies realms are unclear, especially descriptions
of the occurring facies in the southern part of the Molasse Basin. Another aspect is that the
lithostratigraphy of the Franconian and Swabian facies is not applicable to drill cuttings which are
always produced by geothermal wells in the southern part of the North Alpine Foreland Basin.
Differences in diagenesis of the carbonate rocks are assumed to occur due to higher reservoir
temperatures and fluid pressures, and higher overburden pressures due to the greater depth in the south

of the Molasse Basin.

For this new characterization of the geothermal, carbonate Upper Jurassic reservoir, a comparison of the
limestones, cements, dolomite crystals, and dolomite types which occur in the Molasse Basin and at
outcrop areas is performed. In this research, a large study area is selected, from Lake Constance in the
west to Lake Chiemsee in the east and from the outcrop areas of the Franconian and Swabian Alb to the
southern part of the North Alpine Foreland Basin, which is the first basin-wide comparison of the Upper
Jurassic carbonate rocks in a geothermal context. The Upper Jurassic carbonate rocks are studied for
facies types (Meyer, 1994; Meyer and Schmidt-Kaler, 1989), hydraulic and hydrochemical properties
(Stober, 2014; Birner et al., 2012), diagenesis and dolomitization (Reinhold, 1996; Liedmann, 1992),
particularly in outcrops of the Franconian and Swabian Alb. But still very limited data exists of the

buried Upper Jurassic strata in the Molasse Basin.

The present study characterizes the Upper Jurassic carbonate reservoir rocks by lithology, microfacies
depositional environment, optical porosity, recrystallization and/or calcification, dolomitization, and
diagenesis. Besides, the relationship between the facies, diagenesis, dolomite types, and porosity is
analyzed, as well as occurring dolomite types are compared between the shallow (< 1 km) and the deep
(1-5 km) reservoir. In this study, the dolomitization is of special interest, as good target areas are
generally found within the dolomitized massive facies of the Upper Jurassic (Birner et al., 2012; B6hm
et al., 2011). In addition, influences of fracture zones and fault systems on the well productivity are
investigated by the well production data and geophysical borehole measurements. By this, the
knowledge of the Upper Jurassic reservoir and the distribution of high-permeability areas is extended
southward. The focus is, however, on a general characterization of the depositional environment and
diagenesis in the southern, deeper Upper Jurassic reservoir. Therefore, this study does not want to take

all regional and local phenomena into account.
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The key questions of this study are reflected in three research papers, and hence the results of this study

are structured by these papers. The three following research papers were written during this study:

Chapter 5.1: Elena Mraz, Inga Moeck, Markus Wolfgramm, and Kurosch Thuro (submitted)
Microfacies Analysis in Upper Jurassic Carbonates with Implications for Reservoir Quality in
the Molasse Basin. Facies.

Chapter 5.2: Elena Mraz, Markus Wolfgramm, Inga Moeck, and Kurosch Thuro (2019)
Detailed Fluid Inclusion and Stable Isotope Analysis on Deep Carbonates from the North
Alpine Foreland Basin to Constrain Paleofluid Evolution. Geofluids, p. 23.

Chapter 5.3: Elena Mraz, Markus Wolfgramm, Inga Moeck, and Kurosch Thuro (in prep.)
Dolomitization of Upper Jurassic carbonate platform rocks: A case study from the North Alpine

Foreland Basin.
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2 Study area and sample points

The focus area of this study was on the deeper carbonate Upper Jurassic reservoir (> 3 km) in the
southern part of the Molasse Basin (Fig. 2). The Upper Jurassic reservoir was sampled over a wide depth
range (0-5 km) to determine possible changes in lithology, fluid composition, diagenesis and pore space
with increasing depth, and from east to west. For the basin-wide study, 17 deep wells (2-5 km) which
can be subdivided into ten non-productive wells, in the context of geothermal exploration, and seven
productive wells intersecting the Upper Jurassic reservoir were selected, in addition to 40 outcrops
(Fig. 2). The wells are St. Gallen (STG), hydrocarbon well A1, hydrocarbon well B1, hydrocarbon well
C1, Bad Woerishofen (BWO), Mauerstetten (MST: GT1 and GTl1a), Schongau (SCH), Geretsried
(GEN: GEN-1 and GEN-1ST-A1), Unterhaching (UHA: UHA1 and UHAZ2), Taufkirchen (TFK),
Sauerlach (SAU), Kirchstockach (KIR), Traunreut (TRN: TRN1 and TRN2), Freiham (FRH: FRH1 and
FRH2), and Moosburg (MOS: SC3). In the following, the doublet and sidetrack wells as Traunreut 1

and 2 for example are combined and named as a single site like TRN.
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Fig. 2:  Overview of the rock samples of the deep wells and outcrops in the Molasse Basin, southern
Germany.

Overall, 1400 rock samples, 117 m drill cores, 650 cuttings and 824 thin sections were available from

the 17 wells in the southern Molasse Basin. The sediment thickness of the Upper Jurassic carbonate

rocks varies around 400-600 m in the study area. Some of the selected wells only reach at their final
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depth the sediments of the Lower Kimmeridgian (previously called Malm gamma), and therefore do not
encounter the complete Upper Jurassic. Hence, most carbonate rock samples (limestones and
dolostones) of this study belong to the Kimmeridgian (previously Malm delta-epsilon) and Tithonian.
The Kimmeridgian and Tithonian rocks represent the part of the Upper Jurassic aquifer, which is mainly

dolomitized and highly permeable.

The Upper Jurassic reservoir is intersected at depths of around 4.3 km at GEN and at 2.9 km at UHA.
The geothermal borehole MST reached the top reservoir at around 3.4 km depth. The three hydrocarbon
boreholes C 1 (top reservoir: 3.2 km), B 1 (top reservoir: 3.6 km) and A 1 (top reservoir: 2.6 km) were
drilled during the 1950s to 1960s. The geothermal borehole STG in Switzerland, south of Lake
Constance reach the Upper Jurassic reservoir top at a depth of 3.8 km. In general, the Upper Jurassic
reservoir is encountered at around 3.6 km in the western part and at 4.4 in the eastern part of the Molasse
Basin. The investigated outcrop area for the Helvetian facies is located in the Vorarlberg (Austria) north
of the city Au, at the Kanisfluh (Fig. 2). Furthermore, rock samples from the 39 outcrops (74 samples)
originating from the Franconian Alb and Swabian Alb (Fig. 2) were analyzed. The outcrop samples are
carbonate rocks, generally of the Kimmeridgian, and can show dedolomitization and karst phenomena
due to the comparable longer surface influences. Drill cutting samples were limestones (light gray to
dark gray, matrix to component-rich), dolostones (light beige to dark brown), and vein calcite crystals
(white to transparent). A reddish to brown but regularly white calcite and dedolomite samples were

limited to surface outcrops (karst zones).

3 Geology and Paleogeography
3.1 Paleogeography and tectonics

The Upper Jurassic carbonate reservoir is situated in the North Alpine Foreland Basin, overlaying
Permo-Carboniferous sediments and a crystalline basement (Kuhlemann and Kempf, 2002). During the
Late Jurassic, the passive Tethys margin was occupied by an extensive carbonate-dominated platform
that extended northward, the so-called Franconian platform (Ziegler, 1990) (Fig. 3). In the late
Kimmeridgian to Tithonian, sea level gradually dropped and a sea level low stand was reached at the
Jurassic-Cretaceous transition (Ziegler, 1990). The Tethys transgressed and regressed from the south on
the platform during the Cretaceous, causing erosional phases of the Upper Jurassic rocks. In the
Paleogene, the Central European Alps developed as the Adriatic and European plates collided (Lemcke,
1988), which caused a southward subduction of the Penninic Ocean. This convergence resulted in a
northward thrusting of the European passive margin area and a downward flexing of the European plate.
This entailed the formation of the North Alpine Foreland Basin (Molasse Basin) (Bachmann and Miiller,
1996). As the Foreland Basin evolved, the Upper Jurassic carbonate rocks were deformed and fault and
fracture systems develop in the Eocene to Miocene parallel to the Alps (Mraz et al., 2018a; Budach et
al., 2017; Kuhlemann and Kempf, 2002; Lemcke, 1988) (Fig. 4). The subsequent deposition of two

regressive cycles of marine and fresh water sediments occurred during the Paleogene (Kuhlemann and
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Kempf, 2002; Lemcke, 1988). Afterward, Quaternary sediments were deposited on top. The Molasse
Basin can be subdivided into a western and an eastern part with the transition zone west of Munich. Due
to the wedge-shape of the Molasse Basin, the Upper Jurassic sedimentary rocks crop out at the
Franconian and Swabian Alb and are situated at around 5 km depth at the Alpine deformation front
today (Fig. 4).
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Fig. 3:  Paleogeographic overview of the study area, modified from Ziegler (1990).
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Fig. 4:  Cross-section of the North Alpine Foreland Basin, with the main Upper Jurassic aquifer, after
Lemcke (1988) and temperature.
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During the Upper Jurassic, the northern passive continental margin of the Tethys was composed from
north to south of the Rhenish-Bohemian Massif (continent, separated by the Hessian Seaway), which
merges into the Franconian platform (synonym Swiss plateau), Helvetian shelf, slope (Ultrahelvetikum),
Penninic trough and the Tethys basin (Mohr and Funk, 1995; Ziegler, 1990; Wildi et al., 1989) (Fig. 3).
In southern Germany, the dominant depositional environment was on the Franconian platform. On the
Franconian platform, an epicontinental sea (Meyer and Schmidt-Kaler 1989; Ziegler 1990) with a
shallow marine ecosystem and a water depth of 50-150 m was developed (Gygi, 1992; Selg and
Wagenplast, 1990) (Fig. 3).

3.2 Geology of the Upper Jurassic

The evolution of the Upper Jurassic reservoir in the Molasse Basin started with the deposition of
carbonate rocks, limestones and dolostones on a carbonate platform in an epicontinental sea (Niebuhr
and Piirner, 2014; Meyer and Schmidt-Kaler, 1989). The lithology, stratigraphy, and microfacies of the
Upper Jurassic carbonate rocks of the Molasse Basin are further described in detail in chapter 5.1 and
by Wolfgramm et al. (2017); Beichel et al. (2014); Liischen et al. (2014); Wolfgramm et al. (2012);
(2011); Reinhold (1996); Liedmann (1992); Geyer and Gwinner (1991); Meyer and Schmidt-Kaler
(1989), and others.
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Fig. 5: Bedded and massive facies in line with Meyer and Schmidt-Kaler (1989) and Pawellek and
Aigner (2003).

The Upper Jurassic carbonate rocks can be subdivided by the main and dominating organisms and by

the depositional environment into a massive facies and a bedded facies in the Swabian and Franconian
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facies (Meyer and Schmidt-Kaler, 1989) (Fig. 5). The massive facies, or sometimes so-called reef facies,
is composed of siliceous sponges, microbial mats, tubiphytes, ooids, and peloids, which are sometimes
reworked (Pawellek and Aigner, 2003; Meyer, 1994). In contrast, the bedded facies was deposited within
basins and contains transported bioclasts of the surrounding massive facies in micritic, marly limestones
(Meyer, 1994). To the late Upper Jurassic (upper Tithonian), the carbonate rocks grade into a brackish,
evaporitic facies, the so-called Purbeck facies (Joachimski, 1994; Strasser, 1988; Barthel, 1969). The
Upper Jurassic carbonates are classified in southern Germany as the WeiBjura-group, with a
lithostratigraphy based on the index regions in the Franconian and Swabian Alb (Niebuhr and Piirner,
2014; Meyer and Schmidt-Kaler, 1989). Previously used terms and traditional subdivisions for the
Upper Jurassic in southern Germany are the ‘Malm’ by Oppel (1858) and ‘Weisser Jura’ by Quenstedt
(1858)

Massive dolostones (highly permeable) are usually distributed within the Kimmeridgian, have
developed from the massive facies, and build up the main high-permeability section in the reservoir
(Wolfgramm et al., 2011; Bohm et al., 2010). The carbonate rocks of the Tithonian and Purbeckian
showed slightly different dolomite types (Liedmann, 1992), which sometimes form a second highly

permeable area in the Upper Jurassic reservoir (Wolfgramm et al., 2011; Bohm et al., 2010).

In periods of subaerial exposure, probable during the Cretaceous, and by the presence of meteoric
waters, the Upper Jurassic carbonate rocks were dissolved, became karstified and in parts dedolomitized,
especially the shallow reservoir rocks and at the outcrop areas (Koch, 2011; Reinhold, 1996). During
the diagenesis, the carbonate rocks of the Upper Jurassic were affected by recrystallization and
dolomitization processes (Liedmann, 1992), by a hydrocarbon emplacement, and migration of silicate
rich fluids.

3.3 Facies realms of the Upper Jurassic

The Upper Jurassic is divided into five facies realms in the North Alpine Foreland Basin (Fig. 3): the
Franconian facies, Swabian facies, Argovian facies (Geyer and Gwinner, 1991; Aldinger, 1968; Oppel,
1858), Rauracien facies (Gygi, 2012; Gressly, 1864), and Helvetian facies (Gygi, 2013; Meyer and
Schmidt-Kaler, 1989).

3.3.1 Franconian facies

The massive facies of the Franconian facies is classified as the Frankenalb-Fm. (> 500 m thickness) and
is not further subdivided (Niebuhr and Piirner, 2014; Meyer and Schmidt-Kaler, 1989). The bedded
facies encompasses ten formations in the southern Franconian Alb (Niebuhr and Piirner, 2014). The
bedded facies differs slightly from the southern to the middle Franconian Alb, and the northern
Franconian Alb (Niebuhr and Piirner, 2014; Schlegelmilch, 2012; von Freyberg, 1966). The transition
between the Swabian to the Franconian facies is around 30 km east of the Ries crater (Niebuhr and
Piirner, 2014; von Freyberg, 1966; Schmidt-Kaler, 1962). The Franconian facies extends to the

Bohemian Massif in the east, where it is preserved in outcrop relicts in the area between Straubing and
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Passau (Niebuhr, 2014; von Freyberg, 1966), and is covered to the south by Molasse sediments of the
Cenozoic (von Freyberg, 1966). Furthermore, only the southwestern Franconian facies is described, as

it is assumed that this facies type prolongs to the Molasse subsurface in the south.

The Middle to Upper Jurassic border is characterized by a green ammonite layer, gray marlstones, dark
to black claystone layers, and by a glauconitic limestone layer (thickness around 20 cm) (Niebuhr, 2014;
Schlegelmilch, 2012; von Freyberg, 1966; Schmidt-Kaler, 1962; Quenstedt, 1858). The Oxfordian is
defined as the Dietfurt-Fm. (previous Malm alpha and beta or Untere Mergelkalke and Werkkalk; 45-
55 m) (Niebuhr and Piirner, 2014; Schlegelmilch, 2012). During the early Dietfurt-Fm. a strong change
between marlstones and limestones, and afterward (former Malm beta) limestones are deposited (von
Freyberg, 1966; Schmidt-Kaler, 1962). The former border of Malm alpha to Malm beta is indicated by
the Planula zone (Meyer and Schmidt-Kaler, 1989). Furthermore, while the sedimentation of the
Dietfurt-Fm. submarine or subaquatic erosion occurred, as condensed sequence (like a placer) with
abundant ammonites of different biozones are described (von Freyberg, 1966; Schmidt-Kaler, 1962). A
submarine erosion, a reworking of sediment without bigger clasts or consolidated sediment, occurs only
in the Oxfordian and not later again. There are further only curved layers due to submarine landslides
in consolidated sediment in the Altmiihltal-Fm. (von Freyberg, 1966). The submarine erosion caused
suspension currents which were also deposited on the algae build-ups in a minor degree (von Freyberg,

1966). Erosional discontinuities are only described for the early Dietfurt-Fm. (von Freyberg, 1966).

The Kimmeridgian is subdivided into the Arzberg-Fm., Treuchtlingen-Fm., and Torleite-Fm. (Niebuhr
and Piirner, 2014; Schlegelmilch, 2012). The Arzberg-Fm. (previously Malm gamma or Obere
Mergelkalke; 25-40 m) begins with a regression phase (erosional discontinuity) and an marlstone
deposition with a condensed sequence of abundant ammonites (Platynota zone, around 5 m) (Meyer and
Schmidt-Kaler, 1989; von Freyberg, 1966; Schmidt-Kaler, 1962). The Treuchtlingen-Fm. (previously
Malm delta, Treuchtlinger Marmor, Dickbankkalke mit Schwimmen, Schwammrasen-Fazies,
tafelbankige Kalke und Dolomite; 40 m) encompasses thick bedded limestones with siliceous sponges,
algae crusts, tuberoids, and tubiphytes (Meyer and Schmidt-Kaler, 1989). The Torleite-Fm. (previous
Malm epsilon, Torleite Bankkalke; 20-30 m) is a thinly bedded limestone with abundant ammonites and

cherts (Meyer and Schmidt-Kaler, 1989).

The Tithonian encompasses seven formations, the Geisental-Fm., Altmiihltal-Fm., Mornsheim-Fm.,
Usseltal-Fm., Rennertshofen-Fm., and the Neuburg-Fm. (Niebuhr and Piirner, 2014; Schlegelmilch,
2012). The Geisental-Fm. (previously Malm zeta 1 or Bankkalke; max. 50 m) begins at some areas with
a red marlstone layer (around 20 cm) and contains gray bedded limestones (Meyer and Schmidt-Kaler,
1989). To the Altmiihltal-Fm. (previously Malm zeta 2 or Solnhofener Schichten; 40-50 m) the
limestones become more divers, with the deposition of lithographic limestones in small basins (platy
limestone). The Mornsheim-Fm. (previously Malm zeta 3 or Morsheimer Schichten; 45-65 m) is
composed of siliceous thinly bedded platy limestones, and reef-debris limestones with thin marly
limestone layers. The Usseltal-Fm. (previously Malm zeta 4 or Usseltal — Schichten; max. 70 m) is an

alternating sequence of limestones with platy limestones. The Rennertshofen-Fm. (previously Malm
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zeta 5 or Rennertshofener Schichten; max. 110 m) has limestones alternating with marlstone layers. The
youngest deposited formation is the Neuburg-Fm. (previously Malm zeta 5 or Neuburger Bankkalke;
53 m), containing limestones with intersecting marlstone layers (Meyer and Schmidt-Kaler, 1989). On

top are the sediments of the Purbeckian and the Lower Cretaceous.

For the Tithonian, a special bituminous shale facies is described within the bedded facies with
radiolarians, dinoflagellates (tasmanacea) and a high bitumen content (Meyer and Schmidt-Kaler, 1993).
The tasmanaceas indicate euxinian conditions and were deposited in high amounts (algal bloom) in
cyclic sedimentation within an anoxic high-saline environment (Meyer and Schmidt-Kaler, 1993). Due
to erosion and karstification during the Cretaceous the anoxic bituminous shales were oxidized and

became white in color (Meyer and Schmidt-Kaler, 1993).
3.3.2 Swabian facies & Argovian facies

The Swabian facies extends from north-east Switzerland to the Swabian Alb (Niebuhr and Piirner, 2014),
as well as below the Molasse Basin from the Swabian Alb to the south next to Lake Constance, where
the transition to the Quinten-Fm. (Helvetian facies) in the south is described by Aldinger (1968) and to
the Argovian facies in the west by Gygi (2012).

The Swabian facies begins with the Impressamergel-Fm. and the Wohlgeschichtete-Kalke-Fm. in the
Oxfordian. The Impressamergel-Fm. (previously Oxford-Mergel, Untere Weiljuramergel, Malm alpha;
50-80 m) is composed of marlstones with limestones at the bottom and top (Meyer and Schmidt-Kaler,
1989). The Wohlgeschichtete-Kalke-Fm. (previously Oxford-Kalke, Wohlgeschichtete Kalke, Malm
beta; late Oxfordian to early Kimmeridgian; 20-30 m) is build up by light gray limestones (Geyer and
Gwinner, 1991; Meyer and Schmidt-Kaler, 1989). Afterward, the Lacunosamergel-Fm., Untere-
Felsenkalke-Fm., Obere-Felsenkalke-Fm., Liegende-Bankkalke-Fm., Zementmergel-Fm. and the
Mergelstetten-Fm. are deposited during the Kimmeridgian (Geyer and Gwinner, 1991). The
Lacunosamergel-Fm. (previous Kimmeridge-Mergel, Mittlerer Weilljuramergel, Ataxioceraten-
Schichten; Malm gamma; 20-70 m) starts with the Platynota zone and with a marly sedimentation
(Meyer and Schmidt-Kaler, 1989). Untere-Felsenkalke-Fm. (previously Untere Felsenkalke, untere
Kimmeridge-Kalke, Malm delta; 20-50 m) begins with thinly bedded limestones alternating with marly
limestones followed by pure limestones (Meyer and Schmidt-Kaler, 1989). Subsequently, the Obere-

Felsenkalk-Fm. (previously Malm epsilon; 20-25 m) was deposited on limestones.

With a glauconitic, dark marlstone layer (Glaukonitbank), in parts with mica and lithoclasts, starts the
Upper Jurassic sedimentation of the Weilljura-Group (Niebuhr and Piirner, 2014; Schlegelmilch, 2012;
von Freyberg, 1966). The thickness of the glauconite layer is between 0,3-3 m and contains sometimes
a gravel debris rock at the basis (Schlegelmilch, 2012). The border between the Impressamergel-Fm.
and the Wohlgeschichtete-Kalke-Fm. is described with a bioturbated fucoids layer (Schmidt-Kaler,
1962; Quenstedt, 1858). Fucoids are further described for the Lacunosamergel-Fm. (Schmidt-Kaler,

1962). The Lochenschichten (Lochenfazies) is a fossil-rich layer at the boundary Impressamergel-Fm.
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to Wohlgeschichtete-Kalke-Fm. Coarse-grained Lochfels belongs to the Obere-Felsenkalke-Fm. and is
arecrystallized calcite (Schlegelmilch, 2012; Schneider, 1958).

The Liegende-Bankkalke-Fm. (previously Liegende Bankkalke, obere Kimmeridge-Kalke, Malm zeta
1; 10-100 m) is composed of gray limestones alternating with thin marlstones. The Zementmergel-Fm.
(previously Obere Weilljuramergel, Zementmergel, Malm zeta 2; 1-100 m) contains mainly marlstones,
which are alternating with limestones (Meyer and Schmidt-Kaler, 1989). The Liegende-Bankkalke-Fm.
and the Zementmergel-Fm. intersect with the Mergelstetten-Fm. The Mergelstetten-Fm. (120 m) is an
alternating sequence of marlstones with marly limestones, and further show bioturbation and

autochthonous breccias.

In the Swabian facies, the Liegende-Bankkalke-Fm. and Zementmergel-Fm. still belong to the
Kimmeridgian, whereas the carbonates of the Geisental-Fm. (previously Malm zeta 1) of the Franconian
facies were deposited during the Tithonian (Geyer and Gwinner, 1991). Therefore, the boundary
between the Kimmeridgian and Tithonian are different between the Swabian and Franconian facies.
Moreover, the Hangende-Bankkalke-Fm. (previously Hangende Bankkalke, Malm zeta 3; 50-150 m) is
discordant deposited and younger carbonates of Tithonian age are eroded (Geyer and Gwinner, 1991).
During the Tithonian there is a regression of the Tethys causing restricted lagoons, where finely
laminated lime slates with Saccocoma were deposited (Keupp and Matyszkiewicz, 1997; Aldinger,
1968). The massive facies of the Swabian facies is separated by a basinal structure, the Swabian Marl

Basin, from the massive facies of the Franconian facies (Meyer and Schmidt-Kaler, 1989).

The word Argovian comes from the Swiss Canton Aargau and was originally used for a sponge-rich
limestone layer which is directly deposited on the Middle Jurassic near Andelot in France (Gygi, 2012;
Oppel, 1858; Marcou, 1848). In recent literature, the Argovian facies is used and described similar to
the Swabian facies for northeast Switzerland (Geyer and Gwinner, 1991; Aldinger, 1968; Oppel, 1858).
The Argovian facies intersects to the northwest-west with the Rauracien facies (Gygi, 2012). After
Aldinger (1968), the Argovian facies extends near to Lake Constance, whereas Biichi et al. (1965)
describe the Argovian facies west of Zurich. Further, Biichi et al. (1965) and Gygi (2012) characterize

the Argovian facies compared to the Swabian facies with a higher clay and marl content.

The Argovian facies is described and classified within the Canton Aargau (Aarau) and Schaffhausen by
Gygi (2013, 2012). The Argovian facies starts on top of the late Middle Jurassic with the Ifenthal-Fm.
(synonym Herznach-Fm.), a fossiliferous iron-oolithic rich marlstone layer which is often reduced or
developed as a condensed sequence (Gygi, 2012). The Argovian facies is composed of the Wildegg-
Fm., Villigen-Fm., and the Schwarzbach-Fm. (Gygi, 2012). The Wildegg-Formation is equivalent to the
Impressamergel-Fm. (Transversarium to Bimammatum-Zone) of the Swabian facies and was deposited
during the middle to late Oxfordian. Moreover, it encompasses the Birmenstorf-Member and Effingen-
Member. The Birmenstorf-Member (3-5 m) is a micritic glauconitic limestone with a low marl content
and contains siliceous sponges and ammonites. The main part of the Wildegg-Fm. is represented by the
Effinger-Member (210-260 m, synonym Impressa-Mergel), a gray calcareous marlstone with a high

quartz and a low feldspar content to argillaceous limestone with few fossils. The Effingen-Member has
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a high detrital quartz content concentrated by turbidites and storms (Gygi, 2013). The Villigen-Fm. is a
layered, micritic, in parts nodular and glauconitic limestone with abundant fossils (ammonites, bivalves,
sponges), and was deposited in late Oxfordian to early Kimmeridgian in a distal environment. During
the Kimmeridgian, the Schwarzbach-Fm. (equivalent to the Lacunosamergel-Fm.) was deposited, which
is overlain by the Obere-Felsenkalke-Fm. (Planular zone) and further by the typical Swabian facies
(Gygi, 2012).

3.3.3 Rauracien facies

The term Rauracien was originally used as a facies description for the coralline limestones of the Swiss
Jurassic and of the Upper Rhine valley region after Gressly (1864). The coralline limestones at the
beginning of the Oxfordian are not developed in the Franconian or Swabian facies. The Rauracien facies
encompasses the St-Ursanne Fm. of the Swiss Jura and the Korallenkalk-Fm. of the Upper Rhine in
Germany (Gygi, 2013). The Rauracien facies of the Upper Rhine valley merges to south and south-west
into Argovian facies (Pichoux-Fm.) of the Swiss Jurassic (Gygi, 2012; Heim, 1919). The Swiss Jurassic
reef complex is 20 km wide and 80km long. Water depths for the Oxfordian reef limestone of the
northern and central Jura mountains (Rauracien facies) are described to be around 0 to 30 m (Wildi et
al., 1989).

3.3.4 Helvetian facies

The Helvetian facies is usually described at allochthon formations in the Vorarlberg (Austria) and
Walensee region (Switzerland) with marly Schilt-Fm. (Schiltschichten and Ueberschiltschichten) of the
Oxfordian and the Quinten-Fm. as the youngest formation. The Helvetian facies is further described
autochthonous for the area around Lake Constance (Aldinger, 1968; Schneider, 1958). Up to now, there

is no classification of the Helvetian facies and the Quinten-Fm. at a type region (CH, 2017).

At the Vorarlberg, the Helveticum is the eastern extension of the Swiss Sintis-nappe, which belongs to
the southern Helveticum and is not divided in the Sinits-nappe (Cretaceous) and Gonzen-nappe
(Jurassic), as it is described for eastern Switzerland (Felber and Wyssling, 1979). The term ‘Helveticum’
is used in this research for the tectonic unit and ‘Helvetian facies’ for the sediments deposited on the
Helvetian shelf during the Jurassic (Bogel and Schmidt, 1976). Due to the alpine tectonics, there are
palinspastic reconstructions of the Helvetic realm (Wildi et al., 1989). In former research, the term
‘Helvetian basin’ is used numerously, which is problematic, as the Franconian platform merges into the

Helvetian shelf.

The Quinten-Fm. (previously Hochgebirgskalk, Quintnerkalk, Malmkalk, or Tithonkalk) is described as
a micritic limestone with pelagic microfauna encompassing radiolarians, planktonic shells (filaments),
echinoderms (Saccocoma sp.), fragments of benthic organisms, gastropods, and ostracods (Felber and
Wyssling, 1979). In the upper Quinten-Fm. tintinnids are abundant (Felber and Wyssling, 1979), which
can be used as an indicator for the shelf region (Mohr, 1992). Felber and Wyssling (1979) describe the

depositional environment as deep marine, a still water milieu below the euphotic zone, and with low
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euxinian conditions due to a stagnating sedimentation. Rarely there are arenitic wackestones with
allochthone, shallow marine organisms (miliolids, shells) within a pelagic microfauna (tintinnids,
radiolaria, filaments) (Felber and Wyssling, 1979). The eastern Helvetic nappes can be classified by a
calpionellid biostratigraphy (Mohr, 1992). Calpionellids are only abundant in the distal facies zone
(Mohr, 1992), and are characteristic for the hemipelagic and pelagic sedimentation of the Tethys (Mohr
and Funk, 1995). Calpionellids show a crystalline outer wall with a micritic filling, and no sparite in the
inside (Fliigel, 1982).

3.3.5 Upper Jurassic Facies of the Molasse Basin

The hydrocarbon wells, drilled in the 1950-60s, were evaluated after the hydrocarbons, oil and gas, and
the macrofauna. The macrofauna such as ammonites were used to classify the carbonate rocks by
lithostratigraphy connected to biostratigraphy of the Weijjura-Group type regions at outcrops. The
depositional environment was not further analyzed, and the knowledge of the type regions was tried to
adapt on the southern deposits of the Upper Jurassic. Therefore, carbonate rocks within the southern part
of the North Alpine Foreland Basin were classified with the lithostratigraphy by Quenstedt (1858), even
when a bedding or stratification was not visible (Anonymous, 1960). The microfacies content as well as
the porosity of the carbonate rocks was not analyzed. Consequently, the description of the lithological
profile was examined critically. To distinguish the Helvetian facies from the Franconian and Swabian
facies, a rock color criterion was applied by previous researchers, as it was assumed that the dark gray
to black carbonates belong to the Quinten-Fm. Furthermore, only the Franconian and Swabian facies
should possess light gray to whitish rock colors (Lemcke, 1988). Hence, the facies transition of the
Franconian-Swabian facies to the Helvetian facies was described by previous researchers along the line

Wangen-Legau-Kaufbeuren-Ammersee (Lemcke, 1988).

For the boreholes Opfenbach, Tettnang, Hindelang (Schwerd and Huber, 1995), Maderhalm, Kierwang,
Gaisbeuren, Ravensburg, and Sulzberg, in the east of Lake Constance, the Helvetian facies was
described by Lemcke (1988) and Schneider (1962). Furthermore, Schneider (1962) described that the
Upper Jurassic carbonate rocks of these boreholes are similar to the Quintner limestone (Quinten-Fm.)
of the Kanisfluh. The Helvetian facies of the boreholes Opfenbach and Tettnang was classified due to
only a related faunistic and lithologic content to the Swabian facies, and a clear difference of a higher
bitumen content and a missing of marl layers in the late Upper Jurassic (Schneider, 1962). After
Schneider (1962), the boreholes Gaisbeuren 1, Saulgau 1, Pfulendorf 1 intersect the Upper Jurassic in
the bedded Swabian facies, whereas the boreholes Wurzach 1, Heimertingen 1, Scherstetten 1 are
developed in the massive Swabian facies. As the Upper Jurassic carbonate rocks of the boreholes in the
Molasse Basin subsurface are developed similar to the Swabian facies, a transition zone was assumed
for the Kimmeridgian and Oxfordian in the southern part of the North Alpine Foreland Basin (Biichi et
al., 1965; Schneider, 1962).
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4 Methodology

Depositional facies and lithology of the veins and carbonate rocks were studied using optical and
scanning microscopy on alizarin stained thin sections. The stable isotopes 8'*0 and §'*C were measured
from drill cuttings. For the microthermometry and cathodoluminescence measurements, a new sample
approach with cuttings of around 1 mm was developed by using the unprepared and unpolished drill
cuttings. This multidisciplinary study is composed of petrographic, geochemical, fluid inclusion

analyses as illustrated in Fig. 6 and is explained in the following.
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Fig. 6:  Overview of the multidisciplinary methods used in this study. The rock material was prepared

to thin and/or thick section.
4.1 Rock samples from wells

The Upper Jurassic wells were selected to investigate an east-west and north-south oriented profile in
the Molasse Basin. On the east-west line the following wells are situated: TRN, GEN, SCH, MST,
BWO, hydrocarbon wells A, B, C, and STG. From north to south the wells MOS, FRH, UHA and GEN
were sampled. Both profile lines cross at the central well GEN. In general, 117 m bore cores and over
650 cutting samples were measured and evaluated. From most wells were drilling reports, geophysical

measurements (logs), and rock samples of either drill cores or drill cuttings available.
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4.2 Rock samples from outcrops

The use of outcrop analogues was emphasized as a tool in understanding subsurface reservoirs in order
to reduce some of the main uncertainties associated with many reservoir studies. The main advantage in
using outcrop analogues is the potential for nearly unlimited access to the rocks, and the opportunity to
describe and characterize units in three dimensions. Besides, the studies by previous researchers could
be extended to greater depths by the evaluation of outcrops in addition the wells. Therefore, rock samples
from 40 outcrops (74 samples) were analyzed originating from the Franconian and Swabian Alb, as well

as from the Kanisfluh.

4.3 Thin sections and Thick sections

Around 1400 rock samples including hand specimens, drill cores, and drill cuttings from boreholes and
outcrops were used in this study to determine the lithology, microfacies and diagenesis. The Upper
Jurassic samples of the 40 outcrops were hand specimens, whereas the samples of the 17 deep wells
were either drill cores or drill cuttings. From the 40 outcrop samples, 10 were made into double-sided
thick sections. The drill cutting material (around 650) was made into 349 thin sections with blue dyed
resin or were measured unprepared as they were produced by drilling. The drill cuttings had generally a
size of around 1 mm. The drill core samples of the Upper Jurassic were made into 648 thin and 15 thick
sections. Overall, 824 thin sections, 15 thick sections and around 400 unprepared drill cuttings were

analyzed.

Standard petrographic thin sections were prepared, with each samples vacuum impregnated with a blue
dye epoxy prior to thin section preparation. The thick and thin sections were polished with ceroxid,
which was sometimes visible in the SEM. Furthermore, the thin sections were half-stained by a low acid

alizarin red solution.
4.4 Petrology and Microscopy

Mineralogy of carbonate rocks, microfossil content and pore types were analyzed by optical microscopy.
The carbonate rocks were further classified by Folk (1959) and Dunham (1962). The pore types were
classified in line with Choquette and Pray (1970), and the dolostone textures were classified according
to Machel (2004); Sibley and Gregg (1987). Carbonate rocks with the amount of dolomite crystals above
75 % were called dolostones in the present study. The microfacies and compaction by the occurrence of
stylolites were described. The different cement phases were determined by their morphology and
dissolution of the crystals was determined. With the transmitted and polarized light microscopy, first
information about the mineral- and fossil content, and texture were gained. The documentation was

made with a coupled digital camera in combination with the Stream Motion Software from Olympus.



20 4. Methodology

4.5 SEM and XRD

The scanning electron microscopy (SEM) and energy dispersive X-ray (EDX) analyses were carried out
at thin sections and drill cuttings to determine the composition of the cement phases in the limestones
and dolostones. The SEM measurements were conducted at the Zentrum fiir Wekstoffanalytik (ZWL)
in Lauf an der Pegnitz. All 12 samples (Tab. 1), either drill cuttings or thin sections, were sputtered with
a thin layer of carbon. In addition, a conductive material was fixed to the drill cutting samples to prevent

a charging by the electron beam.

The SEM images are gathered by a focused electron beam on the sample surface under vacuum.
Thereby, the electron beam interacts with the sample atoms and signals are produced which are
measured at a detector. Due to the electron beam scanning in a raster, a high-resolution image (max.
2 nm) is produced. Furthermore, back-scattered electrons were measured at another detector to produce
a back-scatter image, which related to the atomic number of the sample. The back-scattered electrons
are secondary emitted electrons due to the excitation of the sample atoms by the focused electron beam.
Due to the further interchange between sample and electron beam, X-rays are generated, which can be
determined by energy dispersive X-ray spectrometer (EDX), to gain punctual and space-oriented
analysis of the element distribution. In addition, quantitative element analyses were determined by EDX

mapping of a predefined area.

Tab. 1: Table of SEM measurements.

Sample Description

GEN-1 (1) calcite, (2) dolomite with idiomorphic crystals and bitumen, (3)
matrix dolomite, (4) micritic limestone, (5) peloidal, ooidal
grainstone, (6) matrix dolomite with stylolites

TRN-4610 2 cuttings: planar-s (1) and planar-e (2) dolostone

TRN-4350 2 cuttings: vein dolomite (1) und planar-a dolostone (2)

GEN-4540 (2), GEN-5605 (1) | Planar-a dolostone (2), dolostone with clay minerals (1)

GEN-6010 Planar-a dolostone

FRH-2300 2 cuttings: vein calcite cement with pyrite (1) and glauconitic
calcareous sandstone (2)

FRH-2910 Matrix dolomite in limestone

FRH-2325 2 cuttings: peloidal grainstone (1), etched peloidal grainstone
dolostone (2)

FRH-2885 (22():uttings: transparent, planar-s dolostone (1), dolostone with pyrite

FRH-2325 Planar-e dolostone

FRH-2910 3 cuttings: crust (1), layered dolostone (2), matrix dolomite (3)

GEN-1 2 cuttings: dolostone (1), contact dolomite to calcite cements (2)

TET-2744.7 Stylolites

GEN-18T-5018.2 Limestone with oncoids, stylolites, algae

GEN-18ST-5018.6 Cement generations, dolostone
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Sample Description

GEN-1ST-5036 Stylolites

GEN-1S8T-5205 Dolomite crystals along stylolite
GEN-1ST-5386.9 Dolomite breccia
GEN-1ST-5089.5 Dolomite breccia
GEN-1ST-5010 Matrix dolomite
GEN-1ST-5605 Planar-e dolostone
GEN-1ST-5605 Dark brown planar-a dolostone
GEN-1ST-5010 Matrix dolomite
GEN-1ST-5605 Dolostone

In addition, XRD measurements (Tab. 2) were further conducted in line with DIN EN 13925-1, 2, 3;
DIN EN 1330-11 on four Upper Jurassic bore core samples, which were selected from dark gray, micritic

limestones (2942-4709 m TVD), at the Chair of Engineering Geology.

Tab. 2: Table of XRD measurements.

Sample Description

A1l 91% Calcite, 4% Dolomite, 3% Quartz, 2% Muscovite
GEN-1S8T-5019 94% Calcite, 6% Dolomite, small amount of quartz and pyrite
GEN-1S8T-5205 97% Calcite, 3% Dolomite, small amount of quartz
GEN-1S8T-5382 100% Calcite, small amount of quartz and dolomite

The X-ray diffraction determined the mineral phases of a sample. The measurement is based on
monochromatic diffraction of X-rays at the mineral lattice and on the resulting X-ray reflection. For
each mineral a characteristic lattice distance, and the Bragg angle (Bragg equation) forms a mineral
specific reflex pattern. Both quantitative analyses helped to further investigate the cements,

microfabrics, and diagenetic sequence of the Upper Jurassic carbonate rocks.
4.6 Raman Spectroscopy

To identify the aqueous fluid system and mineral phases, micro-Raman spectroscopy was performed,
using a Horiba Jobin Yvon XploRA PLUS confocal Raman microscope. The spectrometer was equipped
with a frequency-doubled Nd: Y AG laser (532 nm, with a maximum power of 22.5 mW) and an Olympus
100x long working distance objective with a numerical aperture of 0.9. The operation conditions had a
confocal hole of 300, a spectral slit of 100, and a grating of 1800 T. However, the high fluorescence of
the calcite host mineral in the range of 2500-4000 cm-1 led to an insufficient spectrum. Consequently,
the aqueous 2-phase fluid inclusions could not be specifically identified using the micro-Raman

spectroscopy.
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4.7 Fluid inclusion studies

For the around 450 microthermometry measurements, mainly fluid inclusions in vein calcite and in
planar-e dolostone were analyzed, which were linked to fracture zones. The microthermometry study of
fluid inclusions was performed on double-polished thick sections from drill cores as well as on drill
cuttings of vein calcites and dolomite crystals. For the microthermometry measurements, a new sample
approach with cuttings of around 1 mm was developed by using the unprepared and unpolished drill
cuttings. In addition, conventional thick sections were measured with microthermometry. At the
Geretsried well, drill cuttings and conventional double-side polished thick sections of bore cores were
measured using the microthermometry to compare the results and confirm the drill cutting
measurements. To measure drill cuttings with microthermometry, the drill cuttings are usually
embedded in an epoxy resin, polished on both sides, and used as thick sections with the drill cuttings
still embedded in the resin. However, the epoxy resin is not stable in the temperature range
between -110°C and 200°C, which was necessary for this study. Silicone or Teflon are stable polymers
for this temperature range, but they are soft at room temperature, and the cuttings lose their bond to the
polymers during polishing and fall off the resin. As a consequence, the cuttings in this study were

cleaned with water and measured in the form in which they were produced.

The drill cuttings generally showed a smooth surface at former cleavage planes or at fresh fracture
surfaces. However, not every cutting sample showed good visibility and a flat surface, and therefore
they could not be measured in this fluid inclusion study. In the heating-freezing stage, the cuttings were
always placed with the flat and largest surface on the silver block, and they were measured at very slow
heating and cooling rates to prevent a high temperature gradient in the sample and to determine the exact
temperature. Furthermore, the drill cuttings were directly measured at least 2-3 times to exclude a high
temperature gradient in the sample. The microthermometry measurements were performed on a heating-
cooling stage, a Linkam stage apparatus mounted on an Olympus microscope with a precision of 0.1 K.
For the aqueous one-phase and two-phase fluid inclusions (liquid and vapor), the shape, size, texture,
genesis, phase type, host mineral, and phase volume ratio were documented in line with Van den
Kerkhof and Hein (2001). When a nucleation of a bubble was not possible in one-phase fluid inclusions
at around 4°C, the sample was then further cooled to -110°C to check for possible phase transitions. In
contrast, two-phase fluid inclusions were first heated in increasing order to homogenization in the liquid
phase and afterward cooled to -110°C to minimize the possibility of inclusion deformation. The
homogenization temperature (Th) was measured in small inclusions by temperature cycling. Afterward,
the eutectic temperature (T.) and last melting and/or ice melting (T) temperature were measured. If
possible, fluid inclusions in an assemblage (FIA) were investigated. In the present study, data from fluid
inclusion assemblages (FIA) were used preferentially before single fluid inclusion measurements.
However, when a constant liquid-vapor ratio in comparison to the FIA was given, some single Ty
measurements of one- and two-phase fluid inclusions were used in this study. Leakage of a fluid

inclusion was sometimes not observable, but it was determined by an increase in Tr, and gas bubble size
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during the measurement. Sometimes, a positive T, and a change in T, was observed in small fluid

inclusions, which can be caused by metastability or by clathrate melting.

Tab. 3: FI-Fluid inclusions, CL-cathodoluminescence, X-thick section, Y-thin section, Z-cutting
sample.
Sample Stratigraphy depth Method Method | Sample | Meas. |Sample
Upper
Well Jurassic [mTVD] Fl n CL n n type
dolostone,
Treuchtlingen-
A6.1 Fm. X 1 X 1 1 X
dolostone,
Treuchtlingen-
A6.3 Fm. X 1 4 X
dolostone,
Treuchtlingen-
A10.18 Fm. X 2 X 1 4 X
dolostone,
Treuchtlingen-
A10.7 Fm. X 1 X 1 1 X
dolostone,
Treuchtlingen-
A10.9 Fm. X 1 X 1 2 X
limestone,
A11A1 Altmahltal-Fm. X 8 X 1 2 X
dedolostone,
Treuchtlingen-
A12.1 Fm. X 4 X 1 3 X
dedolostone,
Treuchtlingen-
A13.2 Fm. X 4 X 1 1 X
limestone,
Treuchtlingen-
A14.1 Fm. X 1 X 1 4 X
dolostone,
Treuchtlingen-
A21.4 Fm. X 2 X 1 5 X
limestone,
Treuchtlingen-
A25.1 Fm. X 1 X 1 2 X
limestone,
Treuchtlingen-
A27.1 Fm. X 1 X 1 6 X
limestone,
A32.2 Arzberg-Fm. X 1 X 1 2 X
dolostone,
A34.1 Frankenalb-Fm. X 1 X 1 1 X
dolostone,
A39.1 Frankenalb-Fm. 400 X 4 X
sum 32 14 38
FRH-1 Kimmeridgian X 17 X 12 27 Y,Z
4365-
GEN-1 Kimmeridgian 4722 X 73 15 8 Z
GEN- 4602-
1ST-A1 Kimmeridgian 4722 X 29 X 1 2 Z
C1 Tithonian 3303,2 X 15 X 1 1 X
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Sample Stratigraphy depth Method Method | Sample Meas. |Sample
Upper
Well Jurassic [mTVD] Fl n CL n n type
Tithonian- 1288-
MOS Kimmeridgian 1449 X 40 X 2 4 X
4375-
SCH Tithonian 4378 X 84 X 4 9 X
Oxfordian- 3910-
STG Kimmeridgian 4156 X 28 X 3 6 X
2646-
A1 Kimmeridgian 2739 X 18 X 2 2 X
Tithonian-
TRN-1 Kimmeridgian X 24 X 49 35 Y,Z
Tithonian- 4336-
TRN-2 Kimmeridgian 4509 X 9 X 30 8 Z
UHA-1 Kimmeridgian 3067,5 X 28 X 2 1 Z
UHA-2 Kimmeridgian 3289,5 X 12 X 2 2 Z
Tithonian- 2370-
BWO Kimmeridgian 2565 X 12 X 5 5 Y,Z
sum 389 128 110

With the Ty, the bulk salinity was interpreted using the computer program SoWat (Sodium chloride
Water), which is a model of almost equation of state for fluid inclusions in the H>O-NaCl system
(Driesner, 2007; Driesner and Heinrich, 2007; Goldstein and Reynolds, 1994). The measured T, using
microthermometry should represent the minimal formation or trapping temperatures of the fluid
inclusions (Roedder, 1984). For the fluid and temperature evolution, the formation (entrapment)
temperature was calculated with a pressure correction (hydrostatic and lithostatic) using the assumed
depth during crystal growth. For the maximum formation temperature, todays sample depth was used as
the input parameter for the pressure correction, because it was assumed that the maximum depth has

been reached today.
4.8 Cathodoluminescence microscopy

The cathodoluminescence (CL) was measured conventional at thin and thick sections, and in addition
at unprepared and unpolished drill cuttings. Thereby, a cold cathode system from CITL (Cambridge
Image Technology Ltd.) coupled to an Olympus microscope and a digital Olympus DP25 camera was
used. Operating conditions were in the range of 260-365 pA/mm? and 15-20 keV gun current with a
vacuum during the measurement below 0.06 mbar. The camera was adjusted to ISO 200 with a constant
exposure time of 5 s for all photos. A problem was that the exposure time of the camera could not be

extended to 5s or more, as usually an exposure time of 45s is used.

It was possible to measure drill cuttings in CL, if they had a smooth and flat surface. However,
sometimes in contact with the electron beam the cuttings moved outside the visible field. Thus, it was
necessary to check for a minimal space between the particles to prevent a shadow of the electron beam
by neighboring cuttings, due to the thickness of the drill cuttings. In general, CL in carbonate rocks is,

especially in calcite and dolomite crystals, due a doping of foreign atoms (impurities) and subordinating
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by lattice defects (Gotze, 2002; Amieux, 1982). Therefore, CL provides information on the growth
textures in the crystals, which are indicative of the forming conditions and diagenesis. In addition, the
CL color and intensity depends on activators, sensitizers, quenchers in the crystal lattice, and
fluctuations in redox-potential, as well as in growth rates, temperature, crystal surface structure, fluid
chemistry, and chemical species in solution (Boggs and Krinsley, 2006; Pagel, 2000). The CL in
diagenetic carbonate rocks is usually visual detectable by the activator of manganese (Mn?*), which can
exchange the Ca?" and/or Mg?* position in the crystal lattice and can be further quenched by Fe?*, Co?,
Ni2* and Fe** (Richter et al., 2003; Pagel, 2000). A intrinsic luminescence occurs, as the CL color is
emitted of a carbonate crystals from the inside without any influence from surrounding effects or
changes (Amieux, 1982). If there is no lattice contaminations or foreign atoms in stoichiometric calcite
crystals, the CL color is dark blue to violet (Amieux, 1982). The Mn?* activated luminescence in calcite
and dolomite crystals, change the CL from the intrinsic blue-violet color to an extrinsic orange-red color
(Boggs and Krinsley, 2006). Hence, in this study different cement phases based on CL and fluid
inclusion data were characterized. However, using a cold cathode, only qualitative measurements were
possible. In the samples, sometime dust particles were visible by a bluish CL on the sample surface. An
intrinsic, blue to violet CL was not visible in all executed CL measurements on calcite cements.
Furthermore, the CL intensity was increased at uneven fracture surfaces at the drill cutting samples. The
CL colors of the Upper Jurassic carbonate rocks were red, non-luminescent, red with non-luminescent

concentric zonation, orange, yellow with non-luminescent sector zonation, and dull yellow.
4.9 Stable isotopes

For the stable isotope measurements, the Upper Jurassic carbonate samples were finely ground and
examined in line with Hoefs (1997) in the mass spectrometer of the University of Kiel. Approximately
10 mg of a sample was dissolved in pure phosphoric acid. The calcite samples were completely
dissolved after 4 min, the dolomite samples after 18 min. Subsequently, the resulting CO, was measured
at temperatures between 850 - 1000°C under vacuum. The '2C/"3C ratios were specified in 8 notation
with reference to the international standard PDB, the measurement error of the double determination
was * 0.5 %o. The oxygen isotopes were given in accordance with the SMOW (water) or PDB (minerals)

standard.
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5 Results

In the following chapter, the three key questions of this study are addressed in three independent papers.
The key questions for the low productivity in the Upper Jurassic reservoir to the south of the Molasse
Basin are (I) a change in facies and depositional environment and/or (II) a different diagenesis and (III)
different dolomitization. The independent papers are composed of an introduction, methodology, results,
discussion, and conclusion. In the main synoptic discussion (chapter 6), all three key questions are
further described, interpreted and examined critically in an overall context. Following, there is a brief

description of the content of each paper.

In the first paper (chapter 5.1), the decrease in well productivity of the Upper Jurassic carbonate rocks
is discussed by the possibly occurrence of the Helvetian facies in the southern part of the Molasse Basin.
Furthermore, the lower degree in karstification of the Upper Jurassic rocks is investigated. Therefore,
the carbonate rocks of the investigated wells are described and analyzed by lithology and microfacies.
The aim of the paper is the description of a change in facies and depositional environment to the south

which could coincides with a decline in permeability.

In the second paper (chapter 5.2), the paleo-fluid evolution is reconstructed by fluid inclusion studies
and by stable isotope data. By this reconstruction, the diagenetic processes of the carbonate rocks are
described, and a basin-wide characterization of the different cement phases is made. The focus was on
the high- and low-permeability areas, which were analyzed by means of examined cements. The
examined cements are formed after deposition and are used to reconstruct the reservoir evolution by
composition and temperature of the paleo-fluids. The cements were sampled at different hydrocarbon
and geothermal wells in the North Alpine Foreland Basin, as well as from outcrops in the Franconian
and Swabian Alb. The aim was to describe changes in fluid evolution during diagenesis, which might

have caused a decline in pore space and well productivity.

In the third paper (chapter 5.3), the focus is on dolomitization of the Upper Jurassic carbonate rocks,
which are distributed at high productive well in the Molasse Basin. Up to now, the dolomitization is not
completely understood, as well as the relevance of dolostones for fluid flow in geothermal wells.
Previous studies of dolomitization focused on the shallow reservoir (< 1 km) and on outcrops of the
Upper Jurassic carbonate rocks in the Swabian and Franconian Alb. In this study, three types of the
Upper Jurassic dolomite and calcite cements were analyzed which have formed during diagenesis at
depths greater than 3 km, at the Munich area, and at the outcrop areas. Hence, this study extended the
investigations of the diagenetic processes to greater depths and higher temperatures. It was assumed that
the diagenetic process of dolomitization happened in a different grade due to a higher temperature and
pressure in the southern part of the Molasse Basin. The aim was to understand the dolomitization and
formation of cement in the southern part of the Molasse Basin, which might have caused the decline in

well productivity.
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5.1 Microfacies Analysis in Upper Jurassic Carbonates with
Implications for Reservoir Quality in the Molasse Basin

5.1.1 Introduction

The North Alpine Foreland Basin, referred to as the Molasse Basin, hosts a geothermal reservoir in
Upper Jurassic carbonate rocks, which has already been explored and developed as a low-enthalpy
hydrothermal resource (Agemar et al., 2014b). This Upper Jurassic carbonate aquifer is a reservoir for
thermal water, stored in fractures and pore spaces (Birner, 2013). In the Munich area in southern
Germany, the Upper Jurassic reservoir is encountered by more than 40 geothermal wells at depths of
2,500 m to 3,500 m with fluid temperatures of up to 150 °C. The Upper Jurassic carbonate rocks were
deposited (in today’s areas of Europe) within an epicontinental sea of the northern Tethys, which
consists of the carbonate platform (Franconian platform) and the Helvetian shelf as a fringing shelf to
the south (Ziegler, 1990; Meyer and Schmidt-Kaler, 1989). The Upper Jurassic strata crop out at the
Franconian and Swabian Alb, dip to the south and are covered by Molasse sediments of Cenozoic age
(Lemcke, 1988). With increasing depth of the Upper Jurassic reservoir southward, the fluid and rock
temperatures increase. However, permeability of the carbonate rocks decline toward the Alps. Hence,
for successful geothermal projects in the southern deep Molasse Basin, pore space development needs
to be analyzed and characterized. The pore space of carbonate rocks is influenced by primary porosity
(depositional environment) and diagenesis. This paper aims to analyze and characterize the depositional
environment of the Upper Jurassic carbonate rocks by microfacies evaluation of rock sample from drill

cores and cuttings to understand the permeability distribution in the southern part of the foreland basin.

Up to now, the permeability decline has been assumed to be caused by the following: The planktonic
micritic Helvetian facies, described within hydrocarbon boreholes in the southern Molasse Basin, is the
cause of the low reservoir permeability in the southern Molasse Basin (Schneider, 1962), due to the
dense carbonates prior to diagenesis. The lower degree of karstification in hydrocarbon and
balneological wells within the southwestern part of the basin may be another cause of this permeability
decline (Koschel, 1991). The southern part is less affected by karstification, as surface erosion was only
possible in a short period during the early Cretaceous (Strasser, 1988; Villinger, 1988). Hitherto, the
transitions or locations of the facies types, the depositional environments, and diagenesis have still not
been sufficiently described for the North Alpine Foreland Basin. The knowledge about the Upper
Jurassic strata is mainly based on outcrops at the Franconian and Swabian Alb in Germany and the
Helvetian and Argovian facies in northeastern Switzerland and western Austria (Lemcke, 1988). The
Upper Jurassic rocks have been investigated since 1856, mainly at surface outcrops, and intensive during
the hydrocarbon exploration in the 1950s-1980s within the Molasse Basin. With the geothermal
exploration since 2000, the interest in this Upper Jurassic carbonate reservoir has been rejuvenated and
requires further investigation of permeability and the commodity of producible thermal water. Borehole
data show not only a basin-wide permeability decline to the south but also a darker carbonate rock color.

Therefore, it is necessary to investigate the distribution of the facies types, especially the Helvetian
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facies, to understand the causes of the low permeability of the Upper Jurassic in the southern deeper
Molasse Basin. The facies type and thereby the depositional environment control the primary porosity,
just like a higher primary porosity exists at reef structures compared to the micritic bedded facies with
small bioclasts and low primary porosity. In this study, we used rock samples from seven deep
boreholes, which were drilled for thermal, hydrocarbon and drinking water applications in the Upper
Jurassic, from the west in Switzerland to the east in South Germany in the area around Lake Chiemsee.
We studied the samples in detail for lithology, facies type and depositional environment. To understand
the distribution of the facies types and the depositional environment on the Franconian platform and the
transition to the Helvetian shelf, we first explain the common knowledge and interpretation, followed

by the newly conducted borehole analysis of the facies types.
5.1.2 The Upper Jurassic geology of the Molasse Basin

Besides southern Germany, the Upper Jurassic in Europe is distributed in England, France, Switzerland,
northern Germany, Poland, Greece, Italy, Croatia and Austria (Pienkowski et al., 2008). At least three
different marine facies realms in the Upper Jurassic have been described for those regions: the
sub-Mediterranean, the Mediterranean (tethyal), and the subboreal provinces (Schlegelmilch, 2012). In
southern Germany, the predominant faunistic province is the sub-Mediterranean of the Tethys with a

minor influence of the northern and southern faunistic provinces (Schlegelmilch, 2012).

The northern passive continental margin of the Tethys is composed from north to south of the Rhenish-
Bohemian Massif (continent, divided by the Hessian Seaway), which merges into the Franconian
platform (synonym Swiss plateau), Helvetian shelf, slope (Ultrahelvetikum), Penninic trough and the
Tethys basin (Mohr and Funk, 1995; Ziegler, 1990; Wildi et al., 1989) (Fig. 7). In Southern Germany,
the dominant depositional environment is the Franconian platform and the Helvetian shelf. A shallow
marginal epicontinental sea with a shallow marine ecosystem and a water depth of 50-150 m developed
on the Franconian platform (Gygi, 1992; Selg and Wagenplast, 1990), which merged into the deeper
Helvetian shelf. In Switzerland, Aldinger (1968) divided the platform and the shelf further from north
to south with the neritic Rauracien facies, the Argovian facies and the bathyal Helvetian facies (Gygi,
2012) (Fig. 7). For the Jurassic and Cretaceous sediments located in the Alps and Apennines, many
research studies have described the transition of the carbonate platform to the continental margin
radiolarites (Bernoulli and Jenkyns, 2009); and references therein). However, the description and
interpretation are limited to the Alpine nappes and is not attributed to the Helvetian shelf or Franconian
platform in the north (Bernoulli and Jenkyns, 2009). Up to now, five facies realms of the Upper Jurassic
have been classified within the North Alpine Foreland Basin: the Franconian facies, Swabian facies,
Argovian facies (Geyer and Gwinner, 1991; Aldinger, 1968; Oppel, 1858), Rauracien facies (Gygi,
2012; Gressly, 1864), and Helvetian facies (Gygi, 2013; Meyer and Schmidt-Kaler, 1989).
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Fig. 7:  The paleogeography of the northern Tethys margin in southern Germany, eastern Switzerland,
and western Austria after Ziegler (1990); STG= St. Gallen 1, MST= Mauerstetten, GEN=
Geretsried, UHA= Unterhaching; A 1, B 1, C 1 hydrocarbon boreholes.

The Franconian and Swabian facies were deposited on the Franconian platform, the Rauracien and

Argovian facies on the Swiss part of the Franconian platform (so-called Swiss plateau), and the

Helvetian facies on the shelf (Fig. 7). The Helvetian facies (Quinten-Fm.) is usually described at

allochthonous outcrops in the Vorarlberg, western Austria, and at the Walensee region, eastern

Switzerland. Up to now, there has not been a standard classification of the Helvetian facies and the

Quinten-Fm. at a type region (CH, 2017), and the classifications by Felber and Wyssling (1979), Colins

et al. (1989), and Lupu (1972) were used in this study. Due to the Alpine tectonics and the building of

nappes, there have been palinspastic restorations of the Helvetic realm, which was originally deposited
around 20 km further south (Wildi et al., 1989; Wyssling, 1985). The Helvetian facies, in addition, is

defined to be autochthonous to the area around Lake Constance (Aldinger, 1968; Schneider, 1958).

The Upper Jurassic carbonates are classified in southern Germany as the Weiljjura-group (Fig. 8), with
a lithostratigraphy based on the index regions in the Franconian and Swabian Alb (Niebuhr and Piirner,
2014). Previously used terms and traditional subdivisions for the Upper Jurassic in southern Germany
are the ‘Malm’ by Oppel (1858) and ‘Weisser Jura’ by Quenstedt (1858). Some researchers in
Switzerland and southwestern Germany have used the sequence stratigraphy connected by ammonite
biostratigraphy to classify the Argovian, Rauracien, Swabian, and Franconian facies of the Upper
Jurassic (Pienkowski et al., 2008; Ruf et al., 2005; Gygi, 1992; von Freyberg, 1966).

The Upper Jurassic deposits are further subdivided into a bedded and a massive reef facies in Germany
(Fig. 8) (Meyer and Schmidt-Kaler, 1989). The reef facies is composed of reefs, patch reefs, and mud
mound-building organisms such as dominant siliceous sponges, corals, bryozoans, tubiphytes, algae and
stromatolites, as well as ooids and oncoids (Koch et al., 1994; Meyer, 1994). The bedded facies
encompass limestone with alternating layers of marlstone. Both facies types can also be dolomitized,

silicified, and karstified.
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Fig. 8: Lithostratigraphic classification of the Upper Rhine valley (Rauracien facies), Swabian Alb
(Swabian facies) and Franconian Alb (Franconian facies) type regions in Germany (Menning
and Hendrich, 2016). The Greek letters stand for the formerly used classification of the Upper
Jurassic (so-called Malm) according to (Oppel, 1858). Biozones after Schweigert (2015); Gygi
(2013); Hardenbol et al. (1998).

The sedimentation of the Upper Jurassic carbonates on the Franconian platform began with the

deposition of a glauconitic sandstone horizon in all five facies types (Schneider, 1962). The boundary

of the Middle to Upper Jurassic is a condensed layer or a hiatus over a large part of the European
landmass (Hardenbol et al., 1998), and a possible indication of eustatic control (Allenbach, 2001). With
the beginning of the Upper Jurassic, the Tethys started to transgress eastward to the Regensburger

Seaway and the Bohemian Massif in the north (Niebuhr and Piirner, 2014; von Freyberg, 1966).

Limestones and marlstones were deposited in the Oxfordian. During the Kimmeridgian, the marly layers

diminished and pure limestones with reef organisms were accumulated. In the Tithonian, the

depositional environment became more diverse with restricted lagoons between reef structures due to
basin-wide regression within the epicontinental sea (Hardenbol et al., 1998; Meyer and Schmidt-Kaler,

1989; Lemcke, 1988). The sedimentation of the Upper Jurassic ended with a maximum regression

surface and the so-called Purbeck facies (Meyer, 1994; Lemcke, 1988; Strasser, 1988), brackish

limestones with a terrigenous input. During the Cretaceous, there were phases of transgression and
regression on the Franconian platform with the Tethys coming from the northern to the southern Alpine
region and through the Regensburger Seaway from the east (Lemcke, 1988). During those sea level
changes, the Upper Jurassic carbonate rocks were affected by surface erosion, and the carbonates
became karstified. During the Late Cretaceous, the Tethys transgressed northward again, and the surface
influence diminished. Consequently, the Cretaceous sediments are preliminarily found in the vicinity of
the Alpine border (Lemcke, 1988). The deposited and eroded Cretaceous sediments are further covered

by upper Eocene to upper Miocene and Quaternary deposits within the Molasse Basin (Lemcke, 1988).
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Transitions and distribution of the facies types

The Franconian facies extends from the Bohemian Massif in the east to the area around 30 km east of
the Ries crater (meteoric crater), where it intersects the Swabian facies (Niebuhr and Piirner, 2014; von
Freyberg, 1966; Schmidt-Kaler, 1962). The Franconian Alb can be further subdivided by reef barriers
into the northern, middle and southern Franconian Alb (Niebuhr and Piirner, 2014; Liedmann, 1992).
The Franconian and Swabian facies dip to the south and are covered by Molasse sediments of the
Cenozoic in the North Alpine Foreland Basin (Lemcke, 1988; von Freyberg, 1966). The Swabian facies
extends from northeast Switzerland to the Swabian Alb and the westernmost Franconian Alb (Niebuhr
and Piirner, 2014). In addition, the reef facies of the Swabian facies is separated from the reef facies of
the Franconian facies by a basinal structure, the Swabian Marl Basin (Meyer and Schmidt-Kaler, 1989)
(Fig. 9).

The marl content decreases from the Swabian to the Franconian facies and is still decreasing within the
Franconian facies eastward (von Freyberg, 1966; Schmidt-Kaler, 1962) due to a shallower depositional
environment (Liedmann, 1992). In the Swabian facies, reef-building started in the early Oxfordian, but
massive sponge reef structures developed in all of southern Germany during the late Oxfordian
(Schlegelmilch, 2012; Aldinger, 1968). At the beginning of the Kimmeridgian, reef-building briefly
decreased and then increased to the main algae-sponge reef-building phase (Schlegelmilch, 2012; Koch
et al., 1994; Aldinger, 1968). Additionally, the total carbonate thickness increases westward from the
southern Franconian Alb to the Swabian Alb (von Freyberg, 1966) but can fluctuate due to
synsedimentary uplifts and downlifts (Wildi et al., 1989; Schmidt-Kaler, 1962). The early to middle
Kimmeridgian boundary (previously Malm gamma/delta boundary) is indicated in the Swabian and the
Franconian facies by a strong faunistic change and a discordance, as light-colored limestones are on top

of darker marly layers (Schmidt-Kaler, 1962).

According to Menning and Hendrich (2016), the transition of the Swabian and Franconian facies to the
Helvetian facies in the submolasse is along a line Sipplingen-Memmingen-Fiissen (Fig.9). At
Memmingen, the Swabian facies intersects the Franconian facies in the Molasse Basin (Menning and
Hendrich, 2016). The Quinten-Fm. (Helvetian facies) should intercalate in the northwest with the
Wohlgeschichtete-Kalke-Fm. of the Swabian facies (late Oxfordian, Swabian facies) and in the
northeast with the Frankenalb-Fm. of the Franconian facies (Menning and Hendrich, 2016). In earlier
research, a rock color criterion was used to distinguish the Helvetian facies from the Franconian and
Swabian facies, as it was assumed that the dark gray to black carbonates belong to the Quinten-Fm.
(Lemcke, 1988). In contrast, light gray to whitish rock colors should exist only in the Franconian and
Swabian facies (Lemcke, 1988). Hence, the facies transition of the Franconian and Swabian facies to
the Helvetian facies was described by previous researchers along the line Wangen-Legau-Kaufbeuren-
Ammersee (Fig. 9) (Lemcke, 1988; Aldinger, 1968; Biichi et al., 1965). In the area of Lake Constance,
the Helvetian and Swabian facies should intercalate according to Gygi (2012) and Aldinger (1968) with
the Argovian facies in the west. In contrast, Biichi et al. (1965) described the westward extent of the

Argovian facies around Zurich. The transition zone between the Swabian and Helvetian facies according
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to Schneider (1958) should be indicated by the absence of the Ataxioceraten-Perisphincten fauna (lower
Kimmeridgian, indicative of the Lacunosamergel-Fm.) in the southern part of the North Alpine Foreland
Basin. The Helvetian facies, the transition between the epicontinental and geosynclinal (Alpine)
Jurassic, is characterized by the lack of bigger marlstone layers and sponge complexes according to
Liedmann (1992). To the northwest-west along the Rhenish Lineament, the Argovian facies (Pichoux-
Fm.) of the Swiss Jurassic intersects the Rauracien facies (Gygi, 2012; Allenbach, 2001) or shows a
transition east of the Rhine river and west of the Black forest according to Heim (1919). Based on the
fauna distribution, a submarine barrier must have existed between the Alpine depositional area and the
Franconian platform (von Freyberg, 1966). The submarine barrier could have been either the Helvetian

shelf and Penninic trough or an elevated area like the Vindelician High.

All those theories and interpretations show a lack of a clear and sufficiently described characterization
of the facies transition in the North Alpine Foreland Basin. To understand the primary porosity of the
Upper Jurassic carbonate rocks, the controlling distribution of depositional environments and facies

must be investigated.
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Fig. 9:  Distribution of the depositional environments and coefficient of hydraulic conductivity for the
Upper Jurassic after Menning and Hendrich (2016); Birner (2013); Meyer and Schmidt-Kaler
(1989); Lemcke (1988); Schneider (1962) during the middle Kimmeridgian (previous Delta 1-
2) (STG= St. Gallen 1, MST= Mauerstetten, GEN= Geretsried, UHA= Unterhaching, A 1,B 1,
C 1 hydrocarbon boreholes).
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Today, microfacies is used to classify the Upper Jurassic strata and depositional environment within
boreholes (Beichel et al., 2014; Bohm et al., 2010; Koch et al., 2010; Koch, 1991; Pomoni-Papaioannou
et al., 1989). The microfacies encompass different characteristics, which can be described in drill cores,
cuttings or hand specimens and thin sections, so they are consequently applicable to every sample size
(Fliigel, 1982). The use of the biostratigraphy requires ammonites and macrofossils, which are generally
not included and visible in rock samples from deep boreholes. Therefore, the use of microorganisms
(microfacies) is a new classification approach in geothermal exploration (Steiger et al., 2015; Fliigel,

2010) to determine lithology and depositional environment and is applied in this study.
5.1.3 Geological setting and study area

The study area is situated in the southern part of the Molasse Basin and represents the deeper down-
lifted Upper Jurassic reservoir (> 3,500 m). Up to now, the seven investigated boreholes (Fig. 9), except
Unterhaching, have not been used for geothermal energy production. There was a hydrocarbon drilling
campaign during the 1950s-1980s in the Molasse Basin, so old hydrocarbon boreholes in addition to
newly drilled geothermal boreholes have been used in the last decade. The easternmost borehole used
in this research was Unterhaching, the westernmost was St. Gallen 1. The deep geothermal borehole
Geretsried GEN-1 is located south of Munich, and the borehole Unterhaching is southeast of Munich
(Fig. 9). The Upper Jurassic reservoir is intersected at depths of around 4.3 km at Geretsried and at
Unterhaching at a depth of around 3 km. The geothermal borehole Mauerstetten 1 reached the top
reservoir at around 3.4 km depth. The three hydrocarbon boreholes C 1 (top reservoir: 3,2 km), B 1 (top
reservoir: 3.6 km) and A 1 (top reservoir: 2.6 km) were drilled during the 1950s to 1960s. The last and
sixth borehole is the geothermal borehole St. Gallen 1 in Switzerland, south of Lake Constance, which
reached the Upper Jurassic reservoir top at a depth of 3.8 km. The investigated outcrop area for the
Helvetian facies is located in the Vorarlberg (Austria), at the Kanisfluh, which is an anticline overtilted
to the north that belongs to the Séntis nappe (Rolz, 1966). Boreholes A 1, B 1, and C 1 (Fig. 9) should
intersect the Quinten-Fm. (Helvetian facies) according to Lemcke (1988) and Schneider (1962), because
the carbonate rocks possess only a related faunistic and lithologic content compared to the Swabian
facies. In addition, the bitumen content is higher and marl and sponge layers are missing within those
boreholes in the late Upper Jurassic. Schneider (1962) described the similarity of the Helvetian facies
within boreholes of the southwestern Molasse Basin with the Quintner limestone (Quinten-Fm.) at the
Kanisfluh (Vorarlberg, Austria). Other researchers have described a development similar to the Swabian
facies in deep boreholes of the Molasse Basin for the lower Upper Jurassic (Biichi et al., 1965). Hence,
researchers have previously assumed but not described a transition zone from the Helvetian facies to the
Swabian and Franconian facies in the southern part of the North Alpine Foreland Basin during the
Oxfordian and Kimmeridgian (Schneider, 1962). Prior research investigated the drill cores of deep
boreholes in the context of hydrocarbon exploration and used the macrofauna to classify the lithology.
Recent deep boreholes were classified by rock color and by microfacies, as only cuttings were available.
In earlier research, it was further assumed that the Helvetian facies was intersected at the geothermal

boreholes Geretsried and Mauerstetten due to the black rock color.
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5.1.4 Methodology

Rock samples such as drill cores, cuttings, and thin sections, as well as the unpublished drilling reports,
were available from the three hydrocarbon boreholes A 1, B 1 and C 1 (Anonymous, 1960, 1958, 1957).
An unpublished drilling report, thin sections and cuttings were available from the boreholes
Mauerstetten 1 and Geretsried 1. The cuttings were used to make additional thin sections. Thin sections
from the cuttings and a report from the borehole Unterhaching (Beichel et al., 2014) were available for
this study. At St. Gallen, thin sections from three side cores (double-polished) and the unpublished
microfacies report GeotecConsult (2014) were accessible. We made ten thin sections from seven hand
specimens from the Kanisfluh anticline in Vorarlberg, where the outcrops of the Helvetian facies are
located. Carbonate rocks of the hydrocarbon drill cores were classified in the drilling reports using the
lithostratigraphy by Quenstedt (1858), even when bedding or stratification was not visible (Anonymous,
1960). The microfacies content as well as the porosity of those carbonate rocks were not analyzed.
Therefore, the description of the lithological profile at the hydrocarbon drill sites was examined very

carefully.

Petrographic studies were conducted with cuttings and drill cores samples using reflected light
microscopy, and on thin sections by transmitted light microscopy. Thin sections were made of either
cuttings, hand specimens or drill core material from all seven boreholes and the outcrop, and they were
further dyed with Alizarin Red S as well as blue resin to show open pore spaces. Rock samples of
cuttings and 34 drill cores (around 85 m) from seven deep boreholes, drilled for hydrocarbons or
geothermal application, were analyzed petrographically. The petrography of over 650 thin sections was
determined describing the composition, rock color, microfacies content, depositional environment,
primary porosity, compaction (stylolite), and they were classified according to Dunham (1962) and Folk
(1962, 1959). If dolomite crystals were present as single crystals, they were described as matrix dolomite
or replacement dolomite according to Machel (2004). If they were developed massive, they were
described as dolostones. In some cases, cuttings were the only rock samples of the reservoir. The
advantage of using cuttings is that they are always produced during drilling with sizes around 1 mm.
Drill cores are necessary for investigating sedimentary structures, as cuttings are only small sections of
those structures. Cuttings are sometimes strongly affected by the drilling process, and characteristic
layers of clay- to siltstone are not preserved due to possible dissolution in contact with the drilling fluid.
The microfacies of cuttings and thin sections were used in this study to analyze the facies and
depositional environment. In addition, biostratigraphy based on ammonites as index fossils or
macrofauna was not applicable to cuttings, because the rock samples were too small to classify a

complete organism. In this study, all visible fossils within the micro- or macrofacies were described.
5.1.5 Lithology of the Upper Jurassic boreholes

The southernmost evaluated boreholes are boreholes A 1 and B 1 in Germany and borehole St. Gallen 1
in Switzerland. The boreholes Mauerstetten 1, C 1, and Geretsried 1 are further to the north along a

west-east striking line, and Unterhaching is the north easternmost borehole. All seven boreholes
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(Fig. 13) and the Helvetian facies outcrop (Kanisfluh) have a dark gray to black rock color in common.
The deepest top reservoir is intersected in the Geretsried 1 borehole, the shallowest top reservoir at A 1,
which is one of the southernmost boreholes today. All the boreholes are described from the oldest to the

youngest, from the borehole bottom to the top in vertical depth (TVD).
5.1.5.1 Stratigraphy of the Upper Jurassic boreholes

We used stratigraphy based on biostratigraphy with ammonites as index fossils. However, ammonites
were not found in the cuttings but only in one drill core at A 1. There, the ammonite Taramelliceras
argoviens was described (Anonymous, 1957), which is a characteristic ammonite for the Cordatum
biozone (Jeannet, 1951) (Fig. 13). In addition, the crustacean coprolite Favreina salevensis according
to Bronnimann (1976), the planktonic crinoid Saccocoma sp. according to Keupp and Matyszkiewicz
(1997), and filaments (Fliigel, 2010) were visible within the analyzed boreholes (Fig. 13, Tab. 4).
Filaments are thin, curved and around 5 mm long calcitic microstructures, possibly pelagic bivalve
shells of Bositra sp. (Fliigel, 2010).

Tab. 4: Index fossils of the microfacies, classified for the Upper Jurassic in southern Germany, and

distribution in the analyzed boreholes (UHA: Unterhaching, GEN: Geretsried, MST:
Mauerstetten, C1,B 1, A 1).

Organisms Index fossil Environment | Borehole | Description
Favreina Purbeck facies, upper | Restricted B1,C1 Brénnimann (1976)
salevensis Tithonian lagoons
Calpionellids Quinten-Fm., Tithonian Pelagic Quinten- (Mohr, 1992)
Fm.
Campbelliella Tithonian-Berriasian Shallow water | UHA (Flugel, 2010)
striata
(previously
Bankia striata)
Clypeina Tithonian Inner platform - (Flagel, 2010, 1978)
Jurassica
Saccocoma sp. | Kimmeridgian - Tithonian | Pelagic GEN, B 1, | (Flugel, 2010; Keupp
C1, A1, |and Matyszkiewicz,
MST 1997)
Filaments Toarcian - Oxfordian Subtidal to | UHA, (Flugel, 1978)
(Bositra sp.) bathyal GEN, A1,
MST

The planktonic crinoid Saccocoma sp., present in the analyzed boreholes, is possibly not restricted to
the Kimmeridgian (Fig. 13). The coprolite Favreina salevensis is visible in the latest Upper Jurassic
carbonates of C 1, and B 1, indicating a shallow marine influence (Fig. 13, Tab. 1). According to Fliigel
(2010), the biozonation of the Jurassic to Cretaceous tethyal shallow marine carbonates can be based on
microfossils, such as abundant dasyclad associations, like Salpingoporella sp., Campbelliella striata,
and Clypeina jurassica (Fliigel, 2010) (Tab. 1). Hence, an extended biostratigraphy of microfossils to
macrofossils of ammonites was available, which was applied in this study. Furthermore, all boreholes

in the Upper Jurassic are covered by a glauconitic calcareous sandstone. If the investigated boreholes
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intersected the Middle to Upper Jurassic boundary, an iron oolitic glauconitic sandstone layer was

visible. Facies, depositional environment and porosity
Borehole A 1

At borehole A 1, the Upper Jurassic was developed over a thickness of 442 m (18 drill cores) with an
alternating sequence of dark gray bioclastic wackestones with calcitic sandstones or extraclast-rich
wackestones as intermediated layers (Fig. 10 C, D, F). There, the complete Upper Jurassic deposits are
intersected, and the final depth is situated in the Middle Jurassic. The fractures within the Upper Jurassic
limestone are filled by black coatings and calcite crystals, and stylolites are visible. Furthermore, the
borehole intersects a fault zone within the lower third of the Upper Jurassic. The microfacies of the
wackestones shows no calpionellids, but it contains bioclasts of echinoderms, ostracods, foraminifera,
siliceous sponges and shell fragments with sizes up to 2 mm (Fig. 10 A, E). The former siliceous sponges

are recrystallized to calcite.

At A1, the Upper Jurassic sedimentation begins above a glauconitic horizon with a mudstone to
bioclastic wackestone. The bioclastic wackestone shows planktonic organisms and fossil-rich layers.
Toward the top, the wackestone becomes a peloidal to oncoidal floatstone with bigger bioclasts of
serpulids and echinoids. The first dolomite thombs are visible simultaneously as matrix or replacive
dolomite. At the fault zone, the depositional environment becomes more proximal with an increase in
organism content and size, as there are lithoclasts within the fault breccia. The fault breccia below the
fault zone contains three different clasts of limestones. Firstly, a mudstone with dolomite and filaments,
secondly, a fine-grained dolostone, and thirdly a peloidal grainstone to floatstone with dolomitized
areas. Toward the top, dolomite crystals occur only in the middle of the upper wackestone along a
stylolite and within limestone lithoclasts of the sandstone layer (Fig. 13). The wackestone below the
fault zone contains dolomite rhombs within the matrix in addition to nodules and bioclasts. In the
hanging wall of the fault zone, a mudstone is intersected, followed by a bioturbated wackestone.
Subsequently, the approximately two-meter-thick sandstone layer was deposited on top of the
bioturbated wackestone. The sandstone contains glauconite, mica, feldspars, and lithoclasts of quartz

and limestone (Fig. 10 C).



5. Results 37

Fig. 10: Thin section photos of drill cores at A1 (A to F decreasing depth) in transmitted light. A:
nodular wackestone with bioclasts; B: nodular, bioturbated wackestone to mudstone; C:
quarzitic sandstone in polarized light; D: gradation within the sandstone by bioclasts and
peloids (p); E: wackestone with bigger bioclasts like echinoderms (e); F: sandstone with quartz
clasts (g) and limestone lithoclasts (I).

The sandstone is graded by bigger and smaller clasts of quartz and bioclasts (shell fragments), as well
as within the fine-grained sections by a change in bitumen content. In addition, the sandstone contains
peloids within the graded material (Fig. 10 D). Some of the limestone lithoclasts contain matrix
dolomite. Afterward, a bioturbated wackestone (Fig. 10 A, B) to bioclastic floatstone is intersected with
abundant organisms, such as foraminifera, bivalves, echinoids, serpulids, and possibly algae (Fig. 10 E).
The top of the Upper Jurassic is developed as a breccia to a calcareous sandstone with lithoclasts of
limestone (Fig. 10 F), and clasts of quartz, glauconite, and mica, as well as a low content of iron oxides

and hydroxides. The carbonate lithoclasts are likely to be clasts of reworked Upper Jurassic limestone.

The depositional environment at A 1, near Lake Constance, shows a distal to a later more proximal
reefal input with clastic intermediate layers. The lower Upper Jurassic depositional environment is
dominated by planktonic organisms, which merge into a more proximal development with bigger
bioclasts during the late Upper Jurassic. The Upper Jurassic at the borehole cannot be classified by the
lithostratigraphy of the Swabian or Franconian facies, as marker horizons are not visible, except for one

characteristic ammonite.
Borehole B 1

At borehole B 1, the complete Upper Jurassic was developed with bioclastic-rich limestones over a
thickness of 578 m (9 drill cores). The Middle to Upper Jurassic boundary was developed with a
glauconitic sandstone containing coated lithoclasts and grains (Fig. 11 A). All the Upper Jurassic
limestones contain vertical stylolites (nearly parallel to bedding), which are highly abundant in one

wackestone layer and show a gray to dark gray rock color. In addition, the lower early wackestone
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contains abundant planktonic organisms, and the later wackestone contains an intermediate layer of

bioturbation and visible dolomite crystals within the matrix.

The glauconitic sandstone is covered by a bioclastic wackestone with planktonic organisms (Fig. 11 B).
The planktonic organisms are crinoids, radiolarians, calcispheres, and pyritized fossils like bivalve and
echinoderm fragments. In the hanging wall, the bioclastic wackestone becomes a bioclastic rudstone
with abundant tubiphytes (Fig. 11 C), transported reef-building organisms, which show a chaotic
structure. In the lower part of the rudstone sequence, there are further peloids and bioclasts of
brachiopods (Fig. 11 D), which are replaced by bioclasts of bivalves and serpulids as well as sponge
spiculae at the top. Then, the sedimentation changes and again a bioclastic wackestone was deposited,
dominated in the lower part by stylolites. There is further bioturbation within the wackestone, and

bioclasts with sizes around 1 mm are present (Fig. 11 E).

Above the bioturbated layers, there are bioclasts of crinoids (Saccocoma sp.), serpulids, foraminifera,
and sponge spiculae (Fig. 11 F). Around 50 m above the bioturbated layers, dolomite crystals occur
within the wackestone as matrix dolomite. Toward the top, the bioclastic wackestone becomes a
bioclastic floatstone with echinoderms, foraminifera, algae, serpulids and sponges. The bioclastic
floatstone encompasses the crustacean coprolite Favreina salevensis (Meyer, 1994; Bronnimann, 1976).
The Upper Jurassic deposition ends with a bioclastic-rich breccia, overlain by a Lower Cretaceous

calcareous sandstone.

Fig. 11: Thin section photos of drill cores at B 1 (A to F decreasing depth) in transmitted light. A:
glauconitic sandstone; B: wackestone with planktonic organisms; C: packstone with bioclasts
(tubiphytes (t)); D: peloidal to ooidal packstone merging to a grainstone; E: wackestone with
bigger allochthonous bioclasts; F: bioclastic wackestone with planktonic organisms and
Saccocoma sp.

The depositional environment at B 1 changes twice from a calmer environment of bioclastic

wackestones to a proximal environment with bioclastic rudstones and floatstones containing reworked
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reef-building organisms. The early lower bioclastic wackestone shows a background sedimentation of
planktonic organisms, which is not described for the Franconian and Swabian facies in the Oxfordian.
The Upper Jurassic at B 1 cannot be analyzed by the Franconian or Swabian facies classification, as

stratigraphic layers are absent, and the reef organisms are allochthonous.
Borehole C 1

Borehole C 1 intersects the late Upper Jurassic, which has a thickness of around 70 m (7 drill cores) and
is a gray to light gray, bioclastic-rich limestone. No bioturbation is visible in the Upper Jurassic
carbonate rocks, but reworked layers and an abundance of components and organisms can be seen. One

mudstone layer shows an increased occurrence of stylolites.

The earliest intersected layer is a bioclastic wackestone, overlain by an extraclast-rich intermediate
sandstone layer. A mudstone with very small organisms was deposited in the hanging wall (Fig. 12 A).
Toward the top of the mudstone, the number of extraclasts such as quartz and glauconite grains increases
with interbedded thin layers of reworked bioclasts and components. Furthermore, the extraclast-rich
wackestone contains calcite druses and shows a slight lamination. Then, there is an abrupt change in
deposition, and grainstones intercalate with thin packstone and bioclastic wackestone layers (~ 1 m)
(Fig. 12 B).

Fig. 12: Thin section photos of drill cores at C 1 (A to F decreasing depth) in transmitted light. A:
bioclastic mudstone to wackestone; B: bioclastic wackestone with peloids (p) and foraminifera
(f); C: grainstone with peloids (p), ooids (0) and Favreina salevensis (fr); D: peloidal grainstone
with accumulated Favreina salevensis (fr); E: peloidal to ooidal grainstone with secondary pore
space (calcite crystals); F: peloidal to ooidal grainstone with dolomitized ooids. E and F are
dyed with alizarin S.

In the upper third of the intersected Upper Jurassic, the crustacean coprolite Favreina salevensis is
abundant. The light gray peloidal to ooidal grainstone layers encompass bioclasts of bivalves,

foraminifera, ostracods, and echinoderms (Fig. 12 C). Within the bioclastic wackestones, there is a
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dominance of planktonic organisms, whereas in the peloidal to ooidal grainstones the fauna changes to
proximal. The peloidal to ooidal grainstone appears with a slight gradation, where elongated clasts are
oriented parallel to bedding (Fig. 12 C, D). The grainstone and the latest Upper Jurassic carbonates are
further dolomitized (Fig. 12 F) and show some calcitic pore spaces (vugs) (Fig. 12 E). Finally, the latest
Upper Jurassic is a bioclastic, peloidal floatstone with limestone lithoclasts and quartz crystals. The

Upper Jurassic is overbedded by a Lower Cretaceous calcareous sandstone.

At C 1, the Upper Jurassic is similar to the Swabian and Franconian reef facies in the upper part, as the
typical development of the Purbeck facies and Favreina salevensis fossils is intersected (Bohm et al.,
2010). However, the depositional environment shows recurring intermediate layers and, therefore, a

strongly influenced environment with different input areas.
Mauerstetten 1 and 1a

The borehole Mauerstetten 1 and the sidetrack Mauerstetten 1a show a very similar geology. Because
of this, only the borehole Mauerstetten 1 is described and differences compared to Mauerstetten 1a are
explained. The main borehole intersects the Upper Jurassic carbonates over a thickness of around 530 m
(cuttings at least every 5 m measured depth) with the final depth in the late Middle Jurassic. The
limestones of the Upper Jurassic are gray to dark gray and encompass bioclastic wackestones to
grainstones with reef-building organisms. The main borehole intersects the fractured damage zone of a
fault zone with calcite-filled fractures, whereas the sidetrack is placed within the unaffected hanging

wall of the fault zone. At some fractures, bituminous crusts and dolomite crystals are visible.

At the boundary between the Middle and Upper Jurassic, there is a glauconitic sandstone with coated
lithoclasts, grains, and iron ooids. The overlying early Upper Jurassic carbonates are composed of a
bioclastic wackestone with radiolarians and planktonic organisms (Fig. 13 E), followed by a peloidal to
ooidal grainstone, as well as silicified areas. The wackestone and grainstone contain dolomite rhombs
within the matrix and dolostones as intermediate layers. The peloidal to ooidal grainstone is covered by
a bioclastic wackestone, containing the crinoid Saccocoma sp., filaments, tubiphytes, sponge spiculae,
and black crusts. Above, a peloidal, ooidal, bioclastic grainstone with a bioclastic packstone as an
intermediate layer is developed. Toward the top of the peloidal to ooidal grainstone, dolomite is visible
again and stylolites are abundant. The bioclastic grainstone encompasses mollusks, foraminifera,
tubiphytes, algae mats, echinoderms, and bryozoa. With the beginning of the grainstone, oncoids
develop until the dolomite crystals are visible. At the top, the peloidal to ooidal grainstone is again
developed in parts like a packstone and merges into a bioclastic wackestone with dolomite crystals as
matrix dolomite and sponge spiculae. Toward the hanging wall, there is again a development of a
peloidal, ooidal, bioclastic grainstone with microbial and algae mats. The latest Upper Jurassic is
represented by a breccia containing reworked lithoclasts and dolomite crystals, which is overlain by a

calcareous sandstone of the Lower Cretaceous.

In the Upper Jurassic at Mauerstetten, the depositional environment developed from pelagic (planktonic

organisms) to neritic with a sequence of smaller mud mounds, tubiphytes and peloidal to ooidal
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grainstone layers. The late Upper Jurassic breccia shows similarities to the above-described Purbeck
facies in a very shallow depositional environment. The sidetrack is located closer to a reef complex than
the main borehole, as more reef-building organisms and bindstones are visible in the late Upper Jurassic.
The classification of the Franconian or Swabian facies is applicable, as small reef-like buildups are
described. Therefore, the upper part of the intersected facies at Mauerstetten might be classified as the

massive facies of the Frankenalb-Fm.
Geretsried GEN-1

The borehole Geretsried GEN-1 intersects the Upper Jurassic carbonates over a vertical thickness of
525 m and is documented by cuttings. The Upper Jurassic limestones are composed of bioclastic
wackestones intercalated with peloidal to ooidal grainstones to packstones. The carbonate rocks in the
lower and upper part of the borehole are dolomitized, and bitumen and pyrite are present within former
pore spaces. The boundary to the Middle Jurassic is not intersected at the borehole, which is situated in

the vicinity of fault zones. Stylolites are cumulated within all wackestone layers.

The deepest layer of the borehole intersects a dolomitized mudstone to bioclastic wackestone with
planktonic organisms, as well as sponge spiculae, tubiphytes, and peloids (Fig. 13 F). Toward the top,
the dolomitized bioclastic wackestone becomes a dolostone, with no indications of the former texture.
The dolostone is overlain by a mudstone to bioclastic wackestone, showing matrix dolomite again, as
well as foraminifera and sponge spiculae. The following bioclastic packstone contains ostracods, bivalve
fragments, and areas with sparite, coarse-grained calcite crystals. In the hanging wall of the bioclastic
packstone, a nodular mudstone to wackestone is intersected, and the nodular structures are darker than
the limestone matrix. The overlying bioclastic, ooidal grainstone contains matrix dolomite and miliolid
foraminifera. Additional zoned dolostone cuttings are visible, which must originate from this area, as a
dolostone is not intersected above. The grainstone is again overlain by a bioclastic wackestone to
floatstone with serpulids and shows a cumulation of stylolites. Toward the top, the bioclastic wackestone
becomes a peloidal packstone, which is composed of black pebbles and reworked lithoclasts. The latest

Upper Jurassic is covered by a Lower Cretaceous calcareous sandstone.

The depositional environment at Geretsried shows a calm planktonic background sedimentation with
reworked intermediate layers of bioclasts, which originated from reef complexes in the vicinity, possibly
in the north. The depositional environment gets closer to a reef and reef debris sedimentation as the
bioclasts become bigger during the Upper Jurassic. The lower part of the Upper Jurassic at Geretsried
is developed similar to Mauerstetten with planktonic organisms (Fig. 13 E, F) but shows no calpionellids
within the dark micritic limestone. The typical classification of the Franconian facies is not applicable
due to the absence of marker horizons. Due to reworked reef organisms, such as tubiphytes and peloidal
to ooidal grainstones, it is possible that the Franconian facies was developed in the vicinity of Geretsried

during the Upper Jurassic.
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Unterhaching 1 and 2

At the geothermal wells Unterhaching 1 and Unterhaching 2, the Upper Jurassic is intersected over a
minimum vertical thickness of around 400 m, with cuttings as the only rock samples. The second
borehole encounters a fault zone. In the following description, the first borehole is described, and
differences compared to the second borehole are highlighted. The Upper Jurassic encompasses
bioclastic-rich limestones with reef-building organisms. Both boreholes show coarse-grained dolostones
in between packstone to grainstone layers. The boundary to the Middle Jurassic is not intersected within

either borehole.

At Unterhaching, the lowest intersected Upper Jurassic carbonate is a bioclastic, peloidal, ooidal
packstone to grainstone with sponges. Toward the top, the bioclastic, peloidal, ooidal packstone to
grainstone becomes a dolostone with medium to coarse-grained dolomite crystals. The occurrence of
dolomite is linked to the fault zone in the second borehole. Above the dolostone, a bioclastic, peloidal
packstone, which merges into a bioclastic, peloidal grainstone, is intersected, encompassing
foraminifera, echinoderms, bivalves, tubiphytes, and bryozoa. At the top of the bioclastic, peloidal
grainstone, an intermediate layer with extraclasts is encountered. In the hanging wall of the bioclastic,
peloidal grainstone, a bioclastic wackestone with packstone layers is visible and shows a mudstone layer
on top. The mudstone is developed as a dolostone at the other borehole. The mudstone merges further
into a bioclastic wackestone with foraminifera, and then into a peloidal packstone to grainstone toward
the top. The peloidal grainstone is overlain by a dolostone in both boreholes. Above the dolostone layer,
a bioclastic, peloidal grainstone with intermediate layers of a bindstone and peloidal packstone is
intersected. The bioclastic, peloidal grainstone is composed of foraminifera, sponges, bioclasts, and
echinoderms. The latest Upper Jurassic is built by a bioclastic wackestone, which is dolomitized in the
upper part. The bioclastic wackestone contains foraminifera and calcispheres. The Upper Jurassic

deposits are covered by a Lower Cretaceous calcareous sandstone.

At Unterhaching, the depositional environment is dominated by filaments and the crinoid Saccocoma
sp. in the lower part, and it is distal to reef complexes but gets closer during the Upper Jurassic, as reef
debris followed by reef-building organisms are visible. The lithostratigraphy of the type regions is not

applicable to either borehole due to a lack of marker horizons.
St. Gallen 1

The borehole St. Gallen 1 intersects the Upper Jurassic sediments over a vertical thickness of around
340 m and intersects the Middle Jurassic deposits at the bottom. The Upper Jurassic sedimentation
changes from a planktonic to a reef-dominated environment. In the lower part, dolomite and dedolomite
crystals are found along stylolites. In the upper part, only dedolomite (calcite) and calcite-filled fractures
have been described (GeotecConsult, 2014). The earliest part of the Upper Jurassic is composed of
bioclastic silty sandstones (GeotecConsult, 2014). Toward the late Upper Jurassic, the influence of
planktonic organisms decreases and the limestone becomes light gray instead of dark gray to black with

abundant sponges. The Upper Jurassic contains a siliceous sponge reef facies typical of the Franconian



5. Results 43

facies (GeotecConsult, 2014). The siliceous sponges have built small mud mounds with surrounding

lagoonal layered sediments and biogenic detritus (GeotecConsult, 2014). A classification based on the

index regions of the Upper Jurassic is not possible in this study due to the few samples.

Fig. 13: Thin section photos of cuttings and hand samples in transmitted light. A: Quinten-Fm.:
bioclastic wackestone (c: calpionellids, e: echinoid); B: Quinten-Fm.: bioclastic wackestone
with echinoids, foraminifera, and calpionellids (=c); C: Quinten-Fm.: bioclastic wackestone with
bryozoa (b) and calpionellids (c); D: Quinten-Fm.: bioclastic wackestone with calpionellid (c);
E: Mauerstetten: bioclastic, peloidal (p) wackestone with sponge spiculae (sp), echinoid
fragments and Saccocoma sp. (s) (early Upper Jurassic); F: Geretsried: bioclastic wackestone
cutting of the earlier Upper Jurassic with sponge spiculae (sp).

Kanisfluh — Helvetian facies

The Helvetian facies was sampled within the Quinten-Fm. at the Kanisfluh anticline, near the city of
Mellau in Austria. The sampled Quinten-Fm. (late Upper Jurassic) is a dark gray, dense wackestone
with allochthonous bioclasts and abundant calpionellids (tintinnids) (Fig. 13 A, B, C, D). The bioclasts
are bryozoa, echinoderms, sponge spiculae, shells and foraminifera, and they are not macroscopically
visible in the hand specimens. In some samples, the limestone of the Quinten-Fm. shows a nodular
texture due to bioturbation. The limestone shows additional calcite-filled fractures and druses filled with
calcite and pyrite crystals. The fresh fracture surface shows conchoidal fractures due to brittle fracturing

and smells at a fresh fracture surface like hydrogen sulfide and hydrocarbons.

The facies types from the investigated boreholes (Fig. 14) are summarized in Tab. 5. The bioclastic
wackestone is the main component in all investigated boreholes with dark rocks. At Unterhaching, the

proportion of bioclastic, peloidal, ooidal packstones and grainstones as well as reef debris is increased.
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Tab. 5: Facies types of the analyzed boreholes St. Gallen (STG), A 1, B 1, C 1, Mauerstetten (MST),
Geretsried (GEN), and Unterhaching (UHA) in the southern part of the Molasse Basin.

Type STG A1 B1 Cc1 MST GEN UHA

[%] [%] [%] [%] [%] [%] [%]
Mudstone 5 15 0 47 0 Min. 2 Max. 3
Wackestone Max. 12 | 71 78 Max. 10 | 40 44 10
Packstone 40 10 0 1 Max. 10 | 28 20
Grainstone 35 0 20 32 Max. 40 | 13 Max. 22
Dolomite 5-10 4 2 Max. 10 | 10 13 45
Black rock color 80 100 100 80 60 80 0

5.1.5.2 Matrix porosity versus fracture porosity

A visible porosity is present in a few rock samples (Tab. 6) and can be assumed in the visible calcite-
filled fractures and fissures. The presence of sparite or calcite-filled druses, as described before (Fig. 14),
indicates further previously open pore spaces. All analyzed boreholes, except Unterhaching, show zones
of low inflow within the reservoir. Therefore, a permeability lower than 10 L/s is assumed at those wells.
Tab. 6 shows the analyzed wells in comparison to the currently used and developed geothermal wells
Pullach (Boéhm et al., 2010), Kirchstockach (Wolfgramm et al., 2011), and Taufkirchen (Fisch et al.,
2015b), which are further north, near Munich.

5.1.6 Discussion

The evaluated seven boreholes in the southern Molasse Basin show the same transition from the Middle
Jurassic to the Upper Jurassic, with a glauconitic iron ooid-containing sandstone layer, if it was
intersected. All the evaluated boreholes are covered by a calcareous sandstone, possibly deposited
during the Lower Cretaceous. Hence, the subsidence and uplift as well as the global sea water level
(Hardenbol et al., 1998) affected the depositional environment of the boreholes in the same pattern, and

the boreholes are parallel to each other (Fig. 14).
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Tab. 6:

Distribution of porosity and permeability of the analyzed wells (UHA according to Beichel et al.
(2014)) in comparison to the geothermal wells Pullach (PUL) (B6hm et al, 2010),
Kirchstockach (KIR) (Wolfgramm et al., 2011), and Taufkirchen (TFK) (Fisch et al., 2015a)
using the Upper Jurassic reservoir in Munich. (- no data available; **source: according to
unpublished drilling report).

Well | Stage / feature Description Visible porosity Realized flow
rate
[L/s]
previous Porosity
porosity [%] [%]
STG | - - - <3 <<10**
A1 Fault zone Fissures, druses, <3 <3 <<10**
sparite
B1 Oxfordian Rudstone to 5 <3 <<10**
grainstone

C1 Tithonian dolomitic grainstone | 5-15 <3 <<10**

MST | Tithonian - Fractures, grainstone | 5-15 <3 <<10**
Kimmeridgian

GEN | Tithonian - dolomitic grainstone | 5-10 0-5 <<10**
Kimmeridgian

UHA | Tithonian - dolostone 9-15 9-15 130
Kimmeridgian

TFK | Tithonian - dolostone 9-15 9-15 120
Kimmeridgian

KIR | Tithonian- dolostone 5-15 5-15 145
Kimmeridgian

PUL | Tithonian dolostone - 5-10 45

Stratigraphy

The distribution of the index microfossils (Tab. 4, Fig. 14) shows irregularities in the appearance of the
planktonic crinoid Saccocoma sp. The planktonic crinoid is visible in the investigated sedimentary
rocks, possibly deposited during the Oxfordian, Kimmeridgian to Tithonian. To be consistent with the
literature (Keupp and Matyszkiewicz, 1997), either the described Oxfordian sediments were deposited
in a shorter time period or Saccocoma sp. was abundant earlier in the southern part of the Molasse Basin.
The coprolite Favreina salevensis is further visible in the latest Upper Jurassic carbonates of C 1 and
B 1, indicating a shallow marine influence. Summarizing, the stratigraphy based on the macrofossils or
microfossils is not applicable in detail. Hence, further studies of the microfossils within the southern

Molasse Basin are needed.
Facies and depositional environment

The results of the borehole analysis determined changes and similarities between the depositional
environments. Therefore, we first interpreted the paleogeography of the Franconian platform and the
Helvetian shelf according to the possible location of the platform rim and patch reefs parallel to the

platform rim. The platform rim of the Franconian Platform during the Upper Jurassic was described by
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Mohr and Funk (1995) to be east-west oriented and by Biichi et al. (1965) and Heim (1919) to be
northeast-southwest oriented. This study confirmed a northeast to southwest orientation of the platform
rim due to a decreasing thickness from west to east and an increase in thickness from northwest to
southeast. The platform rim of the Franconian Platform could be oriented parallel to the former
Vindelician High, which subsided during the Upper Jurassic. The Vindelician High is described as an
island within the Helvetian shelf and Franconian platform during the Lower and Middle Jurassic
(Ziegler, 1990; Lemcke, 1988; Aldinger, 1968; Schneider, 1962; Roll, 1952). The Vindelician High
extended from the northeastern Bohemian Massif to the west of Scherstetten, to the city of Augsburg,
and then further to the southwest to east of Lausanne during the Lower Jurassic (Aldinger, 1968;
Schneider, 1962; Triimpy, 1952). In the Middle Jurassic, the Vindelician High became separated from
the Bohemian Massif by the Regensburger seaway (Lemcke, 1988), and the coast was located east of
Scherstetten and west of Memmingen (Schneider, 1962). By this separation, the Tethys could transgress
on the Franconian platform. The Vindelician High separated the Alpine from the south German
depositional area by a possible submarine elevation (Roll, 1952). Triimpy (1952) described the last
influence of the Vindelician High in Switzerland during the Oxfordian. It was assumed by Lemcke
(1988) that an influence of the Vindelician High was not present during the Upper Jurassic. This study
confirmed that during the Upper Jurassic, a tectonic influence was still present, as there is
synsedimentary-caused variation in sediment thickness and synsedimentary fault zones at the
continental margin which were specified by Cacace et al. (2013) and Wildi et al. (1989). The rim of the
Franconian platform to the Helvetian shelf can be oriented parallel to the Vindelician High structure,
which diminishes at the Middle to Upper Jurassic boundary but might still be tectonically active in fault
zones. This parallel orientation of the platform rim can, therefore, help reconstruct the distribution of

the depositional environment.

Palinspastic reconstruction maps of the European margin and the Alpine Tethys from north to south are
described in Switzerland as follows: Tabular Jura, Folded Jura, Swiss Plateau, Helvetic Shelf, and
Tethys (Wildi et al., 1989). The transition of the Franconian platform (Swiss Plateau) to the Helvetian
shelf is characterized by patch reefs, with stabilizing and framework-building organisms (corals,
sponges) at the outer rim of the platform in Switzerland (Mohr and Funk, 1995). Hence, the location of
the platform rim can be confirmed by the occurrence of patch reefs. The sequence from the Franconian
platform to the Helvetian shelf thus developed as follows: reefs and bedded facies, patch reefs parallel

to the rim, transition zone, and shelf (Fig. 15).
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Geology and microfacies of the investigated boreholes. A 1, B 1, C 1, MST, GEN, and UHA,

profile line as illustrated in Fig. 9 and Fig. 16 by borehole location.

Fig. 14:
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Hitherto, the occurrence of patch reefs has not been described in the literature for the south German
Molasse Basin. The investigated boreholes show intermediate layers of reef and clastic detritus, possibly
coming from nearby reef complexes and clastic transport currents. Reef complexes producing a
bioclastic reef input on the Franconian platform can be located at the Swabian reef complex or to the
south at the Zurich or Swiss ‘reef complex’ (Meyer and Schmidt-Kaler, 1989) (Fig. 16). The boundary
of the Swiss reef complex to the Swabian reef complex is unknown in the northeast. A small seaway
can be assumed, as the Argovian facies was deposited in between the two reef complexes. The term
Alemannic High is used as a synonym for the Vindelician High by Triimpy (1952), but Ziegler (1990)
and Aldinger (1968) differentiated between the Alemannic High in the west and the Vindelician High
in the east during the early Middle Jurassic. Therefore, an exchange, visible by the Argovian facies,
between the northern part (the later Franconian Platform) and the Tethys (Alpine and Helvetian facies)
in the south was possible (Lemcke, 1988). Biichi et al. (1965) described an elevated area with Swabian
facies, possibly the Swiss reef complex (Birmenstorf-Member), between Lake Constance and Zurich
during the Oxfordian, which was also active in the Triassic and Middle Jurassic, with the Argovian
facies to the southwest. Consequently, a reef complex existed on the former Alemannic High in the area
around Zurich. Another consideration is a possible reef complex on the Vindelician High. There is no
description in the literature of whether the Vindelician High diminished during the Middle Jurassic
completely and was still not developed as a small submarine island. If so, a reef complex could have
existed there as well. A further known reef input may originate from the Franconian to south Bavarian
ooidal reef complex (South Franconian-Bavarian sponge platform) in the east, located in the area around
Munich (Meyer and Schmidt-Kaler, 1989). The terrigenous input within the boreholes is composed of
detritus such as quartz grains and small amounts of glauconite and mica. The landmasses affected by
erosion are the Rhenish Massif and the Bohemian Massif north of the Franconian platform (Meyer and
Schmidt-Kaler, 1989). The terrigenous input could be transported and deposited within the Swabian
Marl Basin east of the Swabian reef complex (Meyer and Schmidt-Kaler, 1989) and further in the
depositional area of the Argovian facies (Wildegg-Fm.), where the clastic input has been described as
originating from the north-northwest (Gygi, 2013). The transport direction of detritus can be oriented

parallel to the continental margin, as no areas of upwelling have been described (Mohr and Funk, 1995).

The deposition of borehole A 1 is possibly interrupted by clastic material from gravity flows or turbiditic
suspension loads, because of the alternating sequences of limestone and silty sandstone. The bioclastic
input within the limestone could come from platform edge reefs in the east or southwest. The quartz
detritus could originate from the north or northwest, as it has been described for boreholes in Switzerland
and the Argovian facies (Effingen-Member) (Gygi, 2012; Allenbach, 2001) or from the Rhenish Massif
and the Swabian Marl Basin (Meyer and Schmidt-Kaler, 1989). The Effingen-Member of the Wildegg-
Fm. (Argovian facies) is composed of clastic layers, which were transported by turbidites and storms
(CH, 2017; Gygi, 2013). Considering the water currents flowing parallel to the southwest-northeast
oriented platform rim, the clastic material of the Effingen-Member turbidites could have been
transported eastward to A 1 in the form of a suspension load. Another possibility could be a channeling

of turbidites to the east due to sea bottom relief. North of A 1, the typical Swabian facies was developed
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(Schneider, 1962), therefore, the clastic input must have come from the northwest to west. At
St. Gallen 1, southwest of A 1, no clastic input was deposited, consequently, the clastic input was not
transported to the south or from the south, and reef-like growth was possible. Accordingly, the reef
structure in southern Switzerland, in the area east of Zurich and at St. Gallen 1 (GeotecConsult, 2014),
has no extension to the Swabian reef facies north of Lake Constance, as described above. As there are
no descriptions of the Upper Jurassic south of the Alpine deformation front in the autochthonous in
southern Germany, the further development of the Swiss reef facies to the south is unclear.
Consequently, there is no continuous reef complex between the Swabian reef complex and the reef
complex in the area around Zurich (Fig. 15). It is possible that the reef debris from the Zurich reef
complex was transported to A 1 in the northeast. At B 1, no clastic input is visible and there is an increase
in bioclasts, especially in tubiphytes, which indicates a vicinity to reef-building organisms, maybe from

the Swabian reef complex or patch reefs parallel to the rim.

The number of transported reef organisms within the bioclastic wackestones is similar between the
depositional area around Lake Constance (A 1 and B 1) and the Quinten-Fm. at the Kanisfluh. However,
for the Quinten-Fm., the bioclastic input is described for the late Upper Jurassic and the Tros-Kalk-
Member (Gygi, 2013). The bioclasts could have been transported by single turbidite-like flows into the

Kanisfluh depositional environment (Felber and Wyssling, 1979) as described above.

Bioturbation is present in the two investigated boreholes, A 1 and B 1, indicating a calm and stagnant
sedimentation. In the literature, bioturbated fucoid layers have been described for the Lacunosamergel-
Fm. (Schmidt-Kaler, 1962; Quenstedt, 1858), and Mergelstetten-Fm. at the index regions. In addition,
the coated grains with dark opaque minerals, possibly ore minerals, like at A 1, could indicate stagnant
conditions as well. The black rock color is another piece of evidence for this, and it increases in thickness
to the south. Due to the absence of upwelling areas, the inner shelf was restricted in nutrient supply and
only minor circulation can be assumed with oligotrophic conditions (Mohr and Funk, 1995). This would
indicate a position of the boreholes Mauerstetten, B 1 and Geretsried at the beginning of the Upper
Jurassic, at the shelf to platform transition dominated by euxinic, stagnant conditions with a calm
sedimentation. Because of the Upper Jurassic regression, the depositional area subsequently became
dominated by platform sedimentation with reef complexes nearby and a patch reef development

(Fig. 15).

Compared to the investigated boreholes, the Helvetian facies accumulated in a deep marine depositional
environment, a calm water environment below the euphotic zone, with low Euxinian conditions due to
a stagnant sedimentation according to Felber and Wyssling (1979). There are rare arenitic wackestones
with allochthonous, shallow marine organisms (miliolids, shells) within a pelagic microfauna
(tintinnids, radiolaria, filaments) (Felber and Wyssling, 1979; Lupu, 1972). The origin of the shallow
marine organisms has been interpreted as single turbidite-like flows of organism-rich shallow water
detritus (Felber and Wyssling, 1979). The eastern Helvetic nappes can be classified by a calpionellid
biostratigraphy (Mohr, 1992). Calpionellids are only abundant in the pelagic facies zone (Mohr, 1992)
and are characteristic of the hemipelagic and pelagic sedimentation of the Tethys (Mohr and Funk, 1995)
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(Tab. 4). The lack of calpionellids is indicative of the platform (Mohr and Funk, 1995). Calpionellids
show a crystalline outer wall with a micritic filling and no sparite inside (Fliigel, 1982). As no
calpionellids have been described within the analyzed boreholes of the Molasse Basin, the Helvetian
facies is not present, and the sedimentation was on the platform. However, if calpionellids had been

living in the hemipelagic to pelagic, they should be found in storm deposits on the shelf and platform.

In prior research, the dark gray to black rock color was used as an indicator of the Quinten-Fm.
(Helvetian facies) (Lemcke, 1988), and therefore, the Helvetian facies was considered to be distributed
in the southern German Molasse Basin (Schneider, 1962). In addition, due to this consideration, the
Helvetian facies was assumed to be the cause of the low permeability, when the first deep geothermal
wells were drilled. The thin section analysis of this research revealed that rock color can no longer be
used as a main criterion for the Helvetian facies. Hitherto, the microfacies in the autochthonous and
allochthonous Helvetian facies was only described at the Jurassic-Cretaceous boundary (Mohr, 1992).
Therefore, the description of the Helvetian facies at the Kanisfluh, defined in this paper, is used as the

typical upper Quinten-Fm.

The dark gray to black rock color and bitumen content could be caused by a high nutrient rate and an
accelerated marine organic carbon burial (Bernoulli and Jenkyns, 2009; Allenbach, 2001) in a euxinic
environment. In addition, the dark rock color may be caused by a high pyrite and clay content. The
pyrite is still visible within the carbonate rocks of the Upper Jurassic. For the sedimentation of the
Swabian bituminous layers (Lower and Middle Jurassic), Aldinger (1968) described a halocline, which
caused a low and insufficient mass exchange of the bottom water. Therefore, hydrogen sulfide was
concentrated as pyrite, like in former calcitic organisms at boreholes A 1 and B 1. Hence, the dark rock
color cannot be caused by the development of the Helvetian facies but maybe by the transition zone
facies (Fig. 16).

The newly defined transition zone facies can be described by the occurrence of dark gray to black rock
colors with transported bioclasts within a dense pelagic mudstone to wackestone. The carbonate rocks
of the transition zone facies can be intersected in the southern part of the North Alpine Foreland Basin
and show a low primary porosity (Tab. 6). Due to the great depths, the carbonate rocks show a high
compaction and a high occurrence of stylolites. In addition, fractures and fault zones become more
dominant, as there are tectonic movements, like the subsidence of the Vindelician High, which are also
visible by calcite-filled fractures. In the seven analyzed boreholes, dolomite crystals are visible either as

matrix dolomite or as dolostones, possibly linked to fault zones.
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Fig. 14 and Fig. 16, gray color — light gray to whitish carbonate rocks, brown color — dark gray

during the late Upper Jurassic after Wolfgramm et al. (2011). The same legend is used as in
carbonate rocks of the transition zone.

Fig. 15: Block diagram of possible marine depositional environments for the southern Molasse Basin
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Reasons indicating a gradual transition zone of the Franconian platform to the Helvetian shelf include
that the facies belts merged to the south during the Upper Jurassic (Fig. 15). Due to a regression in the
lower to middle Upper Jurassic (Meyer and Schmidt-Kaler, 1989), the planktonic influence decreased
and reef growth was possible. The early Upper Jurassic in Mauerstetten 1, C 1 and Geretsried 1 shows
a development like the Dietfurt-Fm. and Impressamergel-Fm. but with a higher content of planktonic
organisms such as foraminifers, radiolarians and crinoids like Saccocoma sp. and the black rock color.
The planktonic character of the earliest Upper Jurassic carbonates appears in dark, micritic, organic-rich
and pyrite-containing limestones, which are not described for the type regions but for other deep
boreholes within the Molasse Basin (Wolfgramm et al., 2012). At Mauerstetten and C 1, and maybe at
B 1, the patch reef accompanying the platform rim might be intersected within the late Upper Jurassic,
as bioclastic packstones, grainstones, and bindstones (mud mounds) are visible (Fig. 15). The
easternmost borehole Unterhaching is situated next to a reef complex based on reef debris and bioclasts
and shows no patch reefs. Reef building and the vicinity to reef complexes are pointed out by small-
scale changes in reef growth. Only reef debris was transported to Geretsried 1 and deposited in
intermediate layers. In contrast, the depositional environment at Unterhaching shows no dark rock colors
or planktonic organisms, therefore, it is always located on the Franconian platform. Furthermore, the
lack of calpionellids indicates a depositional environment still on the platform or near the platform rim
for boreholes St. Gallen 1, A 1, B 1, C 1, Mauerstetten 1, and Geretsried 1. In the lower Upper Jurassic,
pelagic limestones with no pore spaces were deposited, indicative of the transition zone, which merged
into reef debris-rich packstones to grainstones and bindstones, indicative of the platform rim and patch
reefs. Those bioclastic-rich grainstones to bindstones show a former primary porosity, which is now
filled by blocky calcite crystals. That describes a change in the typical Franconian and Swabian facies
to the south, with a transition zone facies to the Helvetian shelf at the platform rim. For the detailed
description of the depositional environment (passive continental margin structure), the bathymetry and

relief of the sea ground are needed, and they are still the focus of research.

Consequently, the Helvetian facies is not intersected within Germany and the transition zone could be
located between B 1 in the north, and the former depositional area of the Kanisfluh, the Quinten-Fm., in
the south (Fig. 16). This microfacies approach showed that the previously assumed sharp transition and
location of the Helvetian facies are not within the south German Molasse Basin. Therefore, the
sediments of the analyzed boreholes were all deposited on the Franconian platform and upper platform
transition. Consequently, the Helvetian facies is located further to the south than assumed and could not

be the cause of the low permeability in the southern Molasse Basin.

Nevertheless, the limestones of the investigated boreholes do not show pore spaces but fractures and
druses, which are filled with solid hydrocarbons or calcite crystals. Therefore, the hydrocarbons must
have migrated through the carbonate rocks over a period to accumulate at fractures because of limited
pore space. In the context of geothermal research, the formations composed of pelagic limestones do
not provide a high matrix porosity or sufficient flow pathways for fluids today (Fig. 16). The thin section

analysis showed that the primary porosity is linked to the facies, depositional environments, and to
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dolomite crystal habitus. The calcite-filled fractures or druses and even dolomite crystals indicate flow
pathways, which have been active since deposition. The former pore spaces in the grainstones and

bindstones are filled by sparite.

Regensburg
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= Alpine Deformation Front
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Transition zone to the Helvetian facies (assumed) ®  Deep Borehole
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Fig. 16: Distribution of the permeability domains and the newly defined transition zone from the
Franconian platform to the Helvetian shelf according to Birner (2013); Gygi (2013); Meyer and
Schmidt-Kaler (1989) during the late Oxfordian (STG= St. Gallen 1, MST= Mauerstetten,
GEN= Geretsried, UHA= Unterhaching; A 1, B 1, C 1 hydrocarbon boreholes).

A correlation between facies and porosity at the transition zones shows a low porosity within the black,

pelagic wackestones (Fig. 16), evidenced by thin section analysis and well productivity. Suchi et al.

(2013) specified high porosity values of 20 % for the southern Molasse Basin area, which contradicts

our results. High-productivity wells are located further north (Fig. 16), on the Franconian platform.

There, dolomite crystals grow in pure and less argillaceous limestones better and generate well-

connected pore systems compared to dark, marly limestones (Machel, 2004). Therefore, the occurrence

of idiomorphic, planar-e dolomites is favored. The quantitative determination of the porosity can be
evaluated, in a second step, with geophysical borehole measurements, which was not the goal of this
study. According to this research, fractures provide the main flow pathways at the evaluated low-

permeability boreholes in the southern Upper Jurassic aquifer.
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5.1.7 Conclusion

The results indicate a strong correlation between the facies, depositional environment, porosity and
productivity of the Upper Jurassic carbonate rocks in the North Alpine Foreland Basin. The transition
zone facies, analyzed in six boreholes, is characterized by black, pelagic wackestones to mudstones,
with a low primary porosity and low productivity. The thin section analysis showed that the low
permeability is caused by mudstone to wackestone with planktonic organisms in the southern Molasse
Basin area. In addition, the typical Swabian and Franconian facies change to the south and show a higher
content of planktonic organisms in the earlier carbonate rocks of the Upper Jurassic. However, the
Helvetian facies does not occur in the southern part of the North Alpine Foreland Basin and must be
located further south, as calpionellids are absent. A gradual transition zone of the Franconian platform
to the Helvetian shelf can be assumed, which might be influenced by syn-tectonics and eustatic sea level
changes. In addition, the diverse sedimentation environment shows changes in thickness possibly due
to synsedimentary tectonics. In the area around Lake Constance, the depositional environment changes
within a small area between Schaffhausen (Argovian facies), St. Gallen (Swiss reef complex), A 1
(possibly Argovian facies) and B 1 (transition zone). In the east, however, like at Mauerstetten, C 1 and
Geretsried, the depositional environments are related to each other, with pelagic mudstones to bioclastic
wackestones at the beginning followed by patch reefs with packstones, grainstones, and bindstones.
However, the transition of the Franconian platform to the Helvetian shelf does continue within the North

Alpine Foreland Basin.

The lithostratigraphy is not applicable to boreholes in the Molasse Basin, especially because only
cuttings are available as rock samples. A new approach in this study was the use of microfacies to
describe and interpret the depositional environment. For future research, we suggest using an extended
biostratigraphy, where the zones are not only based on ammonites but also on microfossils, which are
abundant in the limestones. Another approach are facies profiles, as introduced by Wolfgramm et al.
(2012) and Koch and Clauser (2011), with additional geophysical measurements like a gamma ray or

sonic type curve (resistivity log).

This research raised new scientific issues about the location and structure of the transition zone from the
Franconian platform to the Helvetian shelf, which is located at the continental passive margin of the
Tethys. However, a platform rim is indicated around boreholes B 1, C 1, Mauerstetten, and Geretsried,
with an orientation from southwest to northeast. This rim is the northern extent of the transition zone,
from the Franconian platform to the Helvetian shelf. At Mauerstetten and C 1, patch reefs were
developed, whereas at B 1 and Geretsried, reef debris of those patch reefs was deposited in the late
Upper Jurassic. In the lower Upper Jurassic, all investigated boreholes, besides Unterhaching, show
planktonic organisms, indicative of the transition zone facies. The cause of the dark gray to black rock
colors and the paleogeographic position of this anaerobic environment with a high organic content at
the transition zone are still unclear. In the area where carbonate rocks were deposited as grainstone and
bindstone, an initially high primary porosity can be assumed. Consequently, the diagenesis of the Upper

Jurassic carbonates may have affected rock porosity to a higher degree. In addition, the facies and the
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subsidence history of the Upper Jurassic carbonate rocks show a low primary porosity for the transition
zone facies. Summarizing, the structure and paleogeography of the continental passive margin during
the Upper Jurassic and the influence of diagenesis are important for understanding the permeability
distribution in the North Alpine Foreland Basin. The results from microfacies analysis are relevant for
locating successful reservoir production, indicating low-permeability domains in carbonate reservoir

rock and should be considered for future geothermal exploration of the Upper Jurassic reservoir.
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5.2 A Reconstruction of the Paleo-Fluid Evolution in the North
Alpine Foreland Basin

5.2.1 Introduction

Processes which influence the porosity and permeability of a potential reservoir can be characterized
when we know the diagenetic history. During the 1960-80s, the North Alpine Foreland Basin was
explored for oil and gas, which were found primarily in Cenozoic sandstones, and to a minor degree in
Upper Jurassic carbonate rocks (Landesamt fiir Bergbau, 2018; Véron, 2005; Wehner and Kuckelkorn,
1995; Bachmann et al., 1987; Biichi et al., 1965). Previous studies focused on the maturation of organic
matter in the Cenozoic sedimentary rocks and to a minor degree on the burial history and paleo-
geothermal gradient of the Mesozoic strata (Hiltmann et al., 1999; Schegg, 1992; Teichmiiller and
Teichmiiller, 1986; Vollmayr, 1983; Jacob and Kuckelkorn, 1977). Our knowledge of the burial history,
paleo-geothermal regime and the processes which control the Upper Jurassic reservoir is therefore quite
incomplete. However, for the North Alpine Foreland Basin, the so-called Molasse Basin, the following

basin developments have been described in previous studies:

e The Upper Jurassic reservoir serves as a source rock and/or as a reservoir rock (Wehner and
Kuckelkorn, 1995; Meyer and Schmidt-Kaler, 1993; Jacob and Kuckelkorn, 1977). The main
part of the hydrocarbons from the Paleogene originated from the Fish shale, lower Oligocene
(Gross et al., 2018; Pytlak et al., 2017; Wehner and Kuckelkorn, 1995). In the Austrian part of
the Molasse Basin, a probable source of the hydrocarbons has been located under the Alpine
nappes, which had migrated into the Paleogene strata of the Molasse Basin (Gross et al., 2018).
Up to now, the flow pathways and source area of the hydrocarbons are unclear for the Molasse
Basin.

e Previous researchers described decreasing coalification gradients in Cenozoic sediments
southward, which is caused by a decrease in the geothermal gradient, possibly due to an
increased crustal thickness toward the Alpine body (Bachmann and Miiller, 1996; Teichmiiller
and Teichmiiller, 1986).

e Arelatively low geothermal gradient is described in the eastern Molasse Basin of Germany, due
to a lower maturity of the oil (Wehner and Kuckelkorn, 1995) and low Upper Jurassic reservoir
temperatures (Agemar et al., 2012). In addition, indications of paleo-geothermal anomalies were
reported from the Western Molasse Basin in Switzerland, probably linked to a paleo-
hydrological regime (Schegg, 1992; Vollmayr, 1983). According to Wehner and Kuckelkorn
(1995) this low-temperature anomaly is caused by an intensive karstification since the
deposition of the Purbeck sediments, which has cooled down the.

e Vitrinite reflectance was used to determine the thermal maturity of sediments of the Cenozoic
sedimentary rocks in the Molasse Basin and to reconstruct the thermal history during the
Cenozoic (Zerlauth et al., 2016; Hiltmann et al., 1999; Schegg, 1992). However, vitrinite

reflectance was not calibrated with fluid inclusion microthermometry in the Molasse Basin
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(Mullis et al., 2017). In various hydrocarbon exploration areas, fluid inclusions were used to
understand hydrocarbon migration and to reconstruct the thermal and burial history (Feely et
al., 2016; Beaudoin et al., 2014; Parnell, 2010; Goldstein, 2001; McLimans, 1987; Burruss et
al., 1985).

e According to Liedmann (1992), a paleo-temperature of around 100°C for late diagenetic
cements and low saline fluid compositions (< 33 g/LL NaCl) have been measured in shallow

wells, with a maximum depth of 930 m.

The geothermal use of the Upper Jurassic reservoir in the Molasse Basin and the stored water has been
of special interest since 2000 (Birner, 2013; Prestel, 1990). Previous researchers described the origin of
the present reservoir water to be Pleistocene meteoric waters (Birner, 2013; Weise et al., 1991; Prestel,
1988; Stichler et al., 1987), which have migrated into the deep Upper Jurassic aquifer. Thereby, the
former saline sea water became diluted and less saline. Studies about the dilution and fluid development,
however, were conducted by Reinhold (1996); Liedmann (1992); Prestel et al. (1991) for the shallow
Upper Jurassic and for outcrops of the Swabian and Franconian Alb in the north. In general, the
diagenetic development of temperatures and pressures and e.g. dolomitization have been successfully
described for the shallow Upper Jurassic strata with maximum depths of 1200 m (Reinhold, 1996;
Liedmann, 1992; Prestel, 1990), but they have not been determined for the deeper aquifer (>1.000 m),

which is used for geothermal energy production today.

The main aim of this paper is to reconstruct the paleo-fluid and paleo-temperature evolution of the Upper
Jurassic reservoir. As physical and chemical conditions of diagenetic processes are preserved in fluid
inclusions and cement phases, the focus of this study is on the fluid evolution stored in different cement
phases of the carbonate rocks. The fluid inclusions and cement phases from geothermal wells and
hydrocarbon boreholes of the Upper Jurassic reservoir were measured to increase the study area and
knowledge to greater depths (up to 4,500 m). The fluid composition and paleo-temperatures were
analyzed using microthermometry and calculated from stable isotope data, which were then employed
to reconstruct the Upper Jurassic reservoir evolution. In addition, the lithology of the carbonate rocks
was characterized (Mraz et al., 2018b). As only drill cuttings were produced from most geothermal
wells, the rock samples of those wells were only subdivided into limestone, dolostone, dolomitic
limestone, and vein calcites. Diagenesis, as well as dolomitization, are still the focus of research, and
could not be investigated in detail in this study. In the present study, we were further able to understand
the occurrence of temperature anomalies by looking at the evolution of the fluids, compositions, and

temperatures .
5.2.2 Study area and samples points

Rock samples, drill cores and cuttings were available from 13 wells (252 samples) in the southern
Molasse Basin (Tab. 7, Fig. 17). The wells are St. Gallen (STG), hydrocarbon well A1, hydrocarbon
well C1, Bad Woerishofen (BWO), Schongau (SCH), Geretsried (GEN-1 and GEN-1ST-Al),
Unterhaching (UHA1 and UHAZ2), Taufkirchen (TFK), Sauerlach (SAU), Kirchstockach (KIR),
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Traunreut (TRN), Freiham (FRH), and Moosburg (MOS). The sediment thickness of the Upper Jurassic
carbonate rocks varies around 400-600 m in the study area. Most carbonate rock samples (limestones
and dolostones) of this study belong to the middle to upper Kimmeridgian (previously Malm delta-
epsilon). The Kimmeridgian rocks represent the part of the Upper Jurassic aquifer, which is mainly
dolomitized and highly permeable. The wells often consisted of transparent euhedral calcite crystals of
veins associated with sucrosic dolomite crystals (planar-e dolostone; upper part of the Upper Jurassic).
In some wells, almost white vein calcites were observed (lower part of the Upper Jurassic) together with

gray to dark micritic limestones or strongly toothed massive dolostones (planar-a dolostone).
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Fig. 17: Overview of the study area in the Molasse Basin, southern Germany and eastern Switzerland.
FRH-Freiham, GEN-Geretsried, KIR-Kirchstockach, MOS-Moosburg, SAU-Sauerlach, TFK-
Taufkirchen. TRN-Traunreut, UHA-Unterhaching, SCH-Schongau, STG-St. Gallen, BWO-Bad
Woerishofen, outcrops according to Tab. 7.

Furthermore, rock samples from 21 outcrops (74 samples) originating from the Franconian Alb and

Swabian Alb (Fig. 17) were analyzed. The outcrop samples are carbonate rocks, generally of the

Kimmeridgian, and can show dedolomitization and karst phenomena due to the comparable longer

surface influences. Drill cutting samples ranging from three main types of limestone, four main types of

dolostone, and three types of vein calcite crystals as well as to dedolomite were used for the isotope

measurements in this study (Tab. 7). The reddish to brown, but usually white calcite and dedolomite

samples were limited to surface outcrops (karst zones). For the microthermometry measurements, we



5. Results 59

mainly analyzed fluid inclusions in vein calcite and in planar-e dolostone, which were linked to fracture
zones. There was further a hydrocarbon migration, visible by bitumen impregnation, in the Upper
Jurassic rocks, which was described and analyzed but not used in this study. The focus of this study was
on the deep, down-lifted carbonate Upper Jurassic reservoir (> 1,000 m) in the Molasse Basin. The
Upper Jurassic reservoir was sampled over a wide depth range (0-4722 m TVD) to determine possible

changes in the fluid composition and temperature with increasing depth.
5.2.3 Geology

The evolution of the Upper Jurassic reservoir in the Molasse Basin started with the deposition of
carbonate rocks, limestones and dolostones on a carbonate platform in an epicontinental sea (Niebuhr
and Piirner, 2014; Meyer and Schmidt-Kaler, 1989). The lithology, stratigraphy, and microfacies of the
Upper Jurassic carbonate rocks of the Molasse Basin are further described in detail in Mraz et al.
(2018b); Wolfgramm et al. (2017); Beichel et al. (2014); Liischen et al. (2014); Wolfgramm et al. (2012);
Wolfgramm et al. (2011); Reinhold (1996); Liedmann (1992); Geyer and Gwinner (1991); Meyer and
Schmidt-Kaler (1989) and others. A strongly simplified evolution from deposition to the recent structure
of Upper Jurassic carbonate rocks is given in Fig. 18. The evolution of the Upper Jurassic carbonate
rocks started with the deposition of relatively pure limestones of the massive facies and with thin
alternating layers of limestone, marlstone, argillaceous marlstone and claystone of the bedded facies.
The massive facies was formed during early diagenesis as a light gray to beige carbonate rocks
(grainstone to bindstone), and the bedded facies as a gray to brown mostly micritic carbonate rocks
(mudstone-wackestone). Small dolomite crystals were formed in the vicinity of small fractures and
stylolites in an early diagenetic stage. Overall, dolomite crystals were formed in three phases during the
burial of the sediments according to Reinhold (1996). Faults and fractures were filled with calcite
crystals during a late phase of burial, as the white and transparent calcite crystals have usually
precipitated on the massive dolostones and limestones. Generally, two types of calcite crystals can be
distinguished: firstly, transparent calcite crystals formed from ascending meteoric fluids, present in the
upper part of the Upper Jurassic, and secondly white calcite crystals in darker limestones and dolostones,
which are dominant in the lower part of the Upper Jurassic. In addition, a third type of calcite crystals
with white and transparent crystals and red and yellow rims were identified together with dedolomite
crystals. The appearance of the third type is limited to the surface outcrops of the Swabian and

Franconian Alb.
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Fig. 18: Schematic burial history of Upper Jurassic carbonates of the Molasse Basin (Reinhold, 1996;

Liedmann, 1992).
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During the Late Jurassic, the passive Tethys margin was occupied by an extensive carbonate-dominated
platform that extended northward, the so-called Franconian platform (Ziegler, 1990). In the late
Kimmeridgian to Tithonian, sea level gradually dropped and a sea level low stand was reached at the
Jurassic-Cretaceous transition (Ziegler, 1990). The Tethys transgressed and regressed from the south on
the platform during the Cretaceous, causing erosional phases of the Upper Jurassic rocks. In the
Paleogene, the Central European Alps developed as the Adriatic and European plates collided (Lemcke,
1988), which caused a southward subduction of the Penninic Ocean. This convergence resulted in a
northward thrusting of the European passive margin and a downward flexing of the European plate. This
entailed the formation of the North Alpine Foreland Basin (Molasse Basin) (Bachmann and Miiller,
1996). The subsequent deposition of two regressive cycles of marine and fresh water sediments occurred
during the Paleogene (Kuhlemann and Kempf, 2002; Lemcke, 1988). Afterward, Quaternary sediments
were deposited on top. The Molasse Basin can be subdivided into a western and an eastern part with the

transition zone west of Munich according to the investigated well data.
5.2.4 Methodology

Rock samples including hand specimens, drill cores, and drill cuttings from boreholes and outcrops were
used in this study to determine the lithology and diagenesis. The thin and thick sections were made from
drill core and hand specimens. The drill cutting material was made into thin sections with blue dyed
resin. The stable isotopes 8'%0 and §'°C were measured from drill cuttings. For the microthermometry
measurements, a new sample approach with cuttings of around 1 mm was developed by using the
unprepared and unpolished drill cuttings. In addition, conventional thick sections were measured with
microthermometry. At the Geretsried well, drill cuttings and conventional double-side polished thick
sections of bore cores were measured using microthermometry to compare the results and confirm the
drill cutting measurements. To measure drill cuttings using microthermometry, the drill cuttings are
usually embedded in an epoxy resin, polished on both sides, and used as thick sections with the drill
cuttings still embedded in the resin. However, the epoxy resin is not stable in the temperature range
between -110°C and 200°C, which was necessary for this study. Silicone or Teflon are stable polymers
for this temperature range, but they are soft at room temperature, and the cuttings lose their bond to the
polymers during polishing and fall off the resin. As a consequence, the cuttings in this study were
cleaned with water and measured in the form in which they were produced. In addition, the Upper
Jurassic carbonate rocks were classified by microfacies and lithology, which was published in detail by
Mraz et al. (2018b). The microthermometry samples of this study mainly consisted of relatively late
diagenetic blocky calcite, which precipitated along fractures or veins (Wolfgramm et al., 2016;
Reinhold, 1996). Vein calcite crystals, limestones, dolostones, dolomite crystals, dedolomite (calcite)
and scales, which are calcite crystals from the geothermal power plants Unterhaching and

Kirchstockach, were investigated.

For the stable isotope measurements, the Upper Jurassic carbonate samples were finely ground and
examined in line with Hoefs (1997) in the mass spectrometer of the University of Kiel. Approximately

10 mg of a sample was dissolved in pure phosphoric acid. The calcite samples were completely
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dissolved after 4 min, the dolomite samples after 18 min. Subsequently, the resulting CO, was measured
at temperatures between 850 - 1000°C under vacuum. The ?C/"3C ratios were specified in 8 notation
with reference to the international standard PDB, the measurement error of the double determination
was + 0.5 %o. The oxygen isotopes were given in accordance with the SMOW (water) or PDB (minerals)

standard.

The microthermometry study of fluid inclusions was performed on double-polished thick sections from
drill cores as well as on drill cuttings of vein calcites and dolomite crystals. The drill cuttings generally
showed a smooth surface at former cleavage planes or at fresh fracture surfaces. However, not every
cutting sample showed good visibility and a flat surface, and therefore they could not be measured in
this fluid inclusion study. In the heating-freezing stage, the cuttings were always placed with the flat
and largest surface on the silver block, and they were measured at very slow heating and cooling rates
to prevent a high temperature gradient in the sample to determine the exact temperature. Furthermore,
the drill cuttings were directly measured at least 2-3 times to exclude a high temperature gradient in the
sample. The microthermometry measurements were performed on a heating-cooling stage, a Linkam
stage apparatus mounted on an Olympus microscope with a precision of 0.1 K. For the aqueous one-
phase and two-phase fluid inclusions (liquid and vapor), the shape, size, texture, genesis, phase type,
host mineral, and phase volume ratio were documented in line with Van den Kerkhof and Hein (2001).
When a nucleation of a bubble was not possible in one-phase fluid inclusions at around 4°C, the sample
was then further cooled to -110°C to check for possible phase transitions. In contrast, two-phase fluid
inclusions were first heated in increasing order to homogenization in the liquid phase and afterward
cooled to -110°C to minimize the possibility of inclusion deformation. The homogenization temperature
(Tw) was measured in small inclusions by temperature cycling. Afterward, the eutectic temperature (T.)
and last melting and/or ice melting (T) temperature were measured. If possible, fluid inclusions in an
assemblage (FIA) were investigated. In the present study, data from fluid inclusion assemblages (FIA)
were used preferentially before single fluid inclusion measurements. However, when a constant liquid-
vapor ratio in comparison to the FIA was given, some single T, measurements of one- and two-phase
fluid inclusions were used in this study. Leakage of a fluid inclusion was sometimes not observable, but
it was determined by an increase in Ty and gas bubble size during the measurement. Sometimes, a
positive T, and a change in T, was observed in small fluid inclusions, which can be caused by
metastability or by clathrate melting. The measured positive Tr, led us to assume that gases and clathrates
are present. To identify the aqueous fluid system and mineral phases, micro-Raman spectroscopy was
performed, using a Horiba Jobin Yvon XploRA PLUS confocal Raman microscope. The spectrometer
was equipped with a frequency-doubled Nd: YAG laser (532 nm, with a maximum power of 22.5 mW)
and an Olympus 100x long working distance objective with a numerical aperture of 0.9. The operation
conditions had a confocal hole of 300, a spectral slit of 100, and a grating of 1800 T. However, the high
fluorescence of the calcite host mineral in the range of 2500-4000 cm™! led to an insufficient spectrum.
Consequently, the aqueous 2-phase fluid inclusions could not be specifically identified using the micro-

Raman spectroscopy.
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With the Ty, the bulk salinity was interpreted using the computer program SoWat (Sodium chloride
Water), which is a model of almost equation of state for fluid inclusions in the H>O-NaCl system
(Driesner, 2007; Driesner and Heinrich, 2007; Goldstein and Reynolds, 1994). The measured T, using
microthermometry should represent the minimal formation or trapping temperatures of the fluid
inclusions (Roedder, 1984). For the fluid and temperature evolution, the formation (entrapment)
temperature was calculated with a pressure correction using the assumed depth during crystal growth.
For the maximum formation temperature, todays sample depth was used as the input parameter for the

pressure correction, because it was assumed that the maximum depth has been reached today.

For the burial history and plot, compaction was not calculated due to a lack of data, and periods of
subaerial exposure were used according to literature studies. The stratigraphy is based on two borehole
profiles of this study, one in the southeastern and the other in the southwestern Molasse Basin. The
eroded strata in the Upper Miocene (Upper Freshwater Molasse) were around 200 m thick (Gusterhuber
et al., 2012; Kuhlemann and Kempf, 2002), the Upper Oligocene to Lower Miocene strata around 250 m
thick (Kuhlemann and Kempf, 2002; Lemcke, 1988), and the Cretaceous and Upper Jurassic strata were
assumed to be around 600 m thick (Mazurek et al., 2006). Up to now, no burial history with fluid and
temperature data has been described for the German Molasse Basin. From the burial data of ten

investigated deep boreholes, it was assumed that the maximum burial depth has been reached today.



64 5. Results

Tab. 7:  Overview of the sampled wells and outcrops for the reconstruction of paleo-fluid composition
and temperature in the Molasse Basin (Fig. 17). The thick sections were made from drill cores.
n: number of measurements. Tithonian — ti, Kimmeridgian — kim. The well abbreviations are
the same as in Fig.1.

Depth Strati- FIuid.incIusions _ Stablt_a isotopes _
Well n Thick Cutting n Thick Cutting
[m TVD] graphy : :
section | sample section | sample
STG 4350-4440 | ti-kim 25 3 15 X X
A1l 2646-2740 | ti-kim 23 2
MOS 1288- 1449 | ti-kim 43 2 7 X
C1 3303 ti-kim 15 1
SCH 4375-4378 | ti-kim 105 4
FRH 2130-2410 | ti-kim 18 5
GEN 4360-4850 | ti-kim 113 2 7 20 X X
UHA 3060-3555 | ti-kim 40 2 59 X
TRN 4220-4860 | ti-kim 19 10 11 X
BWO 2370-2565 | ti-kim 10 5
KIR 3425-4090 | ti-kim 46 X
SAU 4060-5475 | ti-kim 41 X
TFK 3480-3933 | ti-kim 10 X
Outcrop
2 ti 2 X
3 kim 1 X
4 kim 2 X
6 kim 1 2 2 X
7 kim 2 X
10 kim 4 4 14 X
11 ti 8 1 1 X
12 kim 4 1 X
13 kim 4 1 2 X
14 kim 1 1 X
15 ti 2 X
19 ti 4 X
21 kim 2 1
25 kim 1 1
26 kim 2 X
27 kim 1 1
30 kim 2 X
32 kim 1 2 2 X
34 kim 1 1 2 X
35 kim 2 X
39 kim 4 1 15 X
Sum 443 31 29 266 min. 21 min. 7
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5.2.5 Results
5.2.5.1 Types of fluid inclusions

All measured calcite crystals, limestone cements and vein calcite cements were completely transparent
or had cloudy areas due to numerous very small inclusions (< 3.0 um) (Fig. 19), which we were unable
to measure. The dolomite crystals were idiomorphic, transparent to light beige, and we were only able
to measure them at the Traunreut well. No fluid inclusion measurements could be performed in the
matrix of the limestones and dolostones. The crystal size of the calcite and dolomite crystals was around
0.5 mm to 1.0 mm. Overall, the size of the fluid inclusions was very small in the range from 1.2 um up
to 72.0 um, with the mean value of 8.2 um measured at 363 inclusions. The measured fluid inclusions
were primary, secondary or pseudo-secondary and hosted in vein calcite cements and in planar-e
dolostones (vein dolomite). Usually, primary fluid inclusions had a rectangular shape, whereas
secondary or pseudo-secondary inclusions were often rounded to drop-shaped (Fig 3). The primary fluid
inclusions were between 1.3-72.0 um (mean value 9.4 um, n=240) and were always bigger than the
secondary or pseudo-secondary fluid inclusions (1.2-39.7 um, mean value 8.3 um, n=109).
Furthermore, all measured inclusions contained aqueous one-phase and 2-phase fluid inclusions. The
one-phase inclusions were hosted in limestone cements and in a few vein calcite cements, and were
measured with microthermometry to describe possible a phase transition. However, most one-phase
fluid inclusions showed no phase change during ice melting. All measured fluid inclusion assemblages
(FIA) were homogenous, with constant liquid-vapor ratios of around 15 %, and showed consistent Ty,
and had slightly varied sizes. Because of the constant fluid-vapor ratio and similar fluid system, the fluid

inclusion measurements could be compared between the investigated wells.

The thick sections and cutting samples of the Geretsried well showed similar and consistent fluid
inclusion data, especially the measured Ty in FIA (cuttings: 145°C; thick sections: 143°C), which was

not expected as temperature increases at the drill bit during the drilling process.



66 5. Results

” |

secondary or = ~ < _

rounded to
_~ drop-shaped

Fig. 19: Fluid inclusion morphology in vein calcite crystals in one focal layer.

Some fluid inclusions had a T. of -21.6°C (n=30); therefore, a NaCl-system was assumed for all

evaluated samples (Goldstein, 2001).
5.2.5.2 Fluid inclusion temperature

The T for all primary fluid inclusions ranged between 59°C and 190°C, with the mean value of 136°C
(n=196) and for secondary or pseudo-secondary fluid inclusions between 100°C and 167°C, with the
mean value of 139°C (n=94) (Fig. 20). The T of the secondary or pseudo-secondary fluid inclusions
were nearly consistent with the primary fluid inclusions. The formation and maximum formation

temperatures are given in Tab. 11. The formation temperatures were around 10 K above the T.
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Fig. 20: Histogram of the distribution of homogenization temperature (Tn) measured in primary,
secondary or pseudo-secondary fluid inclusions in calcite cements linked to fractures and
dolostone crystals.

The fluid inclusion Ty was plotted versus sample depth of the wells in Fig. 21. With increasing depth,

the Ty increases, but with a different gradient at the different wells. In comparison to the outcrop

samples, the well samples showed an increase in Ty, but consistent Tr,. At the Traunreut well, the recent
reservoir temperatures and Ty increased with a slightly lower gradient (25 K/km) in comparison to the
recent reservoir gradient of around 30 K/km in the Upper Jurassic aquifer in the Munich area (Agemar
et al., 2012). At the Moosburg and Freiham wells, a Ty higher than the geothermal gradient of 30 K/km

was measured (Fig. 21).
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Fig. 21: Boxplot of homogenization temperature versus true vertical depth of the calcite and dolomite
2-phase fluid inclusions from the wells in the Molasse Basin. In addition, the geothermal
gradient of 30 K/km is shown. In gray, the sampled wells are named using the same
abbreviation as Fig. 17.
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Tmranged from -31.4 to 0.0 C, with the mean value around -1.0°C (Fig. 22). The primary fluid inclusions
had a Ty, between -31.4°C and 0.0°C with a mean value of -2.3°C (n=143). In contrast, the temperature
of secondary or pseudo-secondary fluid inclusions ranged between -4.2°C and -0.2°C, with a mean value
at -1.1°C (n=49). There was a temperature increase in the Tr, from the primary fluid inclusions to the
secondary or pseudo-secondary inclusions from -2.3°C to -1.1°C, indicating decreasing salinity. In a
few samples, T, was positive with a mean value above 0°C (n=56, min. 0.1°C, max. 11.8°C). The
positive Ti, changed with every heating measurement in the single fluid inclusion of an assemblage and
did not stay constant. Those positive temperature measurements were not used for the further calculation
and analysis. All vein calcite cements had a maximum T, around -1.0°C for primary fluid inclusions
and around -0.7°C for secondary or pseudo-secondary fluid inclusions. Consequently, the fluid inclusion
generations can be grouped according to their salinity, but not by their Ty. Some samples from
hydrocarbon well A1 showed T, below -2.0°C to as low as -18.0°C, which results in highly saline fluids
during basin evolution. The STG samples showed a slight decrease in Ty, with depth, from a mean value
of -1.6°C at 3911 m and 4135 m to -2.0°C at 4157 m. The T, determined for dolomite crystals from the
Traunreut well were around -3.0°C, slightly lower than the blocky, vein calcite (-0.7°C to -2.0°C). Two
different generations of 2-phase fluid inclusions could be distinguished at the GEN well, with unequal
Twmand Th. The primary inclusions had a mean Ty, of around 145°C and the mean value of the Ty, was -2°C
for the GEN samples. Furthermore, the secondary or pseudo-secondary inclusions showed slightly lower
Ty of around 140 °C, as well as higher and lower Ty, with mean temperatures of -0.7°C and -4.0°C
compared to the primary fluid inclusions. Hence, two secondary or pseudo-secondary fluid inclusion

generations might exist at GEN, with the same T}, but different salinities.
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Fig. 22: Histogram of the distribution of the last melting temperature (Tm) measured in primary,
secondary or pseudo-secondary fluid inclusions in calcite crystals linked to fractures and
dolomite crystals.
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5.2.5.3 Diagenetic fluid composition by stable isotopes

The stable isotopes (8'30 and 8'°C) of Upper Jurassic limestones, dolostones, and calcite cements were
measured from the deep well (Fig. 24) and outcrop samples (Fig. 23). A summary of the data is given
in Tab. 8. In Fig. 23and Fig. 24, we distinguished between rather brown and dark gray micritic
limestones and beige micritic limestones. The dark brown limestones had the highest §'*0 value
with -3.4 %o PDB (Fig. 24), the gray micritic limestones had an intermediate value, and the lowest §'*0
value of -5.4 %o PDB was measured in the light beige micritic limestones. This decrease in §'30 was
caused by a meteoric water influence in the beige micritic limestones. In general, the 3'*C of the
limestones decreased from + 2.0 %o PDB to + 1.4 %0 PDB (Fig. 24) with increasing temperature during
burial and CO,-degassing. The dolostones had lower 580 values than the limestones and showed the
same decrease in §'%0 value as the limestones with a lighter rock color. 'O value decreased from the
dark-brown platy dolomite crystals (-4.5 %o PDB), the lower part of the Upper Jurassic, toward the
massive dolostone to the sucrosic light-beige dolostones (-7.5 %o PDB) (Fig. 24). For the dolostones,
8'%0 increased and 8'°C decreased from the dark (+ 2.5 %o PDB) to the beige dolomite crystals (+ 2.2 %o
PDB) and again to the dedolomite crystals (-7.0 %o PDB). The isotopic signatures of the outcrop
dolostones, plotted in the area of low temperature dolomite or at the transition zone to high thermal
dolomite, which correspond to an early stage of dolomite formation (Reinhold, 1996). Within the
carbonate rock groups (limestone and dolostone), the trend with decreasing 630 values and increasing

8"3C values was visible during the evolution.

The vein calcite crystals of the Upper Jurassic were measured in the deep wells and were classified into
the transparent calcite crystals of the upper part and the white calcite crystals of the lower part, associated
with the brown and dark matrix dolomite. The white calcite crystals had very low 8*C values of
around -2.7 %o PDB and a low 8'%0 value of -21.9 %o PDB in contrast to the §'3C value of -2.2 %0 PDB
and the 8'80 value of -15.1 %o PDB of the transparent calcite crystals. The lower §'0 values of the
transparent and white vein calcite crystals showed an influence of meteoric water. The white and
transparent calcite crystal types precipitated from different fluids and at different diagenetic steps. The
white calcite crystals were probably formed during an earlier stage of burial, as the §'30 values were
only slightly higher for the limestones. In the surface outcrops and associated with karstified carbonate
rocks, a third calcite crystal generation was observed, which had the lowest §'*C value of -7.0 %0 PDB

of all measured vein calcite crystals.
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Tab. 8: Isotope data of different rock types of the Upper Jurassic from the Molasse Basin; *data from
outcrop samples, n = sample count, stratigraphy — origin of samples: ti — Tithonian, kim —
Kimmeridgian, ox — Oxfordian.

Rock type stratigraphy Rock color n Median
5'%0 [%. PDB] 8'3C [%o PDB]
Limestone ti-ox Dark-gray, brown 16 | -34 +2.0
Limestone ti-ox Gray 15 | -4.3 +1.0
Limestone ti-kim Beige, light-gray 61 -5.4 +1.4
Dolostone ti Brown, fine 10 | -45 +2.2
crystalline
Dolostone kim-ox Dark-brown, platy, 13 | -4.8 +25
toothed
Dolostone ti-ox Beige, light-gray, 30 | -6.1 +2.3
massive
Dolostone ti-ox Beige, light-gray, 27 | -7.5 +2.2
sugar-grained
Vein-Calcite | kim-ox White 14 | -15.1 -2.7
Vein-Calcite | ti-kim Transparent 23 | -21.9 -2.2
*De-dolomite | ti-kim Light-beige 2 -5.3 -4.9
*Vein-Calcite | ti-kim White, transparent 16 | -5.8 -2.1
*Karst- ti-kim Yellow to red-coated | 9 -7.9 -7.0
Calcite crystals
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Fig. 23: Oxygen and carbon isotopes of Upper Jurassic carbonate rocks from outcrops of the
Franconian and Swabian Alb; Dashed window — Upper Jurassic dolomitization window
according to Reinhold (1996); LT-Low temperature dolomites, HT- high temperature dolomites
and TZ- transition zone according to Allan and Wiggins (1993); the arrow lines with a trend of
increasing meteoric influence according to Liedmann (1992).
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Fig. 24: Oxygen and carbon isotopes of Upper Jurassic carbonates from deep wells of the southern
Molasse Basin; Dashed window — Upper Jurassic dolomitization window according to Reinhold
(1996); the new interpreted Upper Jurassic dolomitization window, LT-Low temperature
dolomites, HT- high temperature dolomites and TZ- transition zone according to Allan and
Wiggins (1993); arrows lines with a trend of increasing meteoric influence according to
Liedmann (1992).

In general, the isotope values showed the following trends: The §'30 and 5'*C values of the vein calcite

crystals were significantly lower than the matrix calcite and dolomite crystals at comparable depths; the

8'%0 values of the vein calcite samples decreased with depth; the 3'3C values of vein calcite crystals

increased with depth (one outlier); the %0 and 3'*C values of matrix calcite and dolomite crystals

decrease with depth (some outliers); a third vein calcite generation with low 3'®0 value and the lowest

8"3C value were measured only at the outcrops (karst, dedolomite).
5.2.5.4 Temperatures from stable isotopes

For the temperature evolution of the Upper Jurassic reservoir, the temperature was calculated using the
isotope ratio for oxygen. In addition to the fluid inclusion and stable isotope measurements of Upper
Jurassic carbonates, stable isotopes of recently formed calcite crystals, the so-called scales, as well as
reservoir fluids were measured. The scale samples (scalings) were from the well head, filter, production
pipe and deep pump from two geothermal power plants (Unterhaching and Kirchstockach) south of
Munich. Former researchers have described the 3'%0 values of the produced reservoir fluid in the range
between -11.9 and -10.4 %0 VSMOW (Mayrhofer et al., 2014), -12.8 and -10.6 %0 SMOW (Stichler et
al., 1987). Our fluid data in the investigated wells showed a median value of -11.0 %0 SMOW (-12.1
to -10.6 %0 SMOW, n=11). The 680 values of the scales varied for the first Unterhaching well
from -22.3 to -26.7 %o PDB (median -25.9 %o PDB; production temperature about 122°C) and for the



5. Results 73

second Kirchstockach well from -26.2 to -27.3 %o PDB (production temperature about 137°C). To
determine the formation temperature of the different scale samples, various geothermometers based on
the fractionation factor between '80/'°O of calcite and '*0/'°O of the fluid were tested (Kim and O'Neil,
1997; Friedman and O'Neil, 1977). The geothermometer values according to Friedman and O'Neil
(1977) showed the best match with our data (Fig. 25). The formation temperature of the scales was
calculated to be around 119.1°C for the first Unterhaching well and around 135.8°C for the second
Kirchstockach well. Lower temperatures than the reservoir temperature represented a scale formation
during downtime periods of the power plant, whereas higher temperatures represented scales in close

proximity to the pump (motor temperatures up to 175°C).

5180 PDB [%] Calcite

Temperature [°C]

Fig. 25: Isotope composition of water versus calcite crystals according to Friedman and O'Neil (1977);
red squares — scaling from the Unterhaching geothermal plant, green squares — scaling from
the Kirchstockach geothermal plant.

The paleo-fluid of the Upper Jurassic ocean was around -1.0 %0 SMOW according to Prestel (1990) and

Wallmann (2001). The paleo-temperature of the Upper Jurassic ocean has been determined to be around

18.6 to 24.8°C (Liedmann, 1992; Fritz and Smith, 1970). Saline waters with current 8'30 values of up

to + 5.5 %o SMOW were observed at one Upper Jurassic well (STG) in the western part of the Molasse

Basin. Liedmann (1992) determined two geothermometer equations: (Geo-1) to calculate the paleo-

temperature supported by fluid inclusion studies with 580 values of calcites and §'*0 values of dolomite

crystals of the Upper Jurassic with a maximum temperature of 110°C. Additionally, the paleo-
temperatures were calculated using two equations (Geo-2) concerning the fractionation factor between

180/'0 of calcite and '80/'°0O of the fluid for calcite (Friedman and O'Neil, 1977) (Fig. 25) and for

dolomite (Fritz and Smith, 1970), which was previously developed in this study to be the best fit with

the scaling measurements. The temperature results for calcite crystals which had precipitated from
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Jurassic sea water with 8'30 values of -1 %o SMOW and -11 % SMOW for the recent fluids are shown

in Tab. 9. At -11 % SMOW, the calculated temperatures using the Geo-2 equation for minerals

precipitating from paleo-fluids were too low, as this equation could only be applied to recent non-

diagenetic fluids. However, at -1 % SMOW (Jurassic sea water), all temperatures from the Geo-2

equation

for precipitating minerals from paleo-fluids showed paleo-temperatures comparable to

Liedmann (1992) (Geo-1).

Tab. 9: Paleo-temperature from isotopic geothermometers (5'80 values Tab. 8); Geo-1: 180
geothermometers according to Liedmann (1992); Geo-2: 80 geothermometer after Friedman
and O'Neil (1977) for calcite and Fritz and Smith (1970) for dolomite and for paleo-fluids with
an 80 value of -1 %0 SMOW and -11 %, SMOW:; bold — reliable data.

Mineral Properties T [°C] T [°C] Geo2 [-1%o] T [°C] Geo2 [-11%o]
Geo-1
median min median max min median max
cc-m1 | Dark-gray, brown 30.2 21.7 25.0 43.3 10.7 11.5 12.3
cc-m2 | Gray 35.5 22.9 30.1 31.6 10.6 12.0
cc-m3 | Beige, light-gray 1.7 20.7 35.8 401 10.2 12.6
dol-1 Brown, fine 54.9 53.1 57.5 247.9 7.8 11.3 117.9
crystalline
dol-2 Dark-brown, platy, 57.3 39.2 59.5 71.9 -4.5 12.8 21.5
interlocked
dol-3 | Beige, light-gray, 66.0 48.5 67.1 111.0 4.0 18.2 44.7
massive
dol-4 Beige, light-gray, 76.8 60.2 76.4 101.0 | 13.3 24.4 39.1
sucrosic
cc-vi White 114.4 58.9 108.0 125.1 14.0 34.8 50.3
cc-v2 | Transparent 183.2 99.6 199.9 238.9 | 30.7 81.6 108.3
cc-dd | Light-beige 41.0 35.2 35.2 35.3 10.2 10.2 10.2
cc-vi2 | White, transparent 43.8 29.5 37.7 43.8 10.2 17.3
cc-v3 | Yellow to red coated 57.4 34.2 50.1 54.0 10.3 11.7 16.5
crystals
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Fig. 26: Temperatures calculated using the 80 geothermometer versus the median of depth
(Liedmann, 1992).
For the other well samples, the paleo-temperature was calculated using the 'O geothermometer in line
with Liedmann (1992) with the separation at different mineral phases and depths. The micritic
limestones showed (Fig.26) the lowest median at around 30-40°C. The '80 geothermometer
temperature increased from the dolostones, 45°C to a maximum of 100°C, to the vein calcites with a
temperature range between 100°C and 200°C (Fig. 26). Consequently, the temperature as well as the
burial depth increased from the limestone to the dolostone and had their highest values at the vein

calcites.
5.2.6 Use of cuttings for fluid inclusion analyses

In this study, we used our new approach for the fluid inclusion measurements on drill cuttings in their
unprepared and unpolished form. In comparison to the conventional thick sections from bore cores, the
measurements of the Ty and T, of the drill cuttings were confirmed at the Geretsried well. The mean Ty
in the drill cuttings was 145°C (n=64) and in thick sections 143°C (n=16), with both samples from a
similar depth. Summarizing, fluid inclusion studies of drill cutting samples expanded our study area to
sites where no other rock samples were available, with the advantage of still measuring a direct sample
from the diagenetic system. To determine the Ty and Ty, from drill cuttings, the measurements were
conducted 2-3 times on cuttings with a flat and smooth surface, as well as with low heating and cooling

rates.
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5.2.8 Discussion
5.2.8.1 Paleo-fluid evolution in the Upper Jurassic reservoir

We analyzed the paleo-fluid evolution of fluids stored in the crystals of the Upper Jurassic reservoir
rocks using the isotope data and fluid inclusion measurements. Isotope data (Fig. 23, Fig. 24, Tab. 8)
were further used to extend the burial history based on sedimentological and lithological data (Fig. 18).
Fluid were divided into four main types based on isotope data: (1) Upper Jurassic seawater, (2) meteoric
water (ground water or rainfall) and (3) basinal as well as (4) evaporated or diagenetic fluids with high
salinity. The diagenetic evolution was very broadly divided into five steps (Fig. 27): (I) sedimentation,
(II) early diagenesis with the first dolomitization, (III) burial diagenesis with a second dolomitization,

(IV) late burial diagenesis, dominant in fractures and fault systems, and (V) the present reservoir.
Phase I - Sedimentation

In the first diagenetic step (sedimentation), the lime mud and bioclastic components were deposited and
became lithified into two different limestones. The light-gray limestones of the reef facies mainly consist
of pure carbonate and had a high primary porosity (Wolfgramm et al., 2017) in contrast to the more
impure clay-bearing limestones of the lagoon and basin facies. The dark dolostone was possibly formed
from dark micritic limestones in lagoons and basins with a potentially high bitumen content. The fluid
evolution started with the stored Jurassic seawater, which was afterward influenced by various
diagenetic processes and diagenetic fluids, depending on the facies type, mineralogy during burial,
and/or differences in permeability. Paleo-fluids during the Upper Jurassic sedimentation had §'%0 values
of approximately -1 % SMOW for the ocean water, about -3 % SMOW at a depth of 100 — 200 m and
can be expected to be in the range of -4 to -5 %0 SMOW at a depth of 400 — 500 m (Hoefs, 1997;
Marshall, 1992). The one-phase fluid inclusions showed no phase changes during heating and freezing,
but have probably been trapped at low temperatures with formation temperatures below 50°C, as
suggested by Goldstein (2001). The dense, brown micritic limestones showed isotopic temperatures
between 30-40°C, and the porous, beige micritic limestones were between 30-50°C. Therefore, the
isotope measurements were consistent with the fluid inclusion data. In this early sedimentation stage,
the fluid might become enriched in Mg- and Fe- ions and organic carbon, maybe originating from the
clayey sediments, causing the first occurrence of matrix dolomite. We theorize that two different
diagenetic fluids were present during sedimentation, first the modified sea water originating from
lagoons and basins, and second the modified sea water from reefs of the carbonate platform in the Upper
Jurassic. The slight temperature increase from the brown to beige micritic limestone could be caused by
our sampling method, as the dolomite crystals (matrix dolomite) in the calcitic matrix (limestone) were
not separated. Therefore, the bulk measurements of the beige micritic limestone, which contains matrix
dolomite, indicated an increased temperature due to the lower 8'%0 values of the dolomite crystals
(-5.4 %o PDB instead of the -3.4 %o PDB for the limestone). The temperatures at the top of the sediment
during deposition were approx. at 25°C (Liedmann, 1992). Consequently, the limestone cements and

matrix dolomite crystals were formed at a depth of 300 to 650 m.
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Phase II - early diagenesis with the first dolomitization

Afterward, the early diagenesis with the first dolomitization period occurred in a gradual transition from
the sedimentation phase. The early diagenetic stage was characterized by an intense dolomitization of
carbonate rocks in contact with meteoric and basinal fluids (Wolfgramm et al., 2012; 2011; Reinhold,
1996; Liedmann, 1992). The formation temperature of the dolomite crystals was between 50°C and
70°C, with lower values for the brown and dark dolostones compared to the beige dolostones. The
temperature increased from the limestones to the dolostones, suggesting dolomite formation at greater
depths. Due to the higher formation temperatures, the dolostones (-4.5 %o to -7.5 %o PDB) generally
showed lower 830 values of around -1.5 %o PDB in contrast to the limestones (-3.4 %o to -5.4 %o PDB).
The three parameters increasing influence of meteoric fluids, increasing temperature, and/or fluid-rock
interactions in an open system seem to be responsible for the decrease in 8'0 (-3.4 %o PDB
to -5.4%o0 PDB limestones; -4.5 %o PDB to -7.5%0 PDB dolostones) with increasing depth and
temperature (Fig. 23) (Marshall, 1992; Hudson, 1977). In contrast, evaporation would generally increase
8'"%0 values, which was not confirmed in this study, but expected due to the evaporitic Purbeck
sediments. Due to the higher reservoir temperature in the southern deeper reservoir part, some of the
carbonate values from the deep wells did not plot in the ‘Upper Jurassic dolomitization window’
(Fig. 24) according to Liedmann (1992) and Reinhold (1996), whose samples had a maximum depth
(paleo-depth) of 1200 m. Therefore, we had to include higher temperatures and lower 8'30 values of the
Upper Jurassic dolomitization window (Fig. 24) in the present study. The carbonate rocks analyzed by
Liedmann (1992) and Reinhold (1996) were sampled from around 50 outcrops of the Oxfordian and
Kimmeridgian from the Swabian and Franconian Alb, and sampled at eight shallow wells with a
maximum depth of 930 m in the western Molasse Basin. The dolomitization and form of dolomite
crystals depended strongly on the depositional and diagenetic fabric of the Upper Jurassic rocks, as pure
carbonates showed bigger and clearer dolomite crystals than the dark carbonates. Furthermore, we
described a diagenetic replacement of limestone by dolomite, so-called matrix or replacive dolomite,
which is in line with previous studies (Machel, 2004; Reinhold, 1996; Liedmann, 1992). This dolomite
replacement is usually affected by temperature, alkalinity, pH value, concentration of Mg?** and Ca**,
Mg** to Ca** ratio, fluid, rock ratio, mineralogy of the carbonate replacement, and surface area (Gregg
et al., 2015; Machel, 2004). The diagenetic replacement is one of the dolomitization models, which are
still being studied focus and have not been solved for the Upper Jurassic in Germany (Hiatt and Pufahl,
2014; Machel, 2004; Warren, 2000). Usually, massive dolomitization, as visible in the investigated
Upper Jurassic rocks, is linked to an enormous fluid flow with a high concentration of magnesium. A
stratiform dolomitization, as visible in the Purbeckian dolostones, could occur in deposits with
accumulated microbial mats under evaporitic pumping (Fookes, 1995) and by normal to moderately
evaporated seawater (Gregg et al., 1992). Evaporation of the Purbeckian sediments was described by
halite pseudomorphs in the Purbeck sediments (Barthel, 1969). As we found no indicators of an
evaporitic fluid and two main dolomitized areas in the reservoir, we assumed a burial diagenetic

dolomitization process, probably precipitated in fractures and fault systems. Another possible
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dolomitization could have occurred by compaction fluids, with the Mg?* source within clayey sediments
of the bedded facies (Warren, 2000). Thereby, the Mg* becomes mobile due to the differential
compaction of the sediment layers and can move to areas with a lower compaction such as the reef
facies. Because of this Mg?* migration, the less compacted reef facies was dolomitized. A third
dolomitization option for the Upper Jurassic carbonate rocks would be dolomitization linked to faults
and fractures (Beaudoin et al., 2014; Swennen et al., 2012; Di Cuia et al., 2011; Baqués et al., 2010;
Gasparrini, 2003), with the probable occurrence of a hydrothermal fluid (Ronchi et al., 2012).

Phase III - burial diagenesis with a second dolomitization

Thirdly, during the burial diagenesis the second dolomitization period occurred simultaneously with a
probable hydrocarbon emplacement. This second phase of dolomitization in combination with bitumen
or hydrocarbons and a higher formation temperature has not been described for the Upper Jurassic
reservoir before. The formation temperature of dolomite crystals was around 120-136°C at depths of
3050-3100 m TVD at Traunreut, colder than the later vein calcite crystals at the same depths, but hotter
than the first phase dolomites. With the recent geothermal gradient of 25 K/km at the Traunreut well,
the formation temperature of the dolomite crystals should only be around 75-80°C. In addition, the
dolomite crystals showed a higher salinity with 40 g/LL NaCl equiv. compared to the later formed blocky,
vein calcite crystals, with a salinity of 10 g/L to 20 g/L. NaCl equiv. An increase in salinity from core to
rim in dolomite crystals have been shown by Liedmann (1992), but could not be confirmed in this study
due to a lack of measured dolostone samples. The decrease in 8'3C or lower §!°C in the limestones (+1.4
to +2.0 %0 PDB) to the vein calcites (-2.2 to -2.7 %0 PDB) may result from an increasing influence of
meteoric fluids or a higher content of organic carbon (Marshall, 1992). In contrast, the increase in §'*C
from the limestones (+1.4 to +2.0 %o PDB) to the dolostones (+2.2 to +2.5 %o PDB) may result from
CO»-degassing, due to the hydrocarbon emplacement, or an inflow of marine waters (Fig. 23) (Marshall,
1992). The main dolomitization had further occurred during the burial phase and was not
synsedimentary or early diagenetic, which is in line with previous studies (Reinhold, 1996; Liedmann,
1992).

Phase V - late burial diagenesis

During the Paleogene and foreland basin development, the late burial diagenesis in the Upper Jurassic
carbonate rocks happened, which was characterized by faulting, high subsidence rates, and higher
temperatures due to increased burial depths. Permeable, porous beige dolostones of the upper part of the
Upper Jurassic, were overgrown by transparent calcite crystals. In contrast, in the lower part of the Upper
Jurassic, the dark to brown, dense dolostones were overgrown by white vein calcite crystals. The white
vein calcite crystals were only found connected with the more impermeable dark to brown dolostones.
In addition, the white vein calcite crystals showed a strong fingerprint of basinal water with 3'3C values
of -2.1 %o PDB and §'%0 values of -5.8%o PDB. In contrast, the transparent calcite crystals of the upper
part of the Upper Jurassic were formed from meteoric fluids during late diagenesis with §'C values
of -2.2 %o PDB and §'30 values of -21.9%o PDB. The isotope temperature values for the limestones and

dolostones seemed reliable, whereas the isotope temperature results of the vein calcite crystals from the
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deep wells were up to 216°C higher than the recent reservoir temperature. However, the geothermometer
equation (Geo-1) (Liedmann, 1992) was extended in this study to temperatures above 110°C, due to the
application and validation of the equation by Liedmann at higher temperatures (max. 200°C). The fluid
salinity of the blocky calcite was below seawater (35 g/L. NaCl equiv.) with a T, of -1.0°C (17 g/L NaCl
equiv.) for primary inclusions and -0.7°C (12 g/LL NaCl equiv.) for secondary or pseudo-secondary
inclusions. This fluid salinity of the late calcite cements was consistent to the data by Liedmann (1992)
for the outcrops and shallow boreholes. Furthermore, there were fluids with a higher salinity with T,
between -2.0°C and -18.0°C and salinity between 33-112 g/L. NaCl equiv. in the southernmost and
westernmost wells such as St. Gallen and Al. At the St. Gallen well, an increase in salinity with
increasing depth was measured from 28 g/L to 34 g/LL NaCl equiv. This increase in salinity with depth
was also described by Liedmann (1992) with Ty, between -2.0 and -5.0°C. At the Geretsried well, both
an increase and decrease in fluid salinity was measured starting with 34 g/l NaCl equiv. (primary) to
64 g/LL NaCl equiv. (secondary 1) and 12 g/L. NaCl equiv. (secondary 2) respectively. Those different
secondary or pseudo-secondary salinities may have been caused by the influence of two different saline
fluids. Beside clathrates, another caused of the positive Ty, in small fluid inclusions is metastability,
which may have caused the changing, but persistently positive Ty, with a fast gas bubble formation.
Therefore, no CO, or CHy4 gases were assumed to be contained in the fluid inclusions (Bakker, 1997).
This was unexpected, as hydrocarbons are stored in the Upper Jurassic rocks and should be present in
the fluid inclusions. The higher saline fluids might have their source in the Upper or Middle Triassic
(Reinhold, 1996), the Purbeck or the lower Oligocene sediments (Lemcke, 1988; 1976). The Triassic
and the Oligocene salt waters are unlikely sources for the following reasons: a Triassic fluid would have
had to migrate against the hydraulic pressure, because the Triassic aquifer is under-pressured; the
Oligocene aquifer is under-pressured as well and would need to flow against the higher pressure of the
Upper Jurassic aquifer (Lemcke, 1976). Therefore, neither ascending nor descending saline fluids were
assumed. The Purbeck sediments are brecciated and micritic limestones, which were deposited under
brackish to evaporitic conditions during the late Upper Jurassic and early Lower Cretaceous (Barthel,
1969). Therefore, a potential source area of the salts in the Upper Jurassic reservoir could be the Purbeck

rocks.
Phase IV — the present stage

The present reservoir has been explored by hydrocarbon and geothermal wells and represents the last
diagenetic phase of our study. Downward migrating fluids, probably from rainfall, moving along faults
and karst phenomena may have lowered the &'80 reservoir values to the recently
measured -11 %o SMOW (-12.1 to -10.6 % SMOW, n=11). Today, the Upper Jurassic reservoir fluid
has a mineral concentration below 1 g/L. according to Mayrhofer et al. (2014); Stober (2014); Waber et
al. (2014); Stober et al. (2013/2014); Birner et al. (2011). Tab. 10 and Tab. 11 show the diagenetic fluid
composition from the wells investigated in this study, the calculated diagenetic fluid salinity (equiv.
NaCl), the present reservoir data, and reservoir data according to Birner et al. (2011). The diagenetic
fluid salinity (equiv. NaCl) in late calcite crystals in veins has a mean value of 32.0 g/LL NaCl equiv.,

which is higher than the present reservoir salinity (mean value: 4.8 g/L). In addition, the salinity of the
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reservoir fluid varies depending on the location of the well (Birner et al., 2011). Prestel (1990) reported
an increase in the salinity of the fluid reservoir to the south with a salinity of up to 37 g/L at the
Opfenbach hydrocarbon well. Today, the reservoir water signature should be characterized by the
diluted Upper Jurassic sea water with meteoric water, and by dissolved salts in the western area (T6th,
1995). In the southwest, the increase in salinity might be caused by a reduced exchange of fluids due to
the lower permeability. The relative high 3'80 values of up to + 5.5 %0 SMOW of the present reservoir
water in this area probably results from evaporitic or diagenetic processes. The only possible pathways
for fluid flow must then be along fault systems. The hydrochemical data support the theory that the
Jurassic sea water was diluted by a meteoric water, as determined by stable isotopes and fluid inclusions
(Tab. 11). In this study, the source area of the meteoric fluids was not determined, but previous
researchers described the origin in the Swabian and Franconian Alb (Prestel, 1990). Because the ancient
Jurassic sea water had a salinity of around 35 g/L (Liedmann, 1992), the reservoir fluid became less
saline during the evolution of the foreland basin with a fluid salinity in late vein cements of around 10-
20 g/LL NaCl equiv., and the present salinity with the lowest salinity of 0.5 g/L. Thereby, the fluid salinity
of late vein cements represents an intermediate point in the evolution of the Upper Jurassic reservoir. In
addition, the concentration of dissolved ions in the reservoir fluid has decreased with time and location,
from east to west. Examples are the westernmost St. Gallen well with the highest salinity and the
easternmost Traunreut well with the lowest salinity of the present reservoir fluid. The greater dilution
of the former Jurassic seawater in the eastern section of the reservoir could be caused by the high

permeability of the carbonate rocks.

Tab. 10: Fluid composition of the geothermal wells in the southern Molasse Basin. Recent well data
were provided by Florian Heine, Technical University of Munich (TUM), Chair of Hydrogeology.
* Wolfgramm et al. (2015), **Birner et al. (2011), ***Stober et al. (2013/2014).

Well Salinity from Fl data [g/L] Salinity [g/L]
Reservoir in production

STG 33 *18.0

Al 112 **0.5-10.6

MOS 12 ***0.2-2.0

C1 9 **5.0-10.0

SCH 18 **5.0-10.0

FRH 1 19 4.1

GEN 27 1.6

UHA 1 18 0.6

TRN 1 42 0.5
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Tab. 11: Hydrochemical data from the deep wells showing a dilution of the Jurassic sea water from the
St. Gallen well (Wolfgramm et al., 2013), Geretsried, Unterhaching, and the most diluted
formation water at the Traunreut well. Traunreut data from Florian Heine, TUM Hydrogeology.

Parameter Jurassic St. Gallen Geretsried Unterhaching Traunreut

sea water

9/l | [%] | [0/ | [%] | [9/1 | [%] [9/1 [%] [9/1] [%]
Sodium 10.7 | 30.5 6| 309 08| 26.5 012 | 175 0.13 23.5
Potassium 04| 1.1 22| 113 | 0.08 2.6 0.02 2.9 0.02 3.6
Magnesium 1.3 3.7 | 0.03 0.2 | 0.02 0.7 0.005 0.7 | 0.004 0.7
Calcium 04| 11] 012 0.6 0.1 3.3 0.03 4.4 0.03 5.4
Chloride 19.3 | 55.0 9.6 | 495 14| 464 0.11 16.1 0.08 14.4
Sulphate 27| 7.7 015 0.8 | 0.08 2.6 0.02 2.9 0.01 1.8
HCO8S- 02| 0.6 1.2 6.2 | 044 | 146 0.28 | 40.9 0.28 50.5
Residual 0.1 0.3 0.1 0.5 0.1 3.3 0.1 146 | <0.1| <18.1
Sum 351 | 100 | 19.4 100 | 3.02 100 0.685 100 | 0.554 100

The determined, calculated and measured temperatures of the Upper Jurassic aquifer are shown in
Tab. 12. The Ti, trapping, and maximum trapping temperatures measured in the vein calcites using
microthermometry were higher than the recent reservoir temperature in nearly every measured well.
However, the reservoir temperature was not corrected for the borehole temperature BHT and could have
an error of around 20 K. The three following reasons could explain the higher formation temperatures
of around 25°K: (1) ascending hotter basement fluids along fractures and fault zones, (2) necking or
stretching of the fluid inclusions while heating (re-equilibrium), and/ or (3) a higher or different
geothermal gradient. As no cement phase possessed a different chemistry or isotope signature, ascending
basement fluids are unlikely. The re-equilibrium of the fluid inclusions means that the maximum
temperature stored from re-equilibrium was measured in this study (Barker and Goldstein, 1990;
Goldstein, 1986). As large fluid inclusions are more likely to re-equilibrate than small ones (McLimans,
1987), the possibility of the small 2-phase fluid inclusions in the present study was low. Because of the
similar Ty and Tr, and consistent liquid-vapor ratios in the measured FIA in the vein calcites, we assumed
that no re-equilibrium occurred. The higher geothermal gradient seemed to be the most relevant cause
of the temperature increase, as a varying geothermal gradient would explain the high temperatures and
might not cause a change in fluid chemistry. Moreover, a varying geothermal gradient would be in line
with previous studies by the hydrocarbon industry for the Cenozoic sediments in the Molasse Basin
(Mazurek et al., 2006; Teichmiiller and Teichmiiller, 1986). Liedmann (1992) discussed possible paleo-
temperature gradients of up to 60 K/km, but this study did not confirm that. In contrast to the average
geothermal gradient of the Upper Jurassic reservoir, the Traunreut well has an anomaly with a lower

temperature and geothermal gradient today (Agemar et al., 2012; Wrobel et al., 2002).
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Tab. 12: Temperature measurements of the recent reservoir temperatures from unpublished borehole
reports. UJR: Upper Jurassic reservoir; temperature at top of UJR (Top T), maximum
temperature of the UJR (Max. T UJR), homogenization temperature from fluid inclusions (Th),
calculated formation temperature (Trrm), maximum formation temperature (Tiom max.) and
temperature data according to Agemar et al. (2014a) (Top T UJR GeotlS). (-: no data
available; *Schneider et al. (2012)).

Well TopT Max. T | Tn[°C] Ttorm [°C]  [Ttorm Max [°C] Top T UJR GeotlS
UJR UJR [°C] (Agemar et al.,
[°C] [°C] 2014a)
STG 144 150 140-156 137-177 142-184 -
Al 104 104 70-130 121-152 123-154 100 + 11
MOS 79* 87* 130 131-147 133-175 707
C1 - - 123 128-134 131-137 108 + 11
SCH 128 131 122-158 124-175 130-181 133+12
FRH 105 144-190 148-195 150-197 80 + 11
GEN 125 150 141-148 152-174 157-178 147 £ 14
(ST: 132- | (ST:136-171)
167)
UHA 91 124 123-135 123-128 127-131 118 + 11
TRN 106 115 106-115 108 + 11

5.2.8.2 Subsidence history of the Molasse Basin

The measured formation temperature in the vein calcites and dolomite crystals in combination with the
reconstruction of the subsidence history, paleo-fluids and paleo-temperature using stable isotopes,
provided evidence of the North Alpine Foreland Basin evolution (Fig. 27, Fig. 28). The evolution started
with the Jurassic sea water, which had a temperature of around 25°C during deposition (Liedmann,
1992) at an assumed water depth of 150-200 m (Selg and Wagenplast, 1990). As the suggested formation
depth of the sedimentary rocks was between 200-400 m, the temperatures were around 30-40°C during
early diagenesis and rock formation. After the limestone cementation, the dolostones were formed by
isotope temperatures of around 40-70°C for the brown dolostones and 60-90°C for the beige dolostones.
The dolostones showed an increase in temperature compared to the light beige, subhedral-euhedral, pure
dolostone. The dolomitization could have increased the porosity during dolomitization in the reefs and
on the carbonate platform (Machel, 2004). Due to the temperature and isotope data, the assumed depth
of dolomitization is around 1-2 km with a possible inflow from meteoric fluids. In the further subsidence
of the rocks to a depth of 1.0-2.5 km, the dolostones with a bitumen coating were formed at temperatures
between 70-100°C. This probably happened during a further or second dolomitization phase, which has
not been described before, and while a high migration of hydrocarbons was present. In addition, a Ty, of
around 110°C and a salinity of 40 g/LL NaCl equiv. for these idiomorphic dolomite crystals (planar-e
dolostones) were measured, but with no indication of hydrocarbons. The sampled dolomite crystals were
either vein or fractured dolomite crystals from the Traunreut well at depths of 3086 m TVD. Our study
confirmed the data by Liedmann (1992), who assumed a deep burial hydrothermal dolomitization during
the Alpine orogeny, and early dolomitization with temperatures of around 40-90°C. Consequently,
dolomitization occurred during the burial diagenesis, first at lower (40-90°C) and later at higher (70-

100°C) temperatures. In addition, a meteoric influence was present during the diagenesis, as the former
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Jurassic seawater was diluted in the southern Upper Jurassic rocks during the Cretaceous and Paleogene
(Fig. 28).

The highest Ty in the transparent vein calcites (Fig. 28) was close to the maximum value, and it
confirmed the growth of the calcite crystals at a late diagenetic stage with maximum temperatures of up
to 190°C, which was also described by Liedmann (1992). As the calcite crystals precipitated in fractures
and veins, the formation must have happened during the tectonic phase of the Molasse Basin. The
isotope temperature for the white vein calcite crystals was between 110°C and 140°C, excluding St.
Gallen with temperatures of 70°C. These temperatures could be higher due to a measuring error, as the
salinity of the ascending fluids might be increased from highly saline lagoon and basin fluids, and
therefore the geothermometer from Liedmann (1992) (Geo-1) could have calculated lower values. The
transparent vein calcite crystals were probably formed in a second tectonically active phase because the
isotope temperatures were between 140-200°C, higher than the white vein calcites. Consequently, the
white vein calcites were formed at depths of 1-3 km, and the transparent vein calcites precipitated from
low saline fluids (10-20 g/L. NaCl equiv.) at depths between 1.0 km and 3.5 km. The transparent vein
calcites at the Traunreut well showed the lowest isotope temperatures, which confirmed the present low-
temperature anomaly (Fig. 28). Furthermore, the Traunreut well has the most diluted reservoir fluid
today (Fig. 28), indicating a meteoric influence with decreasing grade to the southwest. Hence, the late
meteoric water was present during the growth of the transparent vein calcite, as the fluid inclusions
showed the dilution of the former Jurassic sea water as well. However, in some fluid inclusions, positive
Twm were measured due to metastability, therefore no hydrocarbons or gases were present during the
inclusion trapping in the vein calcites. This is controversial, as the Upper Jurassic carbonate rocks store
hydrocarbons, which were explored during the 1960s to 1980s. In summary, our study showed that the
early diagenetic fluids and cements might be overprinted by a hotter hydrothermal fluid migration or a
higher geothermal gradient, evidenced by the vein calcites in the Upper Jurassic reservoir (Fig. 28). This

hot fluid migration, stored in the late vein cements, was probably along fault and fracture systems.
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Fig. 27: Subsidence plot for the Upper Jurassic carbonate rocks, divided into the western (gray) and
eastern (black) Molasse Basin. The eastern Molasse Basin was down-lifted further than the
western Molasse Basin, and both parts have reached the maximum depth today. The sediment
thickness was used from the borehole data at Traunreut (eastern Molasse Basin) and
Mauerstetten (western Molasse Basin) and was not corrected for compaction. Due to varying
geothermal gradients, the relative depths were assumed.
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Fig. 28: Overview of the study area in the Molasse Basin, southern Germany and eastern Switzerland.
In addition, the measured temperature and salinity values measured in the fluid inclusion
assemblage (FIA) and in the present reservoir fluid are provided from Tab. 10 and Tab. 12.

Temperatures above 50°C have been possible since the Eocene, which is characterized by the Paleogene

sedimentation (Fig. 27). Surface outcrops might have reached depths of around 600 m due to the low

cement formation temperatures, and of up to 4,000 m in the deeper down-lifted Upper Jurassic reservoir
in the southern Molasse Basin (Fig. 27). Using the subsidence plots (Fig. 27), higher temperatures were
assumed in the eastern part of the Molasse Basin, as the sedimentary rocks are at greater depths.

However, the Traunreut well in the eastern part of the Molasse Basin showed relatively low temperatures

for the vein calcites compared to the dolomitization temperatures, possibly due to an already existing

temperature anomaly (Agemar et al., 2014a; 2012).
5.2.9 Conclusion

In our study, the fluid and temperature evolution of the Upper Jurassic reservoir in the North Alpine
Foreland Basin was analyzed using fluid inclusion measurements and stable isotopes of different cement
phases in the carbonate rocks. In a new approach to measure fluid inclusions in drill cuttings, the study
area was extended to boreholes drilled for a geothermal purpose, where drill cuttings were the only
available samples. Thereby, old and newly drilled wells could be measured, and a wide area was
investigated from the surface to depths of 4500 m. The burial development of the Upper Jurassic rocks
could be reconstructed from temperature and fluid composition data. Our results showed an early
diagenesis of the limestones, followed by two burial dolomitization phases and a late, tectonically active
burial phase, which developed fractures and fault zones (Fig. 27). The main dolomitization phase could
have occurred during the Alpine orogeny in the Cretaceous and early Paleogene. This early

dolomitization might have developed at a depth of around 1-2 km. A later, second dolomitization is
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characterized by idiomorphic dolomite crystals coated with bitumen and temperatures of around 80-
100°C. This second, and newly described dolomitization was measured in fluid inclusions hosted in
dolomite crystals with formation temperatures of around 110°C and a salinity of 40 g/L. NaCl equiv.,

which is below the values of the Upper Jurassic seawater.

Our hypothesis was that the Jurassic sea water (formation water) was diluted from a subsequent
infiltration of karst or meteoric water. The timing of this dilution phase is unclear and might not only
have happened during periods of erosion (Fig. 27). At nearly every well, the measured Upper Jurassic
reservoir fluids became less saline during basin evolution, however, the southwestern area showed a
higher salinity than the Jurassic sea water salinity. The least saline well is Traunreut today, which might
be caused by a more permeable reservoir. The source area or formation of the high salinity of the
diagenetic fluid in the southwestern part is still unclear, and could not be determined in this study.
Another interesting result was that dolomitization occurred in the same temperature range at the
Traunreut well as in the Munich area, but afterward the reservoir temperature must have decreased.
Therefore, the present low-temperature anomaly around Lake Chiemsee might have existed since the
tectonically active phase and the formation of the transparent vein calcites. Further studies should be
performed of vein calcite samples from the Traunreut well to understand the fluid evolution, dilution,
and change in geothermal gradient in detail. The Geretsried well showed two different types of
secondary or pseudo-secondary fluid inclusions with the same trapping temperature but different
salinities. In addition, the St. Gallen well indicated an increase in salinity with depth. Those
measurements support the theory of a meteoric water influence, migrating from the surface downward.
In the outcrop samples, a third calcite cement was found, which probably developed from karstification
processes, which can sometimes recrystallize dolomite to dedolomite. For high permeability areas, the
influence of the meteoric fluids must be important, which might be along fracture and fault zones in the
Molasse Basin. The areas with a high fluid migration on the basis of our results would seem to be the
best target areas for a geothermal installation, because they show a high primary porosity,
dolomitization, and still open fractures. In the present study, we did not focus on a detailed analysis of

the dolomitization process, but it will be addressed in future research.
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5.3 Dolomitization of Upper Jurassic carbonate platform rocks: A
case study from the North Alpine Foreland Basin

5.3.1 Introduction

For the characterization of the geothermal, carbonate Upper Jurassic reservoir in the North Alpine
Foreland Basin, a basin-wide comparison of the cements, dolomite crystals, and dolomite types was
performed. Thereby, important process as recrystallization and/or calcification, and dolomitization were
investigated, which might develop high porous and high-permeability areas (Machel, 2004).
Furthermore, the relationship between the facies, diagenesis, dolomite types, and porosity was analyzed,
as highlighted by Machel (2004). The Upper Jurassic carbonate rocks are studied for facies types
(Meyer, 1994; Meyer and Schmidt-Kaler, 1989), hydraulic and hydrochemical properties (Stober, 2014;
Birner et al., 2012), diagenesis and dolomitization (Reinhold, 1996; Liedmann, 1992), particularly in
outcrops of the Franconian and Swabian Alb. In this study, the Upper Jurassic carbonate rocks, such as
limestones and dolostones, were sampled from 13 deep wells (2.5-5.0 km) of the North Alpine Foreland
Basin, so-called Molasse Basin. The Upper Jurassic carbonate rocks of the deep wells show differences
and variations in dolomite types, amount of dolomite, facies and lithology, and especially in productivity
of reservoir fluid (Bohm et al., 2011; Meyer, 1994). In addition, the deep Upper Jurassic reservoir (1-
5 km) was compared by the occurring dolomite types and their distribution to the shallow Upper Jurassic
reservoir (< 1 km), as well as to previous research. For that reason, 12 outcrops of Upper Jurassic in the
Franconian and Swabian Alb were sampled besides the 13 deep wells, which intersect the Upper Jurassic
carbonate rocks. For the characterization, the dolomite crystals as well as the carbonate host rock
samples were measured using optical and cathodoluminescence (CL) microscopy, scanning electron
microscopy (SEM), and X-ray diffraction (XRD). The CL data was compared to fluid inclusion and
stable isotope data published by Mraz et al. (2018c), which measured the same samples.

For the further geothermal exploration of the Upper Jurassic reservoir, the dolomite problem needs to
be addressed to understand the origin and timing of dolomitization, as well as the size and distribution
of the dolomitized carbonate rocks. Especially for the geothermal exploration, the porosity and
permeability pattern are important (Birner et al., 2012; Warren, 2000), which depend on pore space
generating processes such as dolomitization, dissolution, and karstification. However, this pore space
can be cemented by the precipitation of calcite, quartz (silica) or even dolomite crystals
contemporaneously (Hiatt and Pufahl, 2014; Machel, 2004). In general, the dolomitization process is
still in research focus, as the dolostones occur in many sedimentary and diagenetic settings (Adams et
al., 2018; Makhloufi et al., 2018; Richter et al., 2018), with the genetic interpretation differs depending
on the geological setting. Furthermore, dolomite is more abundant in older rocks, and well-ordered,
stoichiometric dolomite is never produced in nature (Machel, 2004). Dolomitization processes are
generally described according to Hiatt and Pufahl (2014) and Machel (2004) to happen under three
conditions: (1) seawater in conjunction with evaporative conditions, (2) freshwater mixed with seawater,

(3) burial diagenetic environments. Usually, the dolomite crystals replace calcite crystals in a limestone,
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so called replacement dolomite or matrix dolomite, which can created an inter-crystalline micro-porosity
(Machel, 2004). In the present study, the dolomitization was of special interest, as good target areas are
generally found within a dolomitized massive facies of the Upper Jurassic (Birner et al., 2012; Béhm et
al., 2011). We assumed that the dolomitization of the deep Upper Jurassic reservoir happened during
the burial diagenesis, as it is described for the shallow Upper Jurassic carbonate rocks (Reinhold, 1996),
however at higher temperatures due to the higher present reservoir temperatures with 65-150°C at depths
of 2.5-5.0 km. Besides, variation in dolomitization depending on the facies, clay and/or unsolved
residual content, proximity to fault and fracture zones, and to bedding in the Upper Jurassic reservoir
were supposed. Therefore, the following key questions were addressed: (I) What types of dolomite
crystals can be distinguished and are they linked to certain settings, (II) Are the dolomite crystals
associated with a certain facies or mineral phase, (III) Are there indications of when the dolomite crystals
were formed, (IV) Under which conditions were the dolomite crystals formed, (V) how is the

distribution of matrix porosity in the carbonate rocks.
5.3.2 Study area and geology

This study focused on the characterization of the Upper Jurassic reservoir in the Molasse Basin (Fig. 29),
which was exploited for hydrocarbons in the past and is used to generate geothermal energy by
producing the warm (65-150°C), low saline reservoir fluid (1-10 g/L) today (Mraz et al., 2018c).
Therefore, 13 wells intersecting the Upper Jurassic carbonate rocks were selected in addition to 12
outcrops at the Franconian and Swabian Alb (Tab. 13). Some of the selected wells only reach at the final
depth the sediments of the Lower Kimmeridgian (previously called Malm gamma), and therefore do not

encounter the complete Upper Jurassic.

The Upper Jurassic carbonate rocks were deposited on a epicontinental marine platform, and can be
subdivided by the main and dominating organisms and by the depositional environment into a massive
facies and a bedded facies (Meyer and Schmidt-Kaler, 1989). The massive facies, or sometimes so-
called reef facies, is composed of siliceous sponges, microbial mats, tubiphytes, ooids, and peloids,
which are sometimes reworked (Pawellek and Aigner, 2003; Meyer, 1994). In contrast, the bedded facies
was deposited within basins and contains transported bioclasts of the surrounding massive facies in
micritic, marly limestones (Meyer, 1994). To the late Upper Jurassic, the carbonate rocks grade into a
brackish, evaporitic facies, the so-called Purbeckian facies (Joachimski, 1994; Strasser, 1988; Barthel,
1969).
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Fig. 29: Overview of the study area in the Molasse Basin, southern Germany and eastern Switzerland.
FRH-Freiham, GEN-Geretsried, MOS-Moosburg, TRN-Traunreut, UHA-Unterhaching, SCH-
Schongau, STG-St. Gallen, BWO-Bad Woerishofen, outcrops according to Tab. 13.

The Upper Jurassic carbonate reservoir is situated in the North Alpine Foreland Basin, overlaying

Middle Jurassic and Permo-Carboniferous sediments, as well as a crystalline basement (Kuhlemann and

Kempf, 2002; Bachmann and Miiller, 1996). Due to the wedge-shape of the Molasse Basin, the Upper

Jurassic sedimentary rocks crop out at the Franconian and Swabian Alb and are situated at around 5 km

depth at the Alpine deformation front. The Upper Jurassic carbonate rocks are overlain by Cretaceous

and Cenozoic sedimentary rocks. During the diagenesis, the carbonate rocks of the Upper Jurassic were
affected by recrystallization and dolomitization processes (Liedmann, 1992), by a hydrocarbon
emplacement and migration of silicate rich fluids. Previous researchers (Mraz et al., 2018c; Wolfgramm
et al., 2016; Reinhold, 1996; Liedmann, 1992; Prestel, 1990) described the diagenesis using fluid
inclusions, geochemical data, and cathodoluminescence (hot cathode) as following: (I) early diagenetic
calcite cements precipitated and formed the sedimentary rocks; (II) during the early burial diagenesis,
the dolomitization of the former limestones happened, developing in parts massive dolostones. These
massive dolostone (planar-e, high porous) are usually distributed within the Kimmeridgian, have
developed in the massive facies, and build up the main highly permeable reservoir (Wolfgramm et al.,

2011; Bohm et al., 2010). The carbonate rocks of the Tithonian and Purbeckian showed slightly different

dolomite types (Liedmann, 1992), which sometimes form a second high-permeability area in the Upper

Jurassic reservoir (Wolfgramm et al., 2011; Bohm et al., 2010). As the North Alpine Foreland Basin
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evolved, the Upper Jurassic carbonate rocks were deformed and fault and fracture systems developed,
especially in the Eocene to Miocene, parallel to the Alps (Mraz et al., 2018a; Budach et al., 2017,
Kuhlemann and Kempf, 2002; Lemcke, 1988). (IIl) In the still continuing burial diagenesis, the
carbonate rocks were influenced by hydrocarbons and idiomorphic dolomite crystals precipitated at
former fracture zones. (IV) In the late burial diagenesis, calcite cements were precipitated along former
fracture zones, hosting 2-phase fluid inclusions (liquid-vapor). Previous researchers described further a
hydrothermal dolomitization connected to tectonic structures (Reinhold, 1996; Liedmann, 1992). Due
to a high overburden stress, pressure solution and stylolitization happened in all Upper Jurassic
carbonate rocks during the burial diagenesis. In periods of subaerial exposure, probable during the
Cretaceous, and by the presence of meteoric waters, the Upper Jurassic carbonate rocks were dissolved,
became karstified and in parts dedolomitized, especially at the shallow reservoir rocks and at the outcrop
areas (Koch, 2011; Reinhold, 1996).

Tab. 13: FI-Fluid inclusions, CL-cathodoluminescence, X-thick section, Y-thin section, Z-cutting

sample.
Sample Stratigraphy depth | Method Method | Sample Meas. |Sample
[m
Well Upper Jurassic | TVD] Fl n CL n n type

dolostone,

A6.1 Treuchtlingen-Fm. X 1 X 1 1 X
dolostone,

A6.3 Treuchtlingen-Fm. X 1 4 X
dolostone,

A10.18 Treuchtlingen-Fm. X 2 X 1 4 X
dolostone,

A10.7 Treuchtlingen-Fm. X 1 X 1 1 X
dolostone,

A10.9 Treuchtlingen-Fm. X 1 X 1 2 X
limestone,

Al11.1 Altmihltal-Fm. X 8 X 1 2 X

dedolostone,
A12.1 Treuchtlingen-Fm. X 4 X 1 3 X
dedolostone,

A13.2 Treuchtlingen-Fm. X 4 X 1 1 X
limestone,

A14.1 Treuchtlingen-Fm. X 1 X 1 4 X
dolostone,

A21.4 Treuchtlingen-Fm. X 2 X 1 5 X
limestone,

A25.1 Treuchtlingen-Fm. X 1 X 1 2 X
limestone,

A27.1 Treuchtlingen-Fm. X 1 X 1 6 X
limestone,

A32.2 Arzberg-Fm. X 1 X 1 2 X
dolostone,

A34.1 Frankenalb-Fm. X 1 X 1 1 X
dolostone,

A39.1 Frankenalb-Fm. 400 X 4 X

sum 32 14 38

FRH-1 Kimmeridgian X 17 X 12 27 Y,Z

4365-
GEN-1 Kimmeridgian 4722 X 73 15 8 Z
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Sample Stratigraphy depth | Method Method | Sample | Meas. |Sample
[m
Well Upper Jurassic | TVD] Fl n CL n n type
GEN- 4602-
1ST-A1 Kimmeridgian 4722 X 29 X 1 2 Z
3303,
C1 Tithonian 2 X 15 X 1 1 X
Tithonian- 1288-
MOS Kimmeridgian 1449 X 40 X 2 4 X
4375-
SCH Tithonian 4378 X 84 X 4 9 X
Oxfordian- 3910-
STG Kimmeridgian 4156 X 28 X 3 6 X
2646-
Al Kimmeridgian 2739 X 18 X 2 2 X
Tithonian-
TRN-1 Kimmeridgian X 24 X 49 35 Y,Z
Tithonian- 4336-
TRN-2 Kimmeridgian 4509 X 9 X 30 8 Z
3067,
UHA-1 Kimmeridgian 5 X 28 X 2 1 Z
3289,
UHA-2 Kimmeridgian 5 X 12 X 2 2 Z
Tithonian- 2370-
BWO Kimmeridgian 2565 X 12 X 5 5 Y,Z
sum 389 128 110

5.3.3 Methodology

The Upper Jurassic samples of the 12 outcrops were 14 hand specimens, whereas the 128 samples of
the 13 deep wells were either drill cores or drill cuttings (Fig. 29). The 12 outcrop samples were made
into double-sided thick sections. The drill core samples of the Upper Jurassic were made into thin and
thick sections, while the drill cuttings were made into thin sections or were measured unprepared as they
were produced by drilling. The drill cuttings had generally a size of around 1 mm. Depositional facies
and lithology of the veins and carbonate rocks were studied using optical microscopy on alizarin stained
thin sections. The lithology and petrography were previous published in detail in (Mraz et al., 2018b).
The 443 fluid inclusion studies and 266 stable isotope data (8'°C and §'®0) was used as published in
Mraz et al. (2018c), as the same samples were analyzed. The diagenetic features (compaction,
stylolitization, recrystallization), as well as dolomite and calcite crystals were observed in 149
measurements under an optical and cathodoluminescence microscope. Thereby, a cold cathode system
from CITL (Cambridge Image Technology Ltd.) coupled to an Olympus microscope and a digital
Olympus DP25 camera was used. Operating conditions were in the range of 260-365 uA/mm? and 15-
20 keV gun current with a vacuum during the measurement below 0.06 mbar. The camera was adjusted
to ISO 200 with a constant exposure time of 5 s for all photos. A problem was that the exposure time of
the camera could not be extended to 5s or more, as usually an exposure time of 45s is used. Carbonate
rocks with the amount of dolomite crystals above 75 % were called dolostones in the present study. The
dolomite crystals and dolostone textures were classified according to Machel (2004) and Sibley and
Gregg (1987).
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The cathodoluminescence (CL) was measured conventional at thin and thick sections, and in addition
at unprepared and unpolished drill cuttings. It was possible to measure drill cuttings in CL, if they had
a smooth and flat surface. However, sometimes in contact with the electron beam the cuttings moved
outside the visible field. Furthermore, it was necessary to check for a minimal space between the
particles to prevent a shadow of the electron beam by neighboring cuttings, due to the thickness of the
drill cuttings. In general, CL in carbonate rocks is, especially in calcite and dolomite crystals, due a
doping of foreign atoms (impurities) and subordinating by lattice defects (Gotze, 2002; Amieux, 1982).
Therefore, CL provides information on the growth textures in the crystals, which are indicative of the
forming conditions and diagenesis. In addition, the CL color and intensity depends on activators,
sensitizers, quenchers in the crystal lattice, and fluctuations in redox-potential, as well as in growth rates,
temperature, crystal surface structure, fluid chemistry, and chemical species in solution (Boggs and
Krinsley, 2006; Pagel, 2000). The CL in diagenetic carbonate rocks is usually visual detectable by the
activator of manganese (Mn?*), which can exchange the Ca?" and/or Mg?* position in the crystal lattice
and can be further quenched by Fe?*, Co?*, Ni2* and Fe** (Richter et al., 2003; Pagel, 2000). The Mn2*
activated luminescence in calcite and dolomite crystals, change the CL from the intrinsic blue-violet
color to an extrinsic orange-red color (Boggs and Krinsley, 2006). Hence, in this study different cement
phases based on CL and fluid inclusion data were characterized. However, using a cold cathode, only
qualitative measurements were possible. In the samples, sometime dust particles were visible by a bluish
CL on the sample surface. An intrinsic, blue to violet CL was not visible in all executed CL
measurements on calcite cements. Furthermore, the CL intensity was increased at uneven fracture
surfaces at the drill cutting samples. The CL colors of the Upper Jurassic carbonate rocks were red, non-
luminescent, red with non-luminescent concentric zonation, orange, yellow with non-luminescent sector

zonation, and dull yellow.

In addition, SEM and energy dispersive X-ray (EDX) analyses were carried out on thin sections and
drill cuttings to determine the composition of the cement phases in the limestones and dolostones. XRD
measurements were further conducted in line with DIN EN 13925-1, 2, 3; DIN EN 1330-11 on four
Upper Jurassic bore core samples, which were selected from dark gray, micritic limestones (2942-
4709 m TVD). Both quantitative analyses helped to further investigate the cements, microfabrics, and

diagenetic sequence of the Upper Jurassic carbonate rocks.

5.3.4 Results
5.3.4.1 Limestones and early cements

The first diagenetic phase was represented by limestones, such as mudstones, wackestone, packstone,
grainstone, and only in parts by bindstones. Initially, the micritic matrix (mudstone to packstone)
showed no CL. However, most investigated limestones and early cements of the deeper basin part were
recrystallized by blocky cement (e.g. grainstone), indicated by the missing of different early cement
types such as fibrous or palisade cements, which were described by Liedmann (1992) for the shallow

reservoir. At the outcrop samples, intrinsic Cl was measured, but not at the well samples. Some of the
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recrystallized limestones did show a dull red to slightly orange CL, with a dark red CL at calcite cements
within the limestones. Bioclasts and components, such as peloids or ooids had typically no CL, but some

recrystallized bioclasts showed a dull orange CL.

Stylolites were found in the outcrops and deep well rock samples. As some silicified areas are limited
by stylolites, the stylolites must have formed before the recrystallization of the siliceous sponges and
migration of silica happened. Furthermore, the silica of the siliceous sponges has migrated through the
Upper Jurassic carbonate rocks and precipitated in form of siliceous concretes above the former siliceous

sponge rich layers.
5.3.4.2 Dolostones and dolomite crystals

The dolomite types were subdivided into dolostones (>75 % dolomite crystals) and matrix dolomites
(replacement dolomite). The matrix dolomite crystals were usually idiomorphic to hypidiomorphic (30-
120 pm), but showed heterogeneous distribution depending on the original limestone texture. Usually,
the matrix dolomite crystals were beige to light gray, but they can have a dark brown color similar to
the micritic limestones. The matrix dolomite has formed in all types of limestones, sometimes starting
in the sparite or within the bioclasts, such as ooids. Besides, matrix dolomite can be equally distributed
or enriched at stylolites. Some matrix dolomites were zoned, with a cloudy center and a clear rim. The
matrix dolomites were separated by their CL in no and red matrix dolomites. In some samples, the non-
luminescent matrix dolomites were overgrown by a thin red CL rim. The red CL matrix dolomites (TRN
and C1) became sometimes more intense toward the rim and showed a concentric zonation in transmitted
light. Furthermore, an overgrowing phase on the dull red luminescent matrix dolomite core was visible,
starting with non-luminescence and grading into a red thin zone of luminescence. EDX element analysis

showed no zonation or chemical change in these matrix dolomite crystals.

The white to beige dolostones had generally planar-e crystals (200-300 um) or planar-s crystals (160-
230 pm). The massive dolomites, polymodal planar-e to planar-s dolostone, have formed in mudstones
to grainstone, few containing peloids as mimetic ‘ghost’ structures. A completely dolomitized ooidal
grainstone was visible in SEM by the distribution of different sized dolomite crystals, representing the
former texture. Some dolostone with planar-e dolomite crystals were coated by a black thin material,
possible bitumen, and showed a visible porosity. In component-rich limestones, polymodal, planar-e to
planar-s dolostones were formed. This is probable due to an intense dolomitization of the massive
limestones, and because the bigger sparite of the grainstones was not as easily dissolved as the former
lime mud. In contrast, the unimodal dolomite planar-e dolostone might have formed from wackestones
to packstones, where no bigger bioclasts or particles with sizes of more than 1 cm were found. Planar-a
dolostones (120-200 um crystals size) were developed in the lower Upper Jurassic rocks and were
frequently dark beige to light brown. In addition, a bigger size and a higher amount of dolomite crystals
is described for the pure, massive limestones, compared to the micritic dark colored limestones. In some
southern wells (GEN, MST, TRN), the planar-e to planar-s dolostone graded into a planar-a dolostone,
starting at different depths (3500-4700 m TVD).
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Most dolomite crystals showed a non-luminescence to blue CL core and sometimes a thin red CL rim.
This thin red CL phase was only found in dolostone which were intersected in the deep wells. Some
cloudy crystal center showed a dull red luminescent, a non-luminescent intermediated phase, and
sometimes a last red or non-luminescent thin phase at the clear, transparent rim. Due to the
recrystallization process of the dolomite crystals, caused by a higher temperature and a further supply
of Mg-rich fluids, the dolomite crystals might have further grown syntaxial and could have formed the
clear, transparent rim. In addition, limestone relicts were probable incorporated in the crystal lattice of
the dolostone, which explains that some dolomite crystals centers showing the same red CL color of the
limestones. Another possibility is that the first matrix dolomite was recrystallized and therefore show
the red dull limestone (Reinhold, 1998). Rarely, the thin red CL phase was not developed and/or
developed as a very thin phase, and/or showed a concentric zonation with up to 3 phases. In drill cuttings,
the dolomite crystals had a reddish-orange luminescent CL, with the beige dolostone cuttings showing

an intensive orange luminescent CL.

Vein dolomites had idiomorphic dolomite crystals and showed a concentric to sector zonation of red
and non-luminescent CL. The vein dolomite crystals contained a higher amount of Magnesium in EDX,
compared to the dolostones. In the deeper Upper Jurassic reservoir (> 3 km), the vein dolomite crystals
were dominating at fault systems and in the massive facies. As a result, the vein dolomite formation is
bound to fractures and open cavities (void), as dolomite crystals possibly precipitated from an Mg-rich
fluid at surfaces. At some wells, e.g. TRN, the dolomite crystals showed no indications of corrosion or
dissolution, as the crystal surfaces were smooth and even under SEM. Furthermore, pyrite crystals were
developed as framboidal or spherical aggregates (5-20um) at a growth zone in the vein dolomite crystals
and/or in the matrix of the limestones. In addition, vein dolomites were coated by hydrocarbons in some
samples. In some dolostone samples, a blue, intrinsic CL of the dolomite crystals was visible. In some

samples, a blueish to greenish CL occurred from the blue dyed epoxy resin.
5.3.4.3 Calcite cements

In the outcrops thin section samples, the last cement phase was often yellow in CL. In the samples of
the deeper basin part, the late vein cements showed a non-luminescent CL or rarely a yellow CL, similar
to the shallow rock samples. The yellow phase was sometimes sector zoned with a non-luminescent CL
phase, visible in a few cutting thin sections of the deep wells. In addition to thin and thick section, the
unprepared drill cuttings were measured. As most fluid inclusions were hosted in transparent vein
calcites, cuttings of transparent vein calcites were measured. The vein calcites were always the last
cement phase and showed a sector zonation of non-luminescent and yellow CL, with most fluid

inclusions hosted in the non-luminescent CL phase (Mraz et al., 2018c).

Only at outcrop sections and at shallow Upper Jurassic carbonate rocks (< 1km), a dissolution
(karstification) and dedolomitization was visible by orange to light orange-yellow CL calcite cements.
These dedolomite cements, pseudomorphs of calcite after dolomite rhombs, showed a sector zonation

possible due to oscillating conditions. The dedolomitization typically started in the dolomite crystal
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centers, with corroded calcite centers, followed by a transparent dolomitic rim. The dedolomite centers
had an orange CL, followed by a yellow and dull orange CL rim. At the SCH well dedolomite was
visible, which migrated to the overlaying carbonate rocks to dolomite. Only at TRN quartz was visible
with a blue CL color as well as under SEM and EDX at drill cuttings. The XRD measurements (Tab. 14)
determined for the dark gray, micritic limestones no clay content, but a high calcite content. Therefore,
the dark limestones were all nearly pure limestones.

Tab. 14: XRD measurements of the dark gray, micritic limestone of the deeper Upper Jurassic
carbonate rocks.

Sample Depth [m] lithology Description
TVD
GEN-1ST-A1 | 4596 dark gray bioclastic 93,9 % calcite, 5,7 % dolomite,
wackestone with bioturbation | 0,3 % quartz, 0,1 % pyrite
GEN-1ST-A1 | 4654 dark gray mudstone with 96,8 % calcite, 2,6 % dolomite,

abundant stylolites and thin 0,7 % quartz
calcite veins (~ 1 cm)

GEN-1ST-A1 4709 dark gray, bioclastic 99,5 % calcite, 0,1 % dolomite,
packstone to floatstone 0,3 % quartz

Hydrocarbon 2942 dark gray, bioclastic 91,0 % calcite, 3,7 % dolomite,

well A1 wackestone with stylolites 3,3 % quartz, 2,0 % muscovite

In all investigated wells, dolomites were found, however restricted in the western Molasse Basin part to
fractures (STG, A1, B1). In the eastern wells (MST, GEN, UHA, TRN), massive dolostones within the
Purbeckian (upper Tithonian) and Kimmeridgian carbonate rocks were found. Besides, no saddle
dolomites were observed in the investigated wells. In this study, only the relative age and an evolution
of the pore cements and vein mineralization was established, therefore the relative age in the diagenetic

evolution was described.
5.3.5 Discussion
5.3.5.1 Diagenetic evolution

Due to the in CL visible cement phases, some indications about the geochemical evolution were gained.
By CL, SEM (EDX), and XRD studies, a diagenetic evolution of the carbonate reservoir was detected,
which is illustrated in Fig. 30. Because of the massive dolostone distribution, the diagenetic dolomite

sequence is only valid for the eastern part of the Upper Jurassic reservoir.

The diagenetic evolution of the Upper Jurassic carbonate rocks was subdivided into seven phases: (1)
early diagenetic limestone formation, (2) formation of matrix dolomite, (3) formation of dolostone, (4)
recrystallization of dolostone, (5) vein dolomite formation, (6) vein calcite precipitation, (7)
dedolomitization (Fig. 30). Moreover, the dolomitization was included in the diagenetic evolution of the

Upper Jurassic carbonate rocks, which is illustrated in the subsidence plot in Fig. 31.
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Phase Temperature
E 1. limestone (sedimentation and early diagenesis) 30-50°C
U
2 2. matrix dolomite 40-70°C
;i a: replacement dolomite beginning in the matrix
= b:replacement dolomite starting in the components (ooids)
v
3. massive dolomite / dolostone 60-90°C
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Fig. 30: Diagenetic evolution of the Upper Jurassic cement phases. The temperature and salinity were
determined in fluid inclusions studies and by stable isotopes.

1. Phase - early diagenetic limestone formation

In our study, most components did show non-luminescent CL (Fig. 32), and only if they were
recrystallized a dull red-orange CL. This is confirmed by previous researchers (Wolfgramm et al., 2016;
Reinhold, 1996; Liedmann, 1992), which showed that the components such as peloids, ooids and
intraclasts showed a dull to bright orange CL with non-luminescing areas in the limestones. Unclear is
the development of early cement phases in the wells, which were previously described by Liedmann
(1992) and Reinhold (1996) for the outcrop and shallow Upper Jurassic strata. In this study, an intrinsic
CL was determined at the outcrop samples which is in line with Liedmann (1992) and Reinhold (1996).
The early cements are recrystallized during diagenesis in the southern Molasse Basin and only show
blocky cements. Hence, no intrinsic CL. was observed at the recrystallized early calcite cements from

the wells. The recrystallization of the early cements was first described in the present study for the Upper
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Jurassic carbonate rocks in the southern part of the Molasse Basin. Therefore, the early diagenetic

cements and phases were influenced and overprinted by the late burial diagenetic phases.
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Fig. 31: Subsidence plot with diagenetic evolution for the Upper Jurassic carbonate rocks, divided into
the western (gray) and eastern (black) Molasse Basin. The temperature and salinity were
determined in fluid inclusions studies and by stable isotope measurements. Due to varying
geothermal gradients and no absolute age measurements, the relative depths were assumed.

2. Phase — formation of matrix dolomite (early burial diagenesis)

In the second phase, matrix dolomite was formed within the Kimmeridgian and upper Tithonian
limestones (Purbeckian). At the matrix dolomites, the geochemistry measurements determined no
change in Ca-Mg ratio and no CL zonation, only one phase for the matrix dolomitization was assumed.
In all Upper Jurassic carbonate rocks, the matrix dolomite (Fig. 32) was formed as a replacement
dolomite either starting in the matrix and cements of the limestones, or in the components such as ooids.

Another possible location of the matrix dolomite formation was along stylolites. However, there are no
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indications of the genesis of the matrix dolomites at the stylolites. They could either be formed at the
dissolution seams, or could be the undissolved remaining rest (Huber, 1987). For the dolomitization a
high amount of Mg-rich fluid is necessary (Machel, 2004), which might has preferentially migrated
along fractures, or through a high permeable limestone (grainstone) faster than through a dense, micritic
Upper Jurassic limestone (Lucia, 2007; Budd and Vacher, 2004). As the Purbeck sediments showed
evaporitic to brackish sediments and no significant burial and stylolitization, a shallow marine
diagenesis with a reflux model dolomitization in line with Machel (2004) and Adams et al. (2018) has
possible caused the stratiform dolomite crystals in the late Upper Jurassic rocks. Therefore, the
dolomitization of the Purbeck and Tithonian limestones by matrix dolomite (replacement dolomite)
happened probable early diagenetic after the Upper Jurassic deposition. Still unclear is the origin of the
Mg-rich fluid and the flow pathways for the Kimmeridgian strata. Previous researchers discussed a Mg-
source in the burial compaction fluid (Reinhold, 1996). This compaction fluid migrated from the basinal
shale-limestones (bedded facies) to the massive Upper Jurassic carbonate rocks in southern Germany
during burial diagenesis (Reinhold, 1998). Furthermore, at the Upper Jurassic reservoir, the
Kimmeridgian and Purbeckian carbonate rocks contain the highest amount of matrix dolomite (Beichel
et al., 2014; Bohm et al., 2010). Therefore, the Upper Jurassic dolomite formation and dolomite
distribution was controlled by the depositional and diagenetic fabric, as it is described for other dolomite
geobodies (Makhloufi et al., 2018; Di Cuia et al., 2011; Baqués et al., 2010; Dawans and Swart, 1988).
However, the dolomitization of matrix dolomite does not increase the porosity of the dolomitized
limestone, as generally a slight decrease in porosity is observed with up to 50 % matrix dolomite

(Murray, 1960). Accordingly, matrix dolomite has a minor influence on matrix permeability.
3. Phase — formation of dolostone (early burial diagenesis)

As the dolomite crystal centers were cloudy and overgrown by a transparent thin rim at the dolostones
(Fig. 32), we suggested that some matrix dolomite crystals might have grown further and formed the
massive dolostones. As a result, the formation of massive dolomites and dolostones occurred after the
matrix dolomitization in the Upper Jurassic carbonate rocks. Some mimetic dolostones indicate in
optical and CL microscopy a former micritic limestone such as a peloidal packstone (Fig. 32), which
was unexpected. Usually, dolostones form in limestones, which contain a low amount of trace elements
and insoluble residue (Koch et al., 2010; Koch, 2000; Bausch, 1994). In addition, a higher amount of
bigger dolomite crystals was found in the pure, massive limestones compared to the micritic, dark
limestones, which was also previous described for the Upper Jurassic carbonate rocks by Bohm et al.
(2010) and Koch et al. (2010). For this reason, the white to beige planar-e and planar-s dolostones of
this study indicate particle-rich limestones, which relate after Bohm et al. (2010) to mud losses during
drilling and to high-permeability areas. Besides, some dolostones were probable formed under reducing
conditions, as pyrite crystals are preserved in dolomite crystals and in the limestone matrix. Those
dolostone, associated with a pyritic limestone are described in other studies to be Fe-rich (Wolfgramm
et al., 2016; Reinhold, 1996; Liedmann, 1992).
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4. Phase — recrystallization of dolostone (early burial diagenesis)

After the first massive dolomites and dolostones were formed, the dolomitization process was probable
interrupted by a dissolution phase and recrystallization of the calcite and dolomite crystals. This could
have occurred by a change in fluid migration. Due to the still continuing burial diagenesis, the fluid flow
in the Upper Jurassic reservoir could have interact with ascending basement fluids or descending
meteoric fluid along fractures and faults, as described by fluid inclusion data (Mraz et al., 2018c). By
this change in fluid migration, the micritic matrix of some dolomitized mudstone to packstone
limestones was probable dissolved, as the fine-grained micritic matrix (former lime mud) possess a
higher reactive surface than the dolomites. This dissolution process is known to occur at matrix
dolomites in micritic limestones (Machel, 2004). Due to the dolomitization in the micritic limestones, a
migration of fluids might have existed, which was reused by the further migration of corrosive fluids.
Consequently, the dolomite crystals remained as relicts and formed the porous planar-e dolostones. Our
hypothesis is that dolostones showing a dull red CL in the center can be former matrix dolomites, which
have incorporated the limestone matrix within the crystal lattice or be mimetic dolomite. This
recrystallization process of massive dolostones is in line with previous study by Reinhold (1998). There
could also be a further precipitation and crystal growth of dolomite (dolomite cementation) (Machel,
2004), which could have increased the amount of dolomite crystals and could decline the pore space and

thereby the porosity. This dolostones showed a blue CL core, and is in line with Reinhold (1996).

Unexpected was the occurrence of planar-e and planar-s dolostone in the Upper Jurassic reservoir
(Fig. 32), which has a temperature of around 100-150°C today. Studies have shown that dolomite
crystals recrystallized above the critical roughening temperature at around 50-60°C to a nonplanar
(planar-a) dolomite texture (Machel, 2004; Warren, 2000; Sibley and Gregg, 1987). The fluid study by
Mraz et al. (2018c) showed a dolomite formation temperature in the range of 40-90°C in the Upper
Jurassic carbonate rocks, which is below and above the critical roughening temperature. However, the
assumed recrystallization of the planar-e or planar-s dolostones of the Upper Jurassic was not visible, as
the process might be very slow or has not started so far. The planar-e dolostone were further coated by
bitumen, indicating a high-permeability for hydrocarbons during the burial diagenesis. At high
productive wells (e.g. TRN), planar-e to planar-s dolostones are still preserved, which can control the

high-permeability in the Upper Jurassic reservoir.
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Fig. 32: Cathodoluminescence (CL), transmitted light and scanning-electron microscope images
(SEM) of the Upper Jurassic carbonate rocks divided into the diagenetic phases (Fig. 31). (1)
Limestone in CL with a red to dull red luminescent matrix. (2) Matrix dolomite with no CL. (3)
Massive dolomite with a dark center and a thin red luminescent rim, showing in parts mimetic
textures (SEM). (4) Recrystallized dolostones, with planar-e and planar-a dolostone in
transmitted, CL and SEM.
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5. Phase — vein dolomite formation (late burial diagenesis)

During the burial diagenesis and the Alpine orogenesis, faults and fracture systems developed, as well
as stylolitization due to overburden stress of the overlying strata. The nearly idiomorphic, coarse-
grained, Mg-rich dolomite crystals (vein dolomite) (Fig. 33) indicated high permeable pathways at
former surfaces and open-space, and therefore a fracture-controlled fluid flow. The fluid inclusion data
(Mraz et al., 2018c) show temperatures of 70-100 °C, which indicate that a hydrocarbon emplacement
was possible contemporaneously in the southern Molasse Basin. During that time, the Upper Jurassic
aquifer contained still a saline fluid, liquid and/or gaseous hydrocarbons, and pyrite minerals in the
carbonate rocks. The occurrence of pyrite crystals indicates that reducing conditions were present in the
carbonate aquifer during the late burial diagenesis. In contact to meteoric fluids, the Upper Jurassic
aquifer might have become oxidized. Hence, the stability of the Fe-ions, which were incorporated in the
dolomite crystal lattice, varied between the Fe**- (no CL) and Fe** ions (red CL). A study by Hiatt and
Pufahl (2014) showed that pyrite formation removes Fe from the pore water, whereas the pore water
becomes Mn?>* enriched. By this process, the cathodoluminescence intensity increase of the formed
cement phase because of the Mn?* enrichment. The vein dolomite crystals showed a concentric to sector
zonation in CL and might have formed under changing conditions, which could be explained by the Fe
stability variation. For the dolomitization of the vein dolomite crystals, a burial seawater dolomitization
was assumed, as the fluid inclusions in the vein dolomite crystals showed a salinity of around 40 g/L at
temperature between 70-100°C (Mraz et al., 2018c). The dolomitization fluids were probable interacting
between compaction, thermal convection and fluid flow along fractures zones in the Upper Jurassic
reservoir. At two wells, where a bigger fault zone was encountered, the dolostones were composed of a
dolomite breccia. The dolomite breccia consisted of transparent to slight beige dolostone clast (non-
luminescent) within a dark gray or beige fine-crystalline, dull red CL dolomite matrix (Fig. 33). Because
the dolostone clasts showed a thin red CL rim, the fourth phase of dolomitization was developed
(Fig. 31) and the brecciation must have happened afterward. Therefore, this dolomite breccia could have
possibly formed by fast ascending fluids along the high permeable fracture areas. The occurrence of
dolomite breccia for the Upper Jurassic reservoir was described by Reinhold (1998) and slightly similar
for the Latemar platform by Jacquemyn et al. (2014). In all dolomite rock samples no saddle dolomite
was found, which was expected as in other geological conditions saddle dolomites are described with

formation temperature above 100°C e.g. (Sirat et al., 2016; Di Cuia et al., 2011; Machel, 2004).
6. Phase — vein calcite precipitation (late burial diagenesis)

A possibility is that the last yellow CL phase (Fig. 33) is influenced by meteoric water, as the fluid
inclusions hosted the least saline fluids (Mraz et al., 2018c) due to a dilution process. Non-luminescing
fracture calcites were described within the shallow boreholes of the Molasse Basin (BLZ2) (Liedmann,
1992). A light yellow to light orange CL was visible at late vein calcite cements, which contained fluid
inclusions with modified marine formation waters at shallow Upper Jurassic rock samples (Liedmann,
1992). Consequently, the vein calcite cements were found at the shallow and deep Upper Jurassic aquifer

and hence are consistent within the Molasse Basin. The vein calcite cements are predominantly found
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at thin former fractures (< 1 mm aperture), resulting in a loss of pore space. Consequently, the vein

calcite cements decrease the porosity of the Upper Jurassic carbonate rocks.
7. Phase — dedolomitization (late burial diagenesis)

The concentric zonation of dedolomite cements (Fig. 33) is due to oscillating conditions, which is in
line with previous studies (Koch, 2011; Liedmann, 1992). The shallow Upper Jurassic carbonate rocks
(< 1.0 km) were affected by meteoric and near-surface waters for a longer period than the deeper Upper
Jurassic reservoir, which enhanced the process of dedolomitization and the precipitation of late calcite
cements within the former pore space (Reinhold, 1996; Liedmann, 1992; Meder, 1987; Bausch et al.,
1986). Therefore, it was assumed in this study that no dedolomitization should be found in the deep
basin part (> 2 km). However, in one investigated well (SCH), dedolomite was found, which graded into
dolomite crystals at the top of the Upper Jurassic reservoir. Consequently, we assumed that an ascending

corrosive fluid flow occurred, causing the dedolomitization in this part of the deeper reservoir.
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Fig. 33: Cathodoluminescence (CL), transmitted light and scanning-electron microscope images
(SEM) of the Upper Jurassic carbonate rocks divided into the diagenetic phases (Fig. 31). (5)
Vein dolomite in transmitted light with pyrite (black) at a growth zone, in CL displaying a sector
zoned red luminescence. (6) CL image of the dolomite breccia; vein calcite cements hosting
the 2-phase fluid inclusions with a yellow CL, in parts sector zoned. (7) Transmitted light image
of an alizarin stained dedolostone, with the recrystallized dolomite rhombs; CL image of a
dedolostone showing a concentric zoning of the calcite crystals and the former cloudy dolomite
rhombs.
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5.3.5.2 Porosity and Permeability

The porosity and permeability reduction of the Upper Jurassic carbonate rocks by diagenesis can be
caused by (i) compaction, (ii) recrystallization, (iii) replacement, and (iv) cementation, which is in line
with global carbonate studies (Ahr, 2008). In this study, indications of compaction in the bedded facies
(limestones) and dolostones were found, and a recrystallization of the dolomite crystals in the fourth
phase (Fig. 33) and from the planar-e to planar-a dolostones was visible. Besides, vein cements of
dolomite and calcite were found, as well as dedolomite. As a result, the interaction between these
discussed processes can cause a decline in porosity in the Upper Jurassic carbonate rocks from the

southern part of the Molasse Basin.

The planar-e to planar-s dolostones showed a high porosity in this study, and usually provide a high
intercrystal porosity and a positive correlation between porosity and permeability (Woody et al., 1996).
This was further confirmed at the Scherstetten wells in the Upper Jurassic carbonate rocks (Koch et al.,
2010). In contrast, planar-a dolostones with small crystals sizes have a low-permeability in the Upper
Jurassic strata (Koch et al., 2010). Moreover, the dark beige to light brown dolostone were probable
formed above the critical roughening temperature of 50-60°C (Warren, 2000), as they contain planar-a
dolomite and the formation temperature range between 40-90°C (Mraz et al., 2018c). According to
Woody et al. (1996) the dolomite permeability is not directly related to the total porosity or crystals size,
but depends on the connectivity of the pores via pore throats. These pore throats are in turn based on the
number and size of the pore throats (Woody et al., 1996), which were described for the massive Upper
Jurassic carbonate rocks with maximums at 0.5 pm, 8.0 um and 25 um (Koch et al., 2010). The effective
porosity of the dolomitized massive facies is around 10-30 % in intercrystalline pores in southern
Germany (Beichel et al., 2014; Bohm et al., 2010; Koch et al., 2010; Koch and Sobott, 2005).
Consequently, planar-e to planar-s dolostones cause a high-permeability of the matrix with 3 x 107!® m?
to 6 x10'* m2 (Birner, 2013; Koch and Clauser, 2006; Bertleff et al., 1988), however fractures show a
permeability between 6.7 x 103 and 6.7 x 10! m? (Bertleff et al., 1988) in the Upper Jurassic carbonate
rocks. Planar-e to planar-s dolostones show flow pathways along intercrystal pores with a permeability
of 1.9x10"7 m2 to 3.6 x 103 m2 (porosity 7.9-16.8 %) in carbonate rocks from North America
(Bennion and Bachu, 2010). Thus, planar-e to planar-s dolostone have a high-permeability and can

provide a reservoir for fluids.

In general, according to (Pagel, 2000) it is unlikely that carbonate cements form with identical
composition and simultaneous over several tens of kilometers in aquifers, especially when there are
preferential flow pathways. However, this study showed that the main cement phases, the dolomites and
vein calcites, can be found within the Upper Jurassic in the eastern Molasse Basin in Bavarian. This
could indicate that processes were very slow, or fracture systems and fault zones channeled the fluids to
distribute nearly equally within the Upper Jurassic reservoir of the Molasse Basin. A challenge was at
the investigated boreholes, that usual a highly dolomitized facies and a fault zone were encountered.
Therefore, the dolomitization either facies-controlled or fracture-controlled could not be distinguished.

But what was found is that the planar-e to planar-s dolostones provide the main matrix permeability in
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the Upper Jurassic reservoir today and dominate in the Kimmeridgian and Purbeckian rocks. In contrast,
limestones and planar-a dolostone only have an insignificant porosity. The dark rock color of the Upper
Jurassic limestones occurs probable due to a high organic content, as the XRD measurements found no
clay minerals. Therefore, the higher amount of insoluble residue is only minor for the Upper Jurassic
carbonate rocks. In this study, as the planar-e dolostones showed mimetic structures of peloids and ooids,
we assumed that the planar-e dolostones are former matrix dolostones, where the limestone matrix was

dissolved during the fourth diagenetic phase.

However unclear was, if the high-permeability areas of the Upper Jurassic reservoir were highly
dolomitized or if the dolomitization (overdolomitization) was stopped by the descending meteoric or
ascending fluids preserving the pore space. At high productive wells (e.g. TRN), the planar-e dolomite
crystal surfaces were smooth under the SEM, and hence indicate a dolomite stability in the present
reservoir fluid. Besides, the hydrocarbon coating of the planar-e dolostones, which was found in high-
and low-permeability wells today, indicate previously similar flow pathways for hydrocarbons.
Therefore, the development of the low-permeability was probable after the hydrocarbon emplacement.
We assume by the distribution of the lowly permeable planar-a dolostone and formation temperature
above 50-60°C, that the deeper Upper Jurassic carbonate rocks only developed planar-a dolostones. In
consequence, there is no overdolomitization, but maybe a further influence from compaction. In the
high-permeability areas, due to a higher influence of possibly cold meteoric waters, the recrystallization
of planar-e dolostone to planar-a dolostone was probably prevented. In addition, these areas have a low
saline reservoir fluid and low temperature today. At the low-permeability areas, the reservoir
temperatures are relatively high, indicating no strong interaction with fluids. Therefore, the

recrystallization is and was favored at those sites.
5.3.6 Conclusion

On the basis of our results, the Upper Jurassic carbonate rocks of the North Alpine Foreland Basin
encompass four different dolomite types: (1) matrix dolomite (replacement dolomite), (2) planar-e
dolostone, (3) planar-s dolostone, (4) planar-a dolostone. The matrix dolomites were formed in the
matrix or cements of limestones or in components, such as ooids. The dolostones were preferentially
formed in massive limestones, grainstones to bindstones, and are distributed within the Kimmeridgian
and Tithonian carbonate rocks. Thereby, the dolostones dominantly grew in the upper Kimmeridgian
and upper Tithonian (Purbeckian). The matrix dolomites rarely formed at stylolites or were concentrated
at stylolites during the dissolution process of stylolitization. Due to recrystallization processes and still
visible diagenetic features, such as the planar-e dolostones and CL zonation, it was assumed that the
dolomites of the Upper Jurassic have formed after the sediments of the Upper Jurassic have been
deposited. The dolomites of the Purbeckian (late Tithonian) were probable formed by an evaporitic
reflux dolomitization and the Kimmeridgian carbonate rocks were dolomitized by a burial modified
seawater. Due to a dissolution and recrystallization phase in the dolomitized limestones (matrix
dolomite) during the early Paleogene, porous planar-e to planar-s dolostones were formed, which

provide areas with the highest matrix permeability of the Upper Jurassic carbonate rocks. Moreover, in
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the North Alpine Foreland Basin development, stylolitization happened and fractures were formed.
These fractures are in parts cemented by calcites, which decrease the porosity of the carbonate rocks.
Today, planar-e dolostones dominate at less saline, high-permeability areas of the Upper Jurassic
reservoir, mainly in the Molasse Basin in eastern Bavarian. The planar-a dolostones do not provide
necessary flow pathways and usually dominate at greater depths. The established diagenetic sequence
through petrographic, microscopic and geochemical analysis is applicable, with exceptions of the
dolostones, to the complete Upper Jurassic, either at the outcrop area or in the covered southern part of
the Molasse Basin. In addition, this study first describes the occurrence of planar-e dolostone formation
and their location at high-permeability areas. In contrast, planar-a dolostones were observed at low-
permeability areas and at greater reservoir depths. Unclear remains the interaction of the fault systems
with high-permeability facies zones, which were usually encountered in the wells. Therefore, the
overlapping processes could not be detailed analyzed such as facies-controlled dolomitization vs.
fracture-controlled dolomitization, and massive facies vs. bedded facies. Future studies of the Upper
Jurassic carbonate rocks should analyze the different cement generations in detail by geochemical
studies to test the aforementioned diagenetic evolution. In addition, wells should be selected for
investigation which either truncate a fault zone or a highly permeable facies to characterize differences
in dolomitization. This study showed that for the geothermal reservoir exploration it is necessary to
understand the formation of the high-permeability, planar-e dolostones to find high productive areas.
Based on our results, this development might depend on meteoric, diagenetic fluids, which were so far

not classified and described in detail.
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6 Synoptic Discussion

Several authors have attributed the low-permeability of the Upper Jurassic reservoir in the past to the
dense, micritic Helvetian facies, and/or a lower degree in karstification, and due to higher temperatures
and pressures during diagenesis in the south. Unclear was, what effects the higher temperature and
pressure, through overburden load and tectonic stresses, had on the Upper Jurassic reservoir rock mass.
Seismic exploration helped to better identify karst structures and fault patterns through 3D imaging
(Hartmann et al., 2016), however seismic survey data are not applicable to image, to explain and to
understand the permeability distribution related to microfacies and diagenesis, as these geological

controls are below the seismic resolution.

This detailed study identified two possible reasons which caused the decrease in permeability of the
Upper Jurassic reservoir toward the south of the Molasse Basin: (I) a change in depositional facies, and
(IT) differences in diagenesis and a higher compaction of the carbonate rocks. In the following section

both reasons are discussed in detail.
6.1 Change in depositional facies

Porosity and permeability studies of the hydrocarbon industry described that a micritic, dense limestone
(mudstone to wackestone) has low to no porosity and thereby no permeability (Lucia, 2007; Budd and
Vacher, 2004). In southern Germany, the micritic, dense Helvetian facies was assumed to dominate the
facies realm of the southern Molasse Basin causing a decline in well productivity (Birner, 2013; Meyer
and Schmidt-Kaler, 1989; Schneider, 1962). This study contradicts this assumption and reveals the
occurrence of a transition zone facies in the southern part of the Molasse Basin, which can explain the
decrease in well productivity to a certain degree, and that the Helvetian facies is not developed in the

southern part of the Molasse Basin.

This study showed that dark, micritic limestones with pyritized, planktonic organisms and a high organic
content occur in the investigated wells in the lower Upper Jurassic (Fig. 34). The overlying carbonate
rocks are gray to light gray and by their microfacies similar to the massive facies of the Franconian and
Swabian facies (Fig. 35). In the area around Munich, these dark, micritic limestones are not found and
the carbonate rocks were classified into the Franconian facies (Beichel et al., 2014; Wolfgramm et al.,
2011; Bohm et al., 2010; Koch et al., 2010). In addition, the Kimmeridgian and Tithonian carbonate
rocks of the Franconian facies provide sufficient flow rates for a geothermal application for example at
the sites Unterhaching (Beichel et al., 2014) and Kirchstockach (Wolfgramm et al., 2011) in the Munich
area (Wolfgramm et al., 2012).

In Switzerland, the Helvetian facies is characterized by dark, micritic limestones with a high abundance
of tintinnids (calpionellids) in the late Upper Jurassic (Mohr and Funk, 1995; Mohr, 1992). As dark,
micritic limestones are present with abundant planktonic organisms but no calpionellids in the lower

Upper Jurassic in the southern part of the Molasse Basin, and as the Purbeck facies is developed at every
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investigated well, this study suggests that the Helvetian facies is not present in the southern Molasse
Basin. Instead, a change in depositional environment at the beginning of the Upper Jurassic is suggested
with the development of the transitional facies, which migrated into a depositional environment similar
to the Franconian and Swabian massive facies in the Kimmeridgian and Tithonian at the investigated
boreholes. This development of the lower Upper Jurassic is newly called transition zone facies, which
contains planktonic organisms like radiolaria, foraminifera and crinoids (Saccocoma sp.) in a dense,
dark gray, organic-rich, pyrite-containing, micritic mudstones to wackestones. Consequently, this
development of the depositional environment reflects a transition zone facies in the lower Upper Jurassic
on the deeper part of the Franconian platform and not the Helvetian facies. In addition, at every
investigated well, a similar sea level trend is assumed as the Upper Jurassic strata overlies a calcareous,
glauconitic sandstone with abundant chamosite- or Fe-ooids of the Middle Jurassic, and the Upper
Jurassic strata ends with the brackish to evaporitic Purbeckian facies. Therefore, the Franconian and
Swabian platform rim and the beginning of the Helvetian shelf must be situated further south, possibly

below todays Alpine orogenic belt, as a basin-wide regression-transgression-regression trend was found.

A tectonic activity was described to be present during the Upper Jurassic deposition (Mraz et al., 2018a),
which was indicated by the varying thickness of the Upper Jurassic strata in this study. In the
investigated wells where the carbonate rocks are developed in the massive facies, a similar water depth
and sediment thickness was suggested. Hence, the thickness increases from the area around Lake
Constance (400 m) to the south of Munich (600 m) and decrease to eastern Bavaria (400 m) might be
influenced by syn-tectonics. Alternatively, the paleo-surface of the epicontinental Tethys could have
caused these thickness variations and further tectono-stratigraphic studies are needed to explain these

differences in the Upper Jurassic sediment thickness.

Even though the transition zone facies is developed instead of the Helvetian facies, and the massive
carbonate rocks of the Franconian facies are intersected in the southern investigated wells, the carbonate
rocks have low to no matrix porosity in the Kimmeridgian and Tithonian section. Nearly every primary
pore space is either filled with cements or with solid hydrocarbons. As a result, the carbonate rocks show
no porosity and well productivity. Moreover, at the GEN well the bedded facies is developed probably
during the late Kimmeridgian (Fig. 35), which is underlying and overlying the massive facies. Hence, it
is assumed that the bedded facies was deposited in small basins between massive structures (e.g. algae-
build ups), which existed for a short period. This development of small basins between massive
structures has been described in seismic interpretation for the Munich area (Fritzer et al., 2012), but not
for the southern part of the Molasse Basin. However, the development of these dense, bedded carbonate

rocks can further decrease the permeability.

As a consequence, low porosity and permeability can be expected in these carbonate rocks of the
southern part of the Molasse Basin. The results of the GEN well showed a low well productivity and a
high well injectivity (Wolfgramm and Thiem, 2018). Moreover, the observed total mud losses during
drilling operation and the brecciated core from the fault zone in addition to the hydraulic well tests, a

hydraulically fractured rock of very low porosity was indicated. This reservoir rock is characteristic for
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petrothermal systems and the GEN well could be developed with petrothermal technologies, i.e. smaller
diameters for lower flow rates. The overall results indicate a new play type in the Upper Jurassic
reservoir, especially the transition zone facies, which formed the tight reservoir rock, which might be
suitable for petrothermal technologies When faults in the transitions zone, and in the dense, southern
massive facies are accessed, the high hydraulic conductivity of these faults can establish a natural heat
exchanger, and probably hydraulic stimulation can be avoided. Unclear remains the black rock color of
the transition zone facies, as no detailed study of the organic content was made. The XRD measurements

indicate a low clay content, which confirmed the assumption of a high organic content.

Germany
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Fig. 34: Assumed distribution of the depositional environment and permeable domains for the Upper
Jurassic during the Oxfordian based on the evaluated data. The bedded and massive facies,
as well as the Swabian marl basin are after Meyer and Schmidt-Kaler (1989), with the new
described transition zone facies.

Another hypothesis for the permeability decrease was the lower degree of karstification, which might

have affected the southwestern part for a shorter period (Koschel, 1991; Strasser, 1988; Villinger, 1988).

The first possible phase for subaerial exposure and erosion was at the end of the Upper Jurassic

sedimentation (Purbeckian) and the beginning of the Lower Cretaceous. In the middle and eastern

investigated wells, the first Cretaceous sediments are of Hauterivian age, thus the minimum subaerial
exposure was for around 13 Ma. In contrast, at the westernmost wells (STG and A1) the overlying
sediments are Oligocene, implying a longer period for karstification. In the two investigated wells, Al

and MST, calcareous, glauconitic quartz sandstones were intersected within the Upper Jurassic strata,
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which indicates karst structures filled with Lower Cretaceous rock within the Upper Jurassic carbonate
rocks. Accordingly, the Upper Jurassic rocks were karstified with an increase in karstification to the
southwest, and in some areas these karst structures are filled with Lower Cretaceous sediments. For this
reason, the lower degree in karstification has not been confirmed in this study. Instead, a longer
karstification was determined causing no increase in well productivity in the western part of the Molasse

Basin. This is probably due to the cemented and filled karst structures.
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Fig. 35: Assumed distribution of the depositional environment and permeable domains for the Upper
Jurassic during the Kimmeridgian based on the evaluated data. The bedded and massive
facies, as well as the Swabian marl basin are after Meyer and Schmidt-Kaler (1989), with the
new described transition zone facies in the southern part of the Molasse Basin.

6.2 Diagenesis

Because fluid inclusions and stable isotopes are affected during diagenesis, the isotopic ratio and fluid
inclusions stored in the carbonate rocks document the fluid evolution and diagenesis of the Upper

Jurassic rocks in the Molasse Basin. In this study, four main types of paleo-fluid were distinguished:

(1) Upper Jurassic seawater,
(2) meteoric water,
(3) basinal water, and

(4) evaporated or diagenetic fluids with a high salinity.
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Thereby the diagenetic evolution was divided into five main phases:
(I) sedimentation,
(IT) early diagenesis and first dolomitization,
(IIT) burial diagenesis and second dolomitization,
(IV) late burial diagenesis (at fracture and fault systems), and
(V) the present reservoir.

This diagenetic evolution was previously described by Liedmann (1992) and Reinhold (1996) at the
shallow Upper Jurassic reservoir and outcrops in the Franconian and Swabian Alb. The diagenetic
evolution was extended in this study to the south and by the new (III) burial phase with second
dolomitization. As previous studies focused on the shallow Upper Jurassic reservoir and outcrops, this
study extended the diagenetic evolution to higher temperatures and pressures with up to 200°C. In
addition, by the stable isotopes and fluid inclusion data the dolomitization window by Reinhold (1996)
was expanded to higher temperature and to lower 8'®0 values, as well as the Geo-1 equation (stable
isotope geothermometer) by Liedmann (1992) to temperature above 110°C. In the present study, the
diagenesis started with the limestones formation in phase (I) and (II) at depths between 200-400 m (5'30
values -3.4 to -5.4 %o PDB) and temperature in a range of 40-50°C in the basin-wide Upper Jurassic
strata. The first dolomitization appeared with matrix dolomite (replacement dolomite) and massive
dolomitization by meteoric and basinal fluids at 50-70°C (3'30 values -4.5 to -7.5 %o PDB) during early
and burial dolomitization (phase II and III). Subsequently, the second dolomitization (phase III)
occurred at 70-100°C, precipitating nearly idiomorphic vein dolomite cements, probably followed by a
hydrocarbon emplacement with temperatures between 120-136°C. The salinity of the second
dolomitizing fluid is with 40 g/L slightly increased compared to the Upper Jurassic seawater with 35 g/L
(Liedmann, 1992). The hydrocarbon emplacement was further indicated by a decrease in 8'3C values
and might be in addition influenced by meteoric fluids. During the late burial diagenesis (phase 1V),
first white (110-140°C) and afterward transparent (140-200°C) calcite veins were precipitated,
indicating a first basinal and a second meteoric influence. These two vein calcites are usually less saline
(12-17 g/L) compared to the Upper Jurassic seawater but show in the southwestern area an increase in
salinity with up to 112 g/L. Due to the high 5'%0 values with +5.5 %o SMOW, the salt source might be
evaporitic brines. In contrast, the present reservoir has the least saline reservoir water with < 1 g/L, and
indicate an increase in salinity to the southwestern part of the basin with up to 18 g/L.. Moreover, in the
outcrop samples a calcite cement phase was determined which was influenced by karstification and
dedolomitization. The diagenetic evolution as described in chapter 5.3 was confirmed in all investigated
wells, and slightly modified in the outcrop areas. There, the late burial diagenesis is more developed
caused by uplift and exposure as indicated by karstification and dedolomitization at the Franconian and
Swabian Alb. A possible salt source for the high saline fluids in the Upper Jurassic was assumed to be
the Purbeck, Oligocene (Lemcke, 1988; 1976) or Upper or Middle Triassic sediments (Reinhold, 1996),

but this study supposes the salt source in the brackish to evaporitic Purbeck sediments.
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The investigated diagenetic evolution, especially of the dolomites, was divided into seven phases by

CL, SEM (EDX), XRD:
(1) early diagenetic limestone formation,
(2) formation of matrix dolomite,
(3) formation of massive dolostone,
(4) recrystallization of dolostone,
(5) vein dolomite formation,
(6) vein calcite precipitation, and
(7) dedolomitization.

A similar dolomitization was described by Reinhold (1996) for the shallow reservoir, but the (5) vein
dolomite formation was first described in this study. The recrystallization of dolostone (phase 4) was
similar to the previous study by Reinhold (1998). EDX measurements showed only slight changes in
Ca-Mg ratio of the dolomite crystals (matrix dolomite, unimodal/polymodal planar-e, -s, -a dolostone),
with the vein dolomites having the highest Mg-content. However, still unclear is the Mg-source for the
Upper Jurassic dolomitization. A possible Mg-source could be clay minerals of the bedded facies (dark,
micritic limestones) which migrated with compaction fluids into the massive facies. Another Mg-source
might be the Upper Jurassic seawater (Machel, 2004) which is stored in the carbonate rocks as formation
water, and was measured in fluid inclusion studies (35-40 g/L). Flow pathways for the massive
dolomitization might be in the porous massive facies and along discontinuities such as bedding, fractures

and fault zones, which were not characterized in detail in this study.

Several studies have described saddle dolomites for temperature above 100°C (Sirat et al., 2016; Di Cuia
et al., 2011; Machel, 2004) and for dolostones a critical roughening temperature at 50-60°C (Warren,
2000). Unexpected was the lack of saddle dolomite and recrystallization in the investigated samples, as
the dolostones are planar-s and planar-e at depths between 3500-4700 m today (chapter 5.3). Liedmann
(1992) and Reinhold (1996) investigated the early diagenetic cements, which were not observed in this
study possibly due to recrystallization. Moreover, the high organic content and pyrite in the Upper
Jurassic in the southern part of the basin suggest anoxic conditions, which are contradicting to a meteoric
inflow with possible oxic conditions and to previous studies (Liedmann, 1992). As the shallow Upper
Jurassic reservoir was in the previously research focus, the extensive dark rocks and anoxic conditions

were first observed in this study for the deeper reservoir part (> 3 km).

In the Upper Jurassic carbonate rocks, a dolomite breccia was newly described for the GEN and TRN
wells. This dolomite breccia is a dense dolostone and is composed of light beige dolostone clasts in a
dark or light beige dolomitic matrix. In this study, it was suggested that the dolomite breccia was formed
after the dolostones were recrystallized and precipitated, as in CL the dolomite crystals of the dolostone
clasts reveal the same zonation as the unbrecciated dolostones. A similar brecciation of a dolostone was

described by Reinhold (1998) and slightly similar for the Latemar platform by Jacquemyn et al. (2014).
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Still unclear is the genesis of the dolomite breccias, and a genesis by fast ascending fluids along high

permeable fractures was suggested.

Dolomitization models for the Upper Jurassic carbonate rocks were burial diagenetic or based on
hydrothermal fluids (Reinhold, 1996; Liedmann, 1992). The dolomitization in the investigated wells
began with the diagenetic limestone replacement for matrix dolomite. In pure, light limestones, the
dolomite crystals are bigger than in clay-bearing limestones. Furthermore, beige dolostones are mainly
planar-s to planar-e, whereas dark dolostones are planar-a. Hence, this study confirmed that
dolomitization in pure and light limestones is more effective than in dark, clay-bearing limestones
(Bohm et al., 2010). For the investigated Purbeck sediments, a stratiform dolomitization by a normally
to moderately evaporated seawater (evaporitic pumping) and for the massive Kimmeridgian dolostone
a burial diagenetic seawater dolomitization (35-40 g/L) is assumed. The massive dolomitization is
possibly further influenced by compaction fluids of the bedded facies and hydrothermal fluids along
fractures and fault zones. For the massive dolomitization (300-400 m thickness of dolostones) an
enormous fluid flow is necessary (Machel, 2004), which might be provided by the stored Upper Jurassic
seawater. This seawater could have migrated during burial diagenesis, due to the measured salinity of
40 g/L in dolomite crystals. Consequently, a massive dolomitization should exist along fault zones and
in the highly porous massive facies, which was confirmed at the investigated wells. Nevertheless, the
texture of the dolostones indicated a dolomitization which is controlled by depositional and diagenetic
fabric in the Upper Jurassic strata but could not be clearly characterized as most investigated wells

intersect a porous facies and a fault zone.

The salinity evolution and stable isotopes showed that the Upper Jurassic seawater was gradually diluted
by a meteoric water to values below 1 g/L.. The Upper Jurassic seawater has probably been retained in
the southwestern part of the basin (STG, Al; salinity 18 g/L), however not in the deeper part of the basin
which is situated in the eastern part of the Molasse Basin (TRN; salinity 0.5 g/L). This dilution process
might indicate high permeability areas due to the less saline reservoir fluid in the high productive areas.
The salinity increase, in contrast, probably suggest a low permeability area and an influence of
evaporation during the late Tithonian or early Lower Cretaceous, which is located in the southwest of

the Molasse Basin.

Numerous studies described a change in geothermal gradient in the Molasse Basin, either by
hydrocarbon (Wehner and Kuckelkorn, 1995) or by fluid inclusion studies (Liedmann, 1992) or by
borehole measurements (Agemar et al., 2013; Agemar et al.,, 2012). An important trend was
demonstrated by the temperature evolution during the Upper Jurassic diagenesis, as an increase above
the recent reservoir temperature could be measured in vein calcites by microthermometry. This
temperature increase could be explained by either (1) ascending hotter basement fluids, and/or (2)
necking or stretching of the fluid inclusions, and/or (3) change in geothermal gradient. As no different
chemistry, and no necking was observed, the change in geothermal gradient is the most probable reason
for the increase in temperature, followed by a decrease in temperature. The low temperature anomaly at

the region of Lake Chiemsee (Agemar et al., 2012) was investigated, as higher temperatures due to the
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increased depth of the Upper Jurassic carbonate rocks compared to the Munich area were assumed. But
as the deeper, eastern part was more extensively flushed by meteoric fluids, the reservoir could possibly
be cooled by this process or by a lower thermal conductive heat flow. Both processes would explain the
low geothermal gradient today. Another aspect is that the dilution process might be faster than the
temperature change and might indicate that the reservoir will cool down in the surrounding areas as
well. Another interesting fact is that no hydrocarbons were found within the vein calcites and vein
dolomites, but hydrocarbons are found as coating within pore spaces of planar-e dolostones. Hence, no

hydrocarbons were probably present during the formation of the vein calcite cements.

The genesis of the high permeability areas in the Upper Jurassic reservoir remains unclear, as they are
highly dolomitized and not cemented by dolomite crystals. A high fluid flow could have stopped a
dolomite cementation, but no corrosion of the mineral surfaces was visible. The late burial vein calcite
precipitation could have cemented the remaining pore space, which is only visible at low productive
wells (e.g. GEN). Furthermore, the cementation of the pore space in different phases might be
intersected by phases of dissolution, or a coating of bitumen/hydrocarbons prevented a precipitation of
calcite cements. Therefore, the pore space was preserved and not cemented by vein dolomite or vein
calcite crystals. However, dolomites and vein calcites were found in all investigated wells and outcrops
and could reflect a basin-wide diagenetic phase, with an unknown flow pathway network in the varying
permeable carbonate rocks of the Upper Jurassic reservoir. Besides, the southward reservoir temperature
increase did not cause a completely different diagenesis, but the higher pressure and overburden stresses
did cause a higher compaction and loss in pore space. At the southern investigated wells, an increase in
stylolitization with stylobedding and stylobreccia was observed which directly link to a higher
compaction (Huber, 1987; Logan and Semeniuk, 1976). At the deepest wells GEN (4.3 km) and TRN
(4.2 km) the development of stylolites, dolostones, and well productivity is quite different. At GEN, the
stylolites are very abundant in mudstones to packstone, showing even stylobedding and stylobreccias,
whereas at TRN only few stylolites are visible. Furthermore, beige, planar-e dolostones are massively
developed at TRN resulting in a high well productivity, but dark gray, planar-s to planar-a dolostones
with a low well productivity are present at GEN. Because of this, a certain depth where the compaction
is dominating was not defined, as the differential compaction is controlled by the amount of bedded and
massive facies. At the TRN well the massive facies caused an early cementation, which resulted in low
compaction. While at GEN, the bedded facies is developed with only a small amount of massive facies
resulting in a higher compaction and probable low number of dolomites. This lower amount of
dolostones could be caused by a lower amount of Mg, which migrated to the massive facies during

differential compaction, as described above.

Consequently, the differences in diagenesis are minor between the Munich area and the southern
Molasse Basin, as the diagenetic phases as well as the pore space evolution are similar in the middle and
eastern investigated wells. Only the missing of the massive dolomitization is different in the western
part. At the outcrops in Franconian and Swabian Alb further differences in diagenesis are described, as

the carbonate rocks contain dedolomite and karstification. There, the karstification and dedolomitization
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have developed due to the subaerial exposure since the foreland basin development for a long period.
Arising out of these aspects, the influence of the facies and transition zone facies on well productivity
to the south of the basin are minor, as well as general diagenetic processes. Despite this, the
dolomitization did not developed massive porous dolostones, and the greater depths caused in the south
a higher compaction resulting in a loss of pore space. Therefore, the interaction of facies, diagenesis,

and compaction can result in an increase or decrease in well productivity of the Upper Jurassic reservoir.

7 Conclusion

In the Upper Jurassic limestones and dolostones of the Molasse Basin, an overlapping of multiple
processes such as facies, diagenesis and burial depth are responsible for the southward decrease in
reservoir productivity. Optical observations of 839 thin and thick sections from cores and drill cuttings
reveal a new transition zone facies on the Franconian and Swabian platform during the lower Upper
Jurassic. By cathodoluminescence microscopy, fluid inclusion studies, geochemical measurements, and
stable isotopes of over 650 rock samples, five main phases of diagenesis with seven dolomite phases

were used to reconstruct the evolution of the Upper Jurassic carbonate rocks.

The Upper Jurassic limestones and dolostones of southern German formed within an extensive shallow
dipping (1-5°) carbonate platform along the northern epicontinental margin of the Tethys. The strata
record multiple sea level fluctuations, along with a stratigraphically upward increase in aridity and
evaporative to brackish textures. During the Oxfordian, a new transition zone facies was discovered in
the southern part of the Molasse Basin, which developed on the Franconian and Swabian platform. The
carbonate rocks of the transition zone facies contain dense, dark mudstones to wackestones with
abundant planktonic organisms such as radiolaria, foraminifera, crinoids (Saccocoma sp.). During the
Kimmeridgian and Tithonian, the usual Franconian facies, as it is described for the Munich area, is
developed on top of the transition zone facies. Cretaceous terrigenous to shallow marine sediments,
which lie directly above the Upper Jurassic strata further indicate an erosional phase with karstification
of the Upper Jurassic carbonate rocks. However, the karstification happened for a longer period than
previously assumed but did not increase the reservoir porosity in the southwestern area. In this study,
the dedolomitization and karstification was not only documented at outcrops but also in the southern
parts of the foreland basin that were affected by subaerial exposure during the Cretaceous and early

Paleogene.

Through the coupling of multiple petrographic (microfacies), geochemical, and isotope signatures, the
diagenetic evolution of the Upper Jurassic carbonate rocks, especially of the Upper Jurassic dolomites,
has been constructed in detail. In the southern Molasse Basin, previous studies are still valid, however
some new phases were described in this study. New is the phase of second dolomitization accompanied
by hydrocarbons, the higher temperatures with up to 200°C, an expansion of the dolomitization window
(Reinhold, 1996) and the Geo-1 equation (Liedmann, 1992) to higher temperatures. Moreover, the

recrystallization of the early diagenetic calcite cements for the southern part of the Molasse Basin was
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determined. Petrographic, geochemical and spatial evidence suggest that the massive dolomitization
occurred due to a burial seawater dolomitization in the Kimmeridgian rocks, and might be affected by
compaction and hydrothermal fluids. In contrast, the Purbeck carbonate rocks were suggested to be
stratiform dolomitized with normally to moderately evaporated seawater by evaporitic reflux
dolomitization. The most likely Mg source for the dolomitization is the stored Upper Jurassic seawater
and possible compaction fluids of the bedded facies. As bigger dolomite crystals formed in pure, light
limestones, the massive facies is more suitable for massive dolomitization and can increase the reservoir
porosity. The porous, highly permeable planar-e dolostones are preserved at greater depths in some areas
of the Molasse Basin, therefore no recrystallization of the porous dolostones (planar-e to —s) above the
critical roughening temperatures was found. Unclear remains the occurrence and genesis of dolomite
breccia, which was observed in some wells in the deeper Upper Jurassic section. As a minor decrease in
pore space and porosity was observed in the massive facies, the massive facies was less compacted due
to differential compaction than the bedded facies at a similar depth. Therefore, the occurrence of highly
permeable planar-e dolostone results in a higher matrix permeability of the light grey to white massive

facies, which is usually the main target area for a geothermal application.

Moreover, the fluid evolution by salinity and temperature, as well as by the geothermal gradient was
described the first time in the Upper Jurassic carbonate rocks in the southern part of the Molasse Basin.
The salinity of the paleo-fluid showed a continuous dilution of the former Upper Jurassic seawater
(35 g/L) by a meteoric fluid, which could not be further classified in this study. However, in the
southwestern part of the Molasse Basin an increase in fluid salinity was measured, above the Upper
Jurassic seawater, with the possible salt source in the Purbeckian sediments. Today, the salinity of the
reservoir fluid is less saline, and increase from around 1 g/L in the east to up to 18 g/L the southwest of
the Molasse Basin. Besides, at highly productive wells, the reservoir fluid is less saline than at low
productive wells today. By the temperature data, a change in geothermal gradient and/or a possible
influence of hydrothermal fluids was demonstrated during diagenesis, which could explain the lower

temperature anomaly of the aquifer in the area around Lake Chiemsee today.

So far, only hypothesis about possible reasons causing a decline in well productivity in the Upper
Jurassic reservoir were known. But this study showed that interaction between facies (bedded vs massive
facies), diagenesis (planar-e or planar-a dolomites) and differential compaction can result in a lower
reservoir porosity. However, detailed studies and models are necessary which should prove the

characterized processes of this study.

8 Outlook

Future studies of the Upper Jurassic in the wider Molasse Basin should examine for the numerous
aforementioned trends, in order to establish the occurring depositional environments and the diagenesis
(dolomitization history) over the entire basin. It needs to be investigated whether this diagenetic

sequence formed similar dolomites or if these trends are unique for the Upper Jurassic strata in the
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Molasse Basin. By the evaluation of new wells and the further re-evaluation of existing wells, the
lithostratigraphy of the Upper Jurassic strata in the Molasse Basin might be conducted, as well as a more

detailed interpretation of the depositional environments, e.g. the distribution of the bedded facies.

Measurements and further studies should be made on the relevance and occurrence of pyrite in the Upper
Jurassic carbonate rocks, especially at the vein dolomites. As the black to dark gray rock color was no
focus of this research, future studies could concern the hydrocarbon migration and development to
determine the source of the hydrocarbons. In addition, the missing of hydrocarbons in the vein calcite
fluid inclusions might be solved. By a reconstruction of seismic profiles based on truncated borehole
data and lithology, possibly indications of the lithology on the seismic data can be found. Besides, new
stable isotope data of the present reservoir fluid and Sr-isotope measurements will confirm or update the

interpretation of this study.

This study evidenced a tight reservoir rock as a result of the newly discovered transition zone facies in
the southern part of the Franconian facies, and showed that compaction, diagenesis, and depth are
important factors for reservoir productivity. Beside future geological studies to better understand the
basin subsidence, uplift and its effects on reservoir porosity and permeability, applied research should
also emphasize on the technological part to develop this new geothermal play type in the Molasse Basin
play province. Since the geothermal play transition zone facies reflects petrothermal characteristics with
hydraulically conductive fault zones, new technologies should be developed to utilize this new play type

for the “Wirmewende” in Bavaria.

In this respect, this study may be an initial part of an envisioned holistic approach in geothermal
development, where surface technology is flexibly adopted to the existing, appropriately investigated

subsurface conditions.
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Table 1: Drill cuttings of the Upper Jurassic carbonate rocks from one well in the Molasse basin. (A)
dark beige planar-e dolostone, (B) light gray limestone with beige matrix dolomite rhombs, (C) dark
gray micritic limestone, (D) light gray to white bioclastic limestone with bigger bioclasts.

Table 2: Thin section photos of the Purbeckian carbonate rocks (drill cuttings) in transmitted light. (A)
‘black pebbles’ within a gray limestone, (B) worm hole tube ( Terebella sp.) in a brown limestone with
light gray matrix dolomite rhombs.
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Table 3: Thin section photos of Upper Jurassic drill cuttings in transmitted light with typical organisms.
(A) bioclastic packstone with foraminifera and bioclasts, (B) ooids with pressure solution and stylolites,
(C) grainstone with peloids, oncoids and foraminifera, (D) bioclastic packstone with matrix dolomite
rhombs in light gray and Tubiphytes sp.
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Table 4: Thin section photos of Upper Jurassic transition zone facies drill cuttings in transmitted light.
(A) bioclastic wackestone with echinoderms (e) and radiolaria (r), (B) bioclastic wackestone with small
matrix dolomite rhombs and planktonic echinoderms (s) (Saccocoma sp.), (C) bioclastic wackestone
with calcified sponge spiculae (sp), (D) dark gray bioclastic wackestone with planktonic crinoids (s),
sponge spiculae (sp.), and peloids (p).



Table 5: Thin section photos of the Upper Jurassic drill cuttings from the MST well in transmitted light. (A) packstone with stylolites, (B) gray limestone with
stylolites and vein calcite cements, (C) light gray limestone with stylolites, (D) light gray peloidal grainstone with stylolites, (E) bindstone, (F) gray floatstone
with tubiphytes.

x1puaddy



v Appendix

500 um

Table 6: Thin sections of drill cuttings in transmitted light (A, B) and under CL (C, D). (A) bioclastic
peloidal grainstone, with dull red luminescing components and a red CL matrix (C), (B) bioclastic
wackestone with vein calcite cement (A) and a red CL matrix (D).
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Table 7: Thin sections of drill cuttings in transmitted light (B, D) and under CL (A, C). (B) mudstone to
wackestone with red luminescent matrix dolomite rhombs (A) with a thin red intense Cl rim, (D)
mudstone to wackestone with non-luminescent matrix dolomite rhombs and a red CL matrix (C).
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Table 8: Drill cutting in thin sections under transmitted light (A-1) and reflected light (J, K). (A) peloidal
grainstone with matrix dolomite rhombs in the matrix, (B) peloidal, ooidal grainstone, stained with
alizarin-red and matrix dolomite rhombs within the components, (D) concentric zoned matrix dolomite
rhombs, (D) matrix dolomite rhombs and stylolites in a wackestone, (E) matrix dolomite rhombs along
a stylolite, stained with alizarin-red, (F) planar-a dolostone, with brownish cloudy centers, (G)
dolostone with growth zone of idiomorph dolomite rhombs and a growth zone with pyrite (black), (H)
blue dyed, porose planar-e dolostone with concentric zonation with a clear rim, (l) planar-e to planar-s
dolostone with a black coating in the former pore space, (J) light gray to gray dolostones, (K) white
and beige planar-e dolostone.



Appendix Vil

Table 9: Drill cuttings under the scanning electron microscope (SEM) in back-scatter image. (A) vein
quartz crystals, (B) etched dolostone with mimetic structure of a peloidal grainstone, (C) planar-e
dolostone, (D) planar-e dolostone with fine- and coarse-grained dolomite rhombs, (E) planar-e
dolostone, (F) planar-e dolosoten with polympodal dolomite crystals.

Table 10: Drill cuttings under SEM in back-scatter image. (A, B, C, D) matrix dolomite rhombs in a
calcitic matrix with darker gray dolomite rhombs, (E, F) EDX map of (D) with green Ca (E), and red Mg

(F).



IX Appendix

Table 11: Drill cuttings under SEM in back-scatter image. (A) planar-e dolostone, (B) contact between
matrix dolomite and vein calcite cement, (C) vein dolomite cement, (D) planar-s to planar-e dolostone.



Appendix X

Table 12: Thin section with a stylolite under SEM in back-scatter (A), (B-D) same detail as in (A). EDX
map of aluminum (Al) (B), of magnesium (Mg) (C), of calcium (Ca) (D).



XI Appendix

Table 13: Thin section under SEM in back-scatter. (A) limestone with stylo-bedding and white pyrite
crystals, (B) marlstone with white pyrite crystals, light gray iron-oxides, grey quartz, (C) recrystallized
bioclasts by pyrite, (D) magnified image of (A) with pyrite octahedral crystals in some parts.



Appendix XII

Table 14: Thin sections of drill cuttings under transmitted light (A-C, G, H) and CL (D-F, I-K). (A, D)
dolomite breccia, with a thin red rim around the dolostone clasts and a dull red matrix, (B, E) zonec
planar-s to planar-a dolostone with light red CL cores and red rim, (C, F) vein dolomite cements with
asector and concentric zonation, (G, J) planar-s to planar-a dolostone with a concentric zonation, (H,
K) planar-a dolostone with a concentric zonation of idiomorph dolomite rhombs in CL, (I) planar-e
dolostone cutings with orange CL.



X1 Appendix

Table 15: Thin sections of drill cuttings under transmitted light (A-C, G, H) and CL (D-F, I-L). (A, D)
peloidal grainstone with sector zone calcite cement, hosting fluid inclusions, (B, E) clacite cements
with a dull red CL, (C, F) calcite cement with concentric zoned calcite crystals, (G, J; H, K) vein calcite
cement with yellow CL, (I, L) sectoral zonation of calcite cements with fluid inclusions.



Appendix

XIV

Table 16: Vein calcite cement drill cuttings under transmitted light with 2-phase fluid inclusions in
different magnifications.



XV Appendix

Table 17: Vein dolomite cement drill cutting in transmitted light. (A, B) 2-phase fluid inclusions in the
dolostone, (C) fluid inclusion in the dolomite crystal, (D) growth zone within a dolomite crystal.
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