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The recent interest on environmentally friendly energy resources has increased the economic interest on the Upper Jurassic
carbonate rocks in the North Alpine Foreland Basin, which serves as a hydrogeothermal reservoir. An economic reservoir use by
geothermal fluid extraction and injection requires a decent understanding of porosity–permeability evolution of the deep laying
Upper Jurassic strata at depths greater than 2000m. The analysis of paleofluids caught in cements of the rock mass helps to
determine the postdepositional reservoir evolution and fluid migration. Therefore, the high- and low-permeability areas of the
Upper Jurassic in the North Alpine Foreland Basin referred to as Molasse Basin were analyzed by means of encountered
postdepositional cements to determine the reservoir evolution. The cements were sampled at different hydrocarbon and
geothermal wells, as well as at outcrops in the Franconian and Swabian Alb. To determine the composition and temperature of
the paleofluids, fluid inclusions and cements of the Upper Jurassic carbonate rocks were analyzed by microthermometry and
stable isotope measurements. Since drill cuttings are a rather available sample material compared to drill cores, a new
microthermometry measurement method was achieved for the around 1mm drill cuttings. Salinity and formation temperature
of paleofluids in fluid inclusions and isotope data are consistent with previous studies and reveal a 5-stage evolution: the main
cementation phases are composed of (I) the early diagenesis in limestones (200-400m, 40-50°C), (II) early diagenetic
dolomitization, and (III) burial dolomitization (1-2 km, II: 40-90°C; III: 70-100°C; 40 g/L NaCl equiv.), and (IV) late burial
calcification (IIIa: 110-140°C, IIIb: 140-200°C) linked to tectonic features in the Molasse Basin. In the outcrop samples, a
subsequent (V) cementation phase was determined controlled by karstification. In the southwest, an increase in salinity of the
fluid inclusions in vein calcites, above the salinity of the Jurassic seawater, highlights the influence of basin fluids (diagenetic,
evaporitic). In the other eastern wells, vein calcites have precipitated from a low saline fluid of around 10-20 g/L NaCl equiv.
The low salinity and the isotope values support the theory of a continuous influence of descending meteoric fluids.
Consequently, the Upper Jurassic seawater has been diluted by a meteoric fluid to a low saline fluid (<1 g/L), especially in areas
with high permeability. Here, we show how a better understanding of cementation trajectory at depth can help to generate a
better understanding of geothermal usability in deep carbonate reservoirs.

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 [1–5]. Previous
studies focused on the maturation of organic matter in the
Cenozoic sedimentary rocks and to a minor degree on the
burial history and paleogeothermal gradient of the Mesozoic
strata [6–10]. Our knowledge of the burial history, the paleo-
geothermal regime, and the processes which control the
Upper Jurassic reservoir is therefore quite incomplete.
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However, for the North Alpine Foreland Basin, the so-called
Molasse Basin, the following basin developments have been
described in previous studies.

The geothermal use of the Upper Jurassic reservoir in the
Molasse Basin and the stored water has been of special inter-
est since 1980s [11–13]. Previous researchers described the
origin of the present reservoir water to be Pleistocene mete-
oric waters [11, 14–16], which have migrated into the deep
Upper Jurassic aquifer. Thereby, the former saline seawater
became diluted and less saline. Studies about the dilution
and fluid development, however, were conducted by Rein-
hold [17], Liedmann [18], Prestel et al. [19], and Bertleff
[20] for the shallow Upper Jurassic and for outcrops of the
Swabian and Franconian Alb in the north. In general, the dia-
genetic development of temperatures and pressures and, e.g.,
dolomitization, has been successfully described for the shal-
low Upper Jurassic strata with maximum depths of 1200m
[12, 17, 18], but they have not been determined for the deeper
aquifer (>1.000m), which is used for geothermal energy pro-
duction today.

The main aim of this paper is to reconstruct the paleo-
fluid and paleotemperature 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 4,500m). The fluid composition and paleotem-
peratures were analyzed using microthermometry and calcu-
lated from stable isotope data, which were then employed to
reconstruct the Upper Jurassic reservoir evolution. In addi-
tion, the lithology of the carbonate rocks was characterized
[21]. As only drill cuttings were produced from most geo-
thermal wells, the rock samples of those wells were only
subdivided into limestone, dolostone, dolomitic limestone,
and vein calcites. Diagenesis, as well as dolomitization, is
still the focus of research but 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.

2. Study Area and Sample Points

Rock samples, drill cores, and cuttings were available from 13
wells (252 samples) in the southern Molasse Basin (Table 1,
Figure 1). The wells are St. Gallen (STG), hydrocarbon well
A1, hydrocarbon well C1, Bad Woerishofen (BWO), Schongau
(SCH), Geretsried (GEN-1 and GEN-1ST-A1), Unterhaching
(UHA1 and UHA2), Taufkirchen (TFK), Sauerlach (SAU),
Kirchstockach (KIR), Traunreut (TRN), Freiham (FRH), and
Moosburg (MOS). The sediment thickness of the Upper
Jurassic carbonate rocks varies around 400-600m 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 Kim-
meridgian rocks represent the part of the Upper Jurassic

aquifer, which is mainly dolomitized and highly permeable.
The samples and/or core material often consisted of trans-
parent euhedral calcite crystals of veins associated with
sucrosic dolomite crystals (planar-e dolostone; upper part
of the Upper Jurassic). In some samples, 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).

Furthermore, rock samples from 21 outcrops (74 sam-
ples) originating from the Franconian Alb and Swabian Alb
(Figure 1) were analyzed. The outcrop samples are carbonate
rocks, generally of the Kimmeridgian, and can show dedolo-
mitization and karst phenomena due to the comparable
longer surface influences. Drill cutting samples ranging from
limestones, dolostone, and vein calcite crystals as well as
dedolomite were used for the isotope measurements in this
study (Table 1). The reddish to brown but usually white cal-
cite and dedolomite samples were limited to surface outcrops
(karst zones). For the microthermometry measurements, we
mainly analyzed fluid inclusions in vein calcite and in pla-
nar-e dolostone, which were linked to fracture zones. There
was further a hydrocarbon migration, visible by bitumen im-
pregnation, 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 carbonatic Upper Jurassic
reservoir (>1,000m) in the Molasse Basin (Figure 2). The
Upper Jurassic reservoir was sampled over a wide depth
range (0-4722m TVD) to determine possible changes in the
fluid composition and temperature with increasing depth.

3. Geology and Petrography

During the Late Jurassic, the passive Tethys margin was
occupied by an extensive carbonate-dominated platform that
extended northward, the so-called Franconian platform [22].
In the late Kimmeridgian to Tithonian, the sea level gradually
dropped and a sea level low stand was reached at the Jurassic-
Cretaceous transition [22]. The Tethys transgressed and
regressed from the south on the platform during the Creta-
ceous, causing erosional phases of the Upper Jurassic rocks.
In the Paleogene, the Central European Alps developed as
the Adriatic and European plates collided [23], which caused
a southwards subduction of the Penninic Ocean. This con-
vergence 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 Fore-
land Basin (Molasse Basin) [24]. The subsequent deposition
of two regressive cycles of marine water and freshwater
sediments occurred during the Paleogene [23, 25]. Afterward,
Quaternary sediments were deposited on top (Figure 2). 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.

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 (Figure 3) [26, 27]. The lithology, stratig-
raphy, and microfacies of the Upper Jurassic carbonate rocks
of the Molasse Basin are further described in detail in Mraz
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et al. [21], (2017), Beichel et al. [28], Lüschen et al. [29],
(2012), Wolfgramm et al. [30], Reinhold [17], Liedmann
[18], Geyer and Gwinner [31], Meyer and Schmidt-Kaler
[26], and others. A strongly simplified evolution from depo-
sition to the recent structure of Upper Jurassic carbonate
rocks is given in Figure 4. 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
[17]. Faults and fractures were filled with calcite crystals dur-
ing a late phase of burial, as the white and transparent calcite
crystals have usually precipitated on the massive dolostones

Table 1: Overview of the sampled wells and outcrops for the reconstruction of paleofluid composition and temperature in the Molasse Basin
(Figure 1).

Well Depth (m TVD) Stratigraphy, sample
Fluid inclusions Stable isotopes

n Thick section Cutting sample n Thick section Cutting sample

STG 4350-4440 ti-kim, cc 25 3 15 x x

A1 2646-2740 ti-kim, cc 23 2

MOS 1288- 1449 ti-kim, cc, d 43 2 7 x

C1 3303 ti-kim, cc 15 1

SCH 4375-4378 ti-kim, cc, d 105 4

FRH 2130-2410 ti-kim, cc, d 18 5

GEN 4360-4850 ti-kim, cc, d 113 2 7 20 x x

UHA 3060-3555 ti-kim, cc 40 2 59 x

TRN 4220-4860 ti-kim, cc, d 19 10 11 x

BWO 2370-2565 ti-kim, cc 10 5

KIR 3425-4090 ti-kim, cc 46 x

SAU 4060-5475 ti-kim, cc 41 x

TFK 3480-3933 ti-kim, cc 10 x

Outcrop

2 ti, cc 2 x

3 kim, cc 1 x

4 kim, cc 2 x

6 kim, cc 1 2 2 x

7 kim, cc 2 x

10 kim, cc 4 4 14 x

11 ti, cc 8 1 1 x

12 kim, cc 4 1 x

13 kim, cc, d 4 1 2 x

14 kim, cc 1 1 x

15 ti, cc 2 x

19 ti, cc 4 x

21 kim, cc 2 1

25 kim, cc 1 1

26 kim, cc 2 x

27 kim, cc, d 1 1

30 kim, cc 2 x

32 kim, cc 1 2 2 x

34 kim, cc 1 1 2 x

35 kim, cc 2 x

39 kim, cc 4 1 15 x

Sum 443 31 29 266 min. 21 min. 7

The thick sections were made from drill cores. n: number of measurements. Samples: calcite: cc; dolomite: d; Tithonian: ti; Kimmeridgian: kim. The well
abbreviations are the same as in Figure 1.
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and limestones. Generally, two types of calcite crystals can be
distinguished: firstly, transparent calcite crystals, present in
the upper part of the Upper Jurassic, and secondly, white cal-
cite 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 lim-
ited to the surface outcrops of the Swabian and Franconian
Alb.

The petrography 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 did in this study.
Furthermore, we described a diagenetic replacement of lime-
stone by dolomite, so-called matrix or replacive dolomite,
which is in line with previous studies [17, 18, 32]. This
dolomite replacement is usually affected by temperature,
alkalinity, pH value, concentration of Mg2+ and Ca2+, Mg2+

to Ca2+ ratio, fluid, rock ratio, mineralogy of the carbonate
replacement, and surface area [32, 33]. The diagenetic repl-
acement is one of the dolomitization models, which are still
being studied in focus and have not been solved for the
Upper Jurassic in Germany [32, 34, 35].

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 δ18O and δ13C were measured
from drill cuttings. For the microthermometry measure-
ments, a new sample approach with cuttings of around
1mm was developed by using the unprepared and unpol-
ished drill cuttings (Figure 5). 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 and 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. [21].
The microthermometry samples of this study mainly con-
sisted of relatively late diagenetic blocky vein calcite crystals,
which precipitated along fractures or veins [17, 36], and to a
minor degree of dolomite crystals.

For the stable isotope measurements, vein calcite crystals,
limestones, dolostones, dedolomite (calcite) (Figure 5), and
scales, which are calcite crystals from the geothermal power
plants Unterhaching and Kirchstockach, were investigated.
These samples were finely ground and examined in line with
Hoefs [37] in the mass spectrometer at the University of Kiel.
Approximately 10mg of a sample was dissolved in pure
phosphoric acid. The calcite samples were completely
dissolved after 4min, the dolomite samples after 18min. Sub-
sequently, the resulting CO2 was measured at temperatures
between 850 and 1000°C under vacuum. The 12C/13C ratios
were specified in δ notation with reference to the interna-
tional standard PDB, and the measurement error of the
double determination was ±0.5‰. The oxygen isotopes were
given in accordance with the SMOW (water) or PDB
(minerals) standard.

The microthermometry study of fluid inclusions was per-
formed 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 for-
mer 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 cut-
tings 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
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exclude a high-temperature gradient in the sample. The
microthermometry measurements were performed on a
heating-cooling stage, using a Linkam stage apparatus
mounted on an Olympus microscope with a precision of
0.1K. For the aqueous one-phase and two-phase fluid inclu-
sions (liquid and vapor), the shape, size, texture, genesis,
phase type, host mineral, and phase volume ratio were docu-
mented in line with Van den Kerkhof and Hein [38]. 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. After-
ward, the eutectic temperature (Te) and last melting and/or
ice melting (Tm) temperature were measured. If possible,
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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 Th measure-
ments 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 Tm and
gas bubble size during the measurement.

Sometimes, a positive Tm and a changing Tm were
observed in small fluid inclusions where a liquid, vapor,
and ice phase was present at Tm, which can be caused by
metastability or by clathrate melting. The measured positive
Tm and the presence of hydrocarbons in the samples 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 spectrome-
ter was equipped with a frequency-doubled Nd:YAG laser
(532 nm, with a maximum power of 22.5mW) and an Olym-
pus 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 1800T. How-
ever, 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. In addition, no hydrocarbons were visible
under UV light in the fluid inclusions.

With Tm, the bulk salinity was interpreted using the com-
puter program SoWat (sodium chloride water), which is a
model of almost equation of state for fluid inclusions in the
H2O-NaCl system [39–41]. The measured Th using micro-
thermometry should represent the minimal formation or
trapping temperatures of the fluid inclusions [42]. No age
measurements were conducted at the different cement phases.

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. 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 stra-
tigraphy 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 200m thick [25,
43], the Upper Oligocene to Lower Miocene strata were
around 250m thick [23, 25], and the Cretaceous and Upper
Jurassic strata were assumed to be around 600m thick [44].

In the Cenozoic sedimentary rocks in the Molasse Basin,
vitrinite reflectance was used to determine the thermal
maturity of sediments and to reconstruct the thermal history
during the Cenozoic [6, 8, 45], but not for the Mesozoic. In
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addition, vitrinite reflectance was not calibrated with fluid
inclusion microthermometry in the Molasse Basin [46]. In
southern Germany, contrary to other hydrocarbon explora-
tion areas [47–52], fluid inclusions were so far not used to
understand hydrocarbon migration and to reconstruct the
thermal and burial history.

5. Results

5.1. Types of Fluid Inclusion. All measured calcite crystals,
limestone cements, and vein calcite cements were completely
transparent or had cloudy areas due to numerous very small
inclusions (<3.0μm) (Figure 5 and Figure 6), which we were
unable to measure. The dolomite crystals were idiomorphic
and transparent to light beige, and FIA were only able to
measure at the Traunreut and Geretsried wells. 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 0.5mm to 1.0mm.
Overall, the size of the fluid inclusions was very small in the
range from 1.2μm up to 72.0μm, with the mean value of
8.2μmmeasured at 363 inclusions. The measured fluid inclu-
sions were either arranged in planes or as isolated inclusions
and were defined as primary, secondary, or pseudo-
secondary in this study. Moreover, the measured fluid inclu-
sions were hosted in vein calcite cements and in planar-e
dolostones (vein dolomite). In this study, only 17 dolomite
samples with visible fluid inclusions (~3μm) were found,
with seven repeatedly measurable fluid inclusions (n = 21)
and with around 20 empty fluid inclusions. Usually, primary
fluid inclusions had a rectangular shape, whereas secondary
or pseudo-secondary inclusions were often rounded to
drop-shaped (Figure 6). The primary fluid inclusions were
between 1.3 and 72.0μm (mean value 9.4μm, n = 240) and
were always bigger than the secondary or pseudo-secondary

fluid inclusions (1.2-39.7μm, mean value 8.3μm, n = 109).
Furthermore, all measured inclusions contained aqueous
one-phase and 2-phase fluid inclusions. The one-phase
inclusions were hosted in limestone cements, some dolomite
crystals and in a few vein calcite cements, and were measured
with microthermometry to describe a possible phase transi-
tion. However, most one-phase fluid inclusions showed no
phase change during heating and cooling (-110°C to
+190°C). All measured fluid inclusion assemblages (FIA)
were homogenous, with constant liquid-vapor ratios of
around 15%, and showed consistent Th 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, espe-
cially the measured Th in FIA (cuttings: 145°C; thick sections:
143°C), which was not expected as temperature increases at
the drill bit during the drilling process.

Some fluid inclusions had a Te of -21.6
°C (n = 30); there-

fore, a NaCl system was assumed for all evaluated samples
[50].

5.2. Fluid Inclusion Temperature. The Th 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) (Figure 7). The Th of the
secondary or pseudo-secondary fluid inclusions were nearly
consistent with the primary fluid inclusions.

The fluid inclusion Th was plotted versus sample depth of
the wells in Figure 8. With increasing depth, Th increases, but
with a different gradient at the different wells. In comparison
to the outcrop samples, the well samples showed an increase
in Th, but consistent Tm. At the Traunreut well, the recent

Figure 6: Fluid inclusion morphology in vein calcite crystals in one focal layer.
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reservoir temperatures and Th increased with a slightly lower
gradient (25K/km) in comparison to the recent reservoir
gradient of around 30K/km in the Upper Jurassic aquifer in
the Munich area [53]. At the Moosburg and Freiham wells,
a Th higher than the geothermal gradient of 30K/km was
measured (Figure 8).

Tm ranged from -31.4 to 0.0 °C, with the mean value
around -1.0°C (Figure 9). The primary fluid inclusions had
a Tm 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 Tm from the primary fluid inclu-
sions to the secondary or pseudo-secondary inclusions from
-2.3°C to -1.1°C, indicating decreasing salinity. In a few sam-
ples, Tm was positive with a mean value above 0°C (n = 56,
min. 0.1°C, max. 11.8°C). The positive Tm changed with
every heating measurement in the single fluid inclusion of
an assemblage and did not stay constant. Those positive tem-
perature measurements were not used for the further calcula-
tion and analysis. All vein calcite cements had a maximum
Tm 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 Th. Some samples
from hydrocarbon well A1 showed Tm 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 Tm
with depth, from a mean value of -1.6°C at 3911m and
4135m to -2.0°C at 4157m. Tm 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 Tm and Th.
The primary inclusions had a mean Th of around 145°C,
and the mean value of the Tm was -2°C for the GEN
samples. ?Furthermore, the secondary or pseudo-secondary
inclusions showed slightly lower Th of around 140°C, as
well as higher and lower Tm, 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 Th but
different salinities.

5.3. Diagenetic Fluid Composition by Stable Isotopes. The sta-
ble isotopes (δ18O and δ13C) of Upper Jurassic limestones,
dolostones, and calcite cements were measured from outcrop
samples (Figure 10) and the deep well (Figure 11). A sum-
mary of the data is given in Table 2. In Figures 10 and 11,
we distinguished between rather brown and dark gray micri-
tic limestones and beige micritic limestones. The dark brown
limestones had the highest δ18O value with -3.4‰ PDB
(Figure 11), the gray micritic limestones had an intermediate
value, and the lowest δ18O value of -5.4‰ PDB was mea-
sured in the light beige micritic limestones. This decrease in
δ18O was caused by a meteoric water influence in the beige
micritic limestones. In general, the δ13C of the limestones
decreased from +2.0‰ PDB to +1.4‰ PDB (Figure 11) with
increasing temperature during burial and CO2 degassing.
The dolostones had lower δ18O values than the limestones
and showed the same decrease in δ18O value as the lime-
stones with a lighter rock color. The δ18O value decreased
from the dark-brown platy dolomite crystals (-4.5‰ PDB),
the lower part of the Upper Jurassic, towards the massive
dolostone to the sucrosic, light-beige, secondary dolostones
(-7.5‰ PDB) (Figure 11). For the dolostones, δ18O increased
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and δ13C decreased from the dark (+ 2.5‰ PDB) to the beige
dolomite crystals (+ 2.2‰ PDB) and again to the dedolomite
crystals (-7.0‰ 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 cor-
respond to an early stage of dolomite formation [17]. Within
the carbonate rock groups (limestone and dolostone), the
trend with decreasing δ18O values and increasing δ13C values
was visible during the evolution.

The vein calcite crystals of the Upper Jurassic were mea-
sured in the deep wells and were classified into the transpar-
ent 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 δ13C
values of around -2.7‰ PDB and a low δ18O value of -21.9‰
PDB in contrast to the δ13C value of -2.2‰ PDB and the
δ18O value of -15.1‰ PDB of the transparent calcite crystals.
The lower δ18O values of the transparent and white vein cal-
cite 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 δ18O 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 δ13C value of -7.0‰
PDB of all measured vein calcite crystals.

In general, the isotope values showed the following
trends: the δ18O and δ13C values of the vein calcite crystals
were significantly lower than the matrix calcite and dolomite
crystals at comparable depths; the δ18O values of the vein cal-
cite samples decreased with depth; the δ13C values of vein
calcite crystals increased with depth (one outlier); the δ18O
and δ13C values of matrix calcite and dolomite crystals

decrease with depth (some outliers); a third vein calcite gen-
eration with low δ18O value and the lowest δ13C value were
measured only at the outcrops (karst, dedolomite).

5.4. Fluid Salinity. Today, the Upper Jurassic reservoir fluid
has a mineral concentration below 1 g/L according to
Mayrhofer et al. [55], Stober [56], Waber et al. [57], Stober
et al. [58], and Birner et al. [59]. Tables 3 and 4 show the dia-
genetic 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. [59].

5.5. 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
δ18O values of the produced reservoir fluid in the range
between -11.9 and -10.4‰ VSMOW [55], -12.8 and
-10.6‰ SMOW [15]. Our fluid data in the investigated wells
showed a median value of -11.0‰ SMOW (-12.1 to -10.6‰
SMOW, n = 11). The δ18O values of the scales varied for the
first Unterhaching well from -22.3 to -26.7‰ PDB (median
-25.9‰ PDB; production temperature about 122°C) and for
the second Kirchstockach well from -26.2 to -27.3‰ PDB
(production temperature about 137°C). To determine the
formation temperature of the different scale samples, various
geothermometers based on the fractionation factor between
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18O/16O of calcite and 18O/16O of the fluid were tested [64,
65]. The geothermometer values according to Friedman
and O'Neil [64] showed the best match with our data
(Figure 12). The formation temperature of the scales was cal-
culated 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 repre-
sented 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).

The paleofluid of the Upper Jurassic ocean was around
-1.0‰ SMOW according to Prestel [12] and Wallmann
[66]. The paleotemperature of the Upper Jurassic ocean has
been determined to be around 18.6 to 24.8°C [18, 67]. Saline
waters with current δ18O values of up to +5.5‰ SMOWwere
observed at one Upper Jurassic well (STG) in the western part
of the Molasse Basin. Liedmann [18] determined two
geothermometer equations: (Geo-1) to calculate the paleo-
temperature supported by fluid inclusion studies with δ18O
values of calcites and δ18O values of dolomite crystals of the
Upper Jurassic with a maximum temperature of 110°C. Addi-
tionally, the paleotemperatures were calculated using two
equations (Geo-2) concerning the fractionation factor

between 18O/16O of calcite and 18O/16O of the fluid for calcite
[64] (Figure 12) and for dolomite [67], which was previously
developed in this study to be the best fit with the scaling mea-
surements. The temperature results for calcite crystals which
had precipitated from Jurassic seawater with δ18O values of
-1‰ SMOW and -11‰ SMOW for the recent fluids are
shown in Table 6. At -11‰ SMOW, the calculated tempera-
tures using the Geo-2 equation for minerals precipitating
from paleofluids were too low, as this equation could only
be applied to recent nondiagenetic fluids. However, at
-1‰ SMOW (Jurassic seawater), all temperatures from
the Geo-2 equation for precipitating minerals from paleo-
fluids showed paleotemperatures comparable to Liedmann
[18] (Geo-1).

For the other well samples, the paleotemperature was cal-
culated using the 18O geothermometer in line with Liedmann
[18] with the separation at different mineral phases and
depths. The micritic limestones showed (Figure 13) the low-
est median at around 30-40°C. The 18O geothermometer
temperature increased from the dolostones, 45°C to a maxi-
mum of 100°C, to the vein calcites with a temperature range
between 100°C and 200°C (Figure 13). Consequently, the
temperature as well as the burial depth increased from the
limestone to the dolostone and had their highest values at
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the vein calcites. The dolostone samples from the Geretsried
well showed further an increase in temperature from the dark
to the beige dolostones, as well as from the massive to the

idiomorphic dolostones. By the vein calcites, a basin-wide
comparison is possible, showing an increase in tempera-
ture from white vein calcites at the St. Gallen well in the

Table 2: Isotope data of different rock types of the Upper Jurassic from the Molasse Basin.

Rock type Stratigraphy Mineral Rock color n
Median

δ18O [‰ PDB] δ13C [‰ PDB]

Limestone ti-ox cc-m3 Brown 16 -3.4 + 2.0

Limestone ti-ox cc-m2 Gray 15 -4.3 + 1.0

Limestone ti-kim cc-m1 Beige 61 -5.4 + 1.4

Dolostone ti dol-2 Brown 10 -4.5 + 2.2

Dolostone kim-ox dol-2 Brown 13 -4.8 + 2.5

Dolostone ti-ox dol-3 Beige, massive 30 -6.1 + 2.3

Dolostone ti-ox dol-1 Beige, sugar-grained 27 -7.5 + 2.2

Vein-calcite kim-ox cc-v1 White 14 -15.1 -2.7

Vein-calcite ti-kim cc-v2 Transparent 23 -21.9 -2.2
∗De-dolomite ti-kim cc-dd Light-beige 2 -5.3 -4.9
∗Vein-calcite ti-kim cc-v12 White, transparent 16 -5.8 -2.1
∗Karst-calcite ti-kim cc-v3 Yellow to red-coated crystals 9 -7.9 -7.0
∗Data from outcrop samples. n = sample count. stratigraphy—origin of samples: ti = Tithonian; kim =Kimmeridgian; ox =Oxfordian.
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west to the transparent vein calcites, like the Traunreut
well in the east. However, the Traunreut well has in com-
parison to the other studied transparent vein calcite well
samples a relative low temperature for the transparent vein
calcites.

6. Use of Cuttings for Fluid Inclusion Analyses

In this study, we used our new approach for the fluid inclu-
sion measurements on drill cuttings in their unprepared
and unpolished form. To determine the Th and Tm from drill
cuttings, the measurements were conducted 2-3 times on cut-
tings with a flat and smooth surface, as well as with low heat-
ing and cooling rates. In comparison to the conventional
thick sections from bore cores, the measurements of the Th
and Tm of the drill cuttings were confirmed at the Geretsried
well. The mean Th 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.

7. Paleofluid Evolution in the Upper Jurassic
Reservoir in the Molasse Basin

We analyzed the paleofluid evolution of fluids stored in the
crystals of the Upper Jurassic reservoir rocks using the iso-
tope data and fluid inclusion measurements. Isotope data
(Figures 10 and 11, Table 2) were further used to extend
the burial history based on sedimentological and lithological
data (Figure 4). Fluids were divided into four main types
based on isotope data: (1) Upper Jurassic seawater, (2) mete-
oric 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
(Figure 14): (I) sedimentation; (II) early diagenesis with the
first dolomitization; (III) burial diagenesis with a second
dolomitization; (IV) late burial diagenesis, dominant in frac-
tures and fault systems; and (V) the present reservoir.

7.1. Phase I—Sedimentation. In the first diagenetic step
(sedimentation), two primary facies types, the massive and
bedded, were lithified and gave two limestone types. The
light-gray limestones of the reef facies mainly consists of pure
carbonate and had a high primary porosity [68] in contrast to
the more impure clay-bearing limestone of the lagoon and
basin facies. The fluid evolution started with the stored Juras-
sic 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. Paleofluids during the Upper Jurassic sedi-
mentation had δ18O values of approximately -1‰ SMOW
for the ocean water, about -3‰ SMOW at a depth of 100–
200m, and can be expected to be in the range of -4 to -5‰
SMOW at a depth of 400–500m [37, 69]. The one-phase
fluid inclusions showed no phase changes during heating
and freezing, but have probably been trapped at low temper-
atures with formation temperatures below 50°C, as suggested
by Goldstein [50]. The dense, brown micritic limestones
showed isotopic temperatures between 30 and 40°C, and
the porous, beige micritic limestones were between 30 and
50°C. The bulk measurements of the beige micritic limestone,
which contains matrix dolomite, indicated an increased tem-
perature due to the lower δ18O values of the dolomite crystals
(-5.4‰ PDB instead of the -3.4‰ PDB for the limestone).
The temperatures at the top of the sediment during deposi-
tion were approx. at 25°C [18]. Consequently, the limestone
cements and matrix dolomite crystals were formed at a depth
of 300 to 650m.

7.2. Phase II—Early Diagenesis with First Dolomitization.
Afterward, the early diagenesis with the first dolomitization
period occurred in a gradual transition from the sedimenta-
tion phase. The early diagenetic stage was characterized by
an intense dolomitization of carbonate rocks in contact with
meteoric and basinal fluids [17, 18, 30, 70]. The dark dolos-
tone was possibly formed from dark micritic limestone in
lagoons and basins with a potentially high organic matter.
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‰ to
-7.5‰ PDB) generally showed lower δ18O values of around
-1.5‰ PDB in contrast to the limestones (-3.4‰ to -5.4‰
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
δ18O (-3.4‰ PDB to -5.4‰ PDB limestones; -4.5‰ PDB to
-7.5‰ PDB dolostones) with increasing depth and tempera-
ture (Figure 10) [69, 71]. Due to the higher reservoir temper-
ature in the southern deeper reservoir part, some of the
carbonate values from the deep wells did not plot in the
“Upper Jurassic dolomitization window” (Figure 11) accord-
ing to Liedmann [18] and Reinhold [17], which we used in
this study. The carbonate rocks analyzed by Liedmann [18]
and Reinhold [17] were sampled from around 50 outcrops
of the Oxfordian and Kimmeridgian from the Swabian and

Table 3: Fluid composition of the geothermal wells in the southern
Molasse Basin.

Well Salinity from FI data (g/L)
Salinity (g/L)

reservoir in production

STG 33 ∗18.0

A1 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

Recent well data were provided by Florian Heine, Technical University of
Munich (TUM), Chair of Hydrogeology. ∗Wolfgramm et al. [60], ∗∗ Birner
et al. [59], and ∗∗∗ Stober et al. [58].
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Franconian Alb and sampled at eight shallow wells with a
maximum depth of 930m in the western Molasse Basin.
Therefore, we had to include higher temperatures and lower
δ18O values of the Upper Jurassic dolomitization window
(Figure 11) in the present study.

7.3. Phase III—Burial Diagenesis with Second Dolomitization.
The formation temperature of idiomorph dolomite crystals
was around 120-136°C at depths of 3050-3100m 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 25K/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 high salinity with 40 g/L NaCl equiv. com-
pared to the later formed blocky, vein calcite crystals, with a
salinity of 10 g/L to 20 g/L NaCl equiv. The decrease in δ13C
or lower δ13C in the limestones (+1.4 to +2.0‰ PDB) to the
vein calcites (-2.2 to -2.7‰ PDB) may result from an increas-
ing influence of meteoric fluids or a higher content of organic
carbon [69]. In contrast, the increase in δ13C from the lime-
stones (+1.4 to +2.0‰ PDB) to the dolostones (+2.2 to
+2.5‰ PDB) may result from CO2-degassing, due to the
hydrocarbon emplacement, or an inflow of marine waters
(Figure 10) of the bedded facies [69]. The main dolomitiza-
tion occurred during the burial phase and is in line with pre-
vious studies [17, 18]. 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.

7.4. Phase IV—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. The white vein
calcite crystals showed a strong fingerprint of basinal water
with δ13C values of -2.1‰ PDB and δ18O values of -5.8‰
PDB. In contrast, the transparent calcite crystals of the upper
part of the Upper Jurassic were formed from meteoric fluids
during late diagenesis with δ13C values of -2.2‰ PDB and
δ18O values of -21.9‰ PDB. The isotope temperature values
for the limestones and dolostones seemed reliable, whereas
the isotope temperature results of the vein calcite crystals
from the deep wells were up to 216°C higher than the recent
reservoir temperature. However, the geothermometer equa-
tion (Geo-1) [18] 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 sea-
water (35 g/L NaCl equiv.) with a Tm of -1.0°C (17 g/L NaCl
equiv.) for primary inclusions and -0.7°C (12 g/L NaCl
equiv.) for secondary or pseudo-secondary inclusions.

Table 4: Hydrochemical data from the deep wells showing a dilution of the Jurassic seawater from the St. Gallen well [61], Geretsried,
Unterhaching, and the most diluted formation water at the Traunreut well.

Parameter Jurassic seawater St. Gallen Geretsried Unterhaching Traunreut
(g/L) (%) (g/L) (%) (g/L) (%) (g/L) (%) (g/L) (%)

Sodium 10.7 30.5 6 30.9 0.8 26.5 0.12 17.5 0.13 23.5

Potassium 0.4 1.1 2.2 11.3 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 0.4 1.1 0.12 0.6 0.1 3.3 0.03 4.4 0.03 5.4

Chloride 19.3 55.0 9.6 49.5 1.4 46.4 0.11 16.1 0.08 14.4

Sulphate 2.7 7.7 0.15 0.8 0.08 2.6 0.02 2.9 0.01 1.8

HCO3- 0.2 0.6 1.2 6.2 0.44 14.6 0.28 40.9 0.28 50.5

Residual 0.1 0.3 0.1 0.5 0.1 3.3 0.1 14.6 <0.1 <18.1
Sum 35.1 100 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 Table 5. The Th, 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.

Table 5: Temperature measurements of the recent reservoir
temperatures from unpublished borehole reports.

Well
Top T UJR

(°C)
Max. T UJR

(°C)
Th
(°C)

Top T UJR GeotIS
(°C) [62]

STG 144 150
140-
156

—

A1 104 104
70-
130

100 ± 11

MOS 79∗ 87∗ 130 70 ± 7
C1 — — 123 108 ± 11

SCH 128 131
122-
158

133 ± 12

FRH 105
144-
190

80 ± 11

GEN 125 150
141-
148

147 ± 14

UHA 91 124
123-
135

118 ± 11

TRN 106 115
106-
115

108 ± 11

UJR: Upper Jurassic reservoir; Top T: temperature at top of UJR; Max. T UJR:
maximum temperature of the UJR; Th: homogenization temperature from
fluid inclusions; Top T UJR GeotIS: temperature data according to Agemar
et al. [62]. —no data available; ∗Schneider et al. [63].
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Furthermore, there were fluids with a higher salinity with Tm
between -2.0°C and -18.0°C and salinity between 33 and
112 g/L NaCl equiv. in the southernmost and westernmost
wells such as St. Gallen and A1. At the St. Gallen well, an
increase in salinity with increasing depth was measured from
28 g/L to 34 g/L NaCl equiv. This increase in salinity with
depth was also described by Liedmann [18] with Tm between
-2.0 and -5.0°C. At the Geretsried well, a variable fluid salinity
was measured starting with 34 g/L NaCl equiv. (primary) to
64 g/L 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. This fluid salinity of
the late calcite cements was consistent to the data by
Liedmann [18] for the outcrops and shallow boreholes. The
higher saline fluids might have their source in the Upper or
Middle Triassic [17], the Purbeck (latest Tithonian to earliest
Berriasian) or the lower Oligocene sediments ([23]; 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 underpressured; the Oligocene aquifer is
underpressured as well and would need to flow against the
higher pressure of the Upper Jurassic aquifer [72]. Therefore,
neither ascending nor descending saline fluids were assumed.
The Purbeck sediments are brecciated and micritic lime-
stones, which were deposited under brackish to evaporitic
conditions during the late Upper Jurassic and early Lower
Cretaceous [73]. Therefore, a potential source area of the salts
in the Upper Jurassic reservoir could be the Purbeck rocks
(latest Upper Jurassic to earliest Lower Cretaceous). Beside
clathrates, another cause of the positive Tm in small fluid
inclusions is metastability, which may have caused the
changing, but persistently positive Tm with a fast gas bubble
formation. Therefore, no CO2 or CH4 gases were assumed to
be contained in the fluid inclusions [74]. This was

unexpected, as hydrocarbons are stored in the Upper Jurassic
rocks and should be present in the fluid inclusions.

7.5. Phase V—The Present Stage. The present reservoir has
been explored by hydrocarbon and geothermal wells and
records the last diagenetic phase of our study. Downward-
migrating fluids, probably from rainfall, moving along faults
and karst phenomena may have lowered the δ18O reservoir
values to the recently measured -11‰ SMOW (-12.1 to
-10.6‰ SMOW, n = 11). The diagenetic fluid salinity (equiv.
NaCl) in late calcite crystals in veins has a mean value of
32.0 g/L NaCl equiv., which is higher than the present reser-
voir salinity (mean value: 4.8 g/L). In addition, the salinity of
the reservoir fluid varies depending on the location of the
well (Figure 15) [59]. Prestel [12] 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 seawater with meteoric water and by
dissolved salts in the western area [75]. In the southwest,
the increase in salinity might be caused by a reduced
exchange of fluids due to the lower permeability. The relative
high δ18O values of up to +5.5‰ SMOW of the present res-
ervoir 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 seawater was
diluted by a meteoric water, as determined by stable iso-
topes and fluid inclusions (Table 4). 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 [12]. Because the ancient Jurassic seawa-
ter had a salinity of around 35g/L [18], 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/L
NaCl equiv., and the present salinity with the lowest salinity
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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.

The four following reasons could explain the higher for-
mation temperatures of around 25°K compared to the recent
reservoir temperature: (1) ascending hotter basement fluids
along fractures and fault zones, (2) necking or stretching of
the fluid inclusions while heating (reequilibrium), (3) high-
temperature Upper Jurassic formation fluids, and/or (4) a

Table 6: Paleotemperature from isotopic geothermometers (δ18O values Table 2); Geo-1: 18O geothermometers according to Liedmann [18];
Geo-2: 18O geothermometer after Friedman and O'Neil [64] for calcite and Fritz and Smith [67] for dolomite and for paleofluids with an 18O
value of -1‰ SMOW and -11‰ SMOW; bold—reliable data.

Mineral Properties T (°C) Geo-1 T (°C) Geo2 (-1‰) T (°C) Geo2 (-11‰)
Median Min Median Max Min Median Max

cc-m1 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 41.7 20.7 35.8 40.1 10.2 12.6

dol-2 Brown, fine crystalline 54.9 53.1 57.5 247.9 7.8 11.3 117.9

dol-2 Dark-brown, interlocked 57.3 39.2 59.5 71.9 -4.5 12.8 21.5

dol-3 Beige, massive 66.0 48.5 67.1 111.0 4.0 18.2 44.7

dol-1 Beige, sucrosic 76.8 60.2 76.4 101.0 13.3 24.4 39.1

cc-v1 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-v12 White-transparent 43.8 29.5 37.7 43.8 10.2 17.3

cc-v3 Yellow to red coated crystals 57.4 34.2 50.1 54.0 10.3 11.7 16.5
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higher or different geothermal gradient. As no cement phase
possessed a different chemistry or isotope signature, ascend-
ing basement fluids are unlikely. The reequilibrium of the
fluid inclusions means that the maximum temperature stored
from reequilibrium was measured in this study [76, 77]. As
large fluid inclusions are more likely to reequilibrate than
small ones [51], the possibility of the small 2-phase fluid
inclusions in the present study was low. Because of the
similar Th and Tm and consistent liquid-vapor ratios in the
measured FIA in the vein calcites, we assumed that no ree-
quilibrium occurred. High-temperature formation waters of
the Upper Jurassic in deeper zones of the foreland basin
(Figure 2) are unlikely, as the Upper Jurassic carbonate rocks
in the deeper zone are low to no permeable and thus forma-
tion fluids could only migrate parallel to stylolites. However,
there is still the problem of the nearly east-west-striking fault
structures [78] which the migrating fluids had to overcome to
migrate from the deeper zone to the sampled area in the
North Alpine Foreland Basin. The higher geothermal gradi-
ent 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 [9, 44].
Liedmann [18] discussed possible paleotemperature gradi-
ents of up to 60K/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 [53, 79].

7.6. Phase VI—Outcrops of the Upper Jurassic in the Molasse
Basin. At the surface outcrops, the temperature from fluid
inclusions (50-80°C) and determined by stable isotopes (41-
57°C) at dedolomite cements, as well as at calcite cements
showed low cement formation temperatures, due to the lower
subsidence at the Franconian and Swabian Alb. Thereby, the
salinity of the outcrop fluid inclusions is with 10-20 g/L in a
similar range to the values of the deep wells. Consequently,
the cements at the outcrops precipitated from a similar fluid
and events than the deeper reservoir section of the Molasse
Basin, which is in line with previous studies [17, 18].
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8. Subsidence History from Well Data of the
Molasse Basin

The measured formation temperature in the vein calcites and
dolomite crystals in combination with the reconstruction of
the subsidence history, paleofluids, and paleotemperature
using stable isotopes provided evidence of the foreland basin
evolution (Figures 14 and 15). The evolution started with the
Jurassic seawater, which had a temperature of around 25°C
during deposition [18] at an assumed water depth of 150-
200m [80]. During early diagenesis, the limestone reached
the burial of 200-400m, and the temperatures were around
30-40°C. After the limestone cementation, the dolostones
were formed at 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. 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 and 100°C. This probably hap-
pened during a further or second dolomitization phase,
which has not been described before, and while a high migra-
tion of hydrocarbons was present. In addition, a Th of around
110°C and a salinity of 40 g/L NaCl equiv. for these idiomor-
phic dolomite crystals (planar-e dolostones) were measured,
but with no indication of hydrocarbons. The sampled dolo-
mite crystals were either vein or fractured dolomite crystals
from the Traunreut well at depths of 3086m TVD. Our study

confirmed the data by Liedmann [18], who assumed a deep
burial hydrothermal dolomitization during the Alpine orog-
eny, and first 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 Jurassic sea-
water was diluted in the southern Upper Jurassic rocks
during the Cretaceous and Paleogene (Figure 15), from a
yet unknown source.

The highest Th in the transparent vein calcites
(Figure 15) was close to the maximum value, and it con-
firmed 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 [18]. As the calcite crystals
precipitated in fractures and veins, the formation must have
happened during the tectonic phase of the Alpine orogeny
in the Molasse Basin. However, unclear remains the age
and cause of the high temperatures stored in the vein calcites.
A possible future option, if new fluid inclusion data of gas
concentrations are available, could lie in specifying the
reconstruction of the subsidence history by 1D basin model-
ling. By this 1D basin modelling, the thermal disequilibrium
of the late vein calcites could be confirmed and linked to the
timing of fluid migration and regional geodynamics. The iso-
tope temperature for the white vein calcite crystals was
between 110°C and 140°C, excluding St. Gallen with temper-
atures 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
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therefore the geothermometer from Liedmann [18] (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 and 200°C, higher than the white vein calcites. Conse-
quently, 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
(Figure 15). Furthermore, the Traunreut well has the most
diluted reservoir fluid today (Figure 15), indicating a mete-
oric 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 inclu-
sions showed the dilution of the former Jurassic seawater
as well. In summary, our study showed that the early
diagenetic fluids and cements might be overprinted by a
hotter hydrothermal fluid migration or a higher geother-
mal gradient, evidenced by the vein calcites in the Upper
Jurassic reservoir (Figure 15). This hot fluid migration,
stored in the late vein cements, was along fault and frac-
ture systems.

Temperatures above 50°C have been possible since the
Eocene, which is characterized by the Paleogene sedimenta-
tion (Figure 14). Surface outcrops might have reached depths
of around 600m as testified by the low cement formation
temperatures, and of up to 4,000m in the deeper down-
lifted Upper Jurassic reservoir in the southern Molasse Basin
(Figure 14). Using the subsidence plots (Figure 14), higher
temperatures were assumed in the eastern part of the basin,
as the sedimentary rocks are at greater depths. However,
the Traunreut well in the eastern part of the basin showed
relatively low temperatures for the vein calcites compared
to the dolomitization temperatures, possibly due to an
already existing temperature anomaly [53, 62].

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 cut-
tings, the study area was extended to boreholes drilled for a
geothermal purpose, where drill cuttings were the only avail-
able samples. Thereby, old and newly drilled wells could be
measured, and a wide area was investigated from the surface
to depths of 4500m. The burial development of the Upper
Jurassic rocks was reconstructed from temperature and fluid
composition data. Our results show an early diagenesis of the
limestones, followed by two burial dolomitization phases and
a late, tectonically active burial phase, which developed frac-
tures and fault zones (Figure 14). The main dolomitization
phase could have occurred during the Alpine orogeny in
the Cretaceous and early Paleogene. This early dolomitiza-
tion might have developed at a depth of around 1-2 km. A
later, second dolomitization is characterized by idiomorphic

dolomite crystals coated with bitumen and temperatures of
around 80-100°C. This second and newly described dolomi-
tization 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. An important aspect of this study is
that the early diagenetic fluids and cement phases of the
Upper Jurassic are overprinted by a high-temperature fluid
migration or a higher geothermal gradient, with a fluid
migration along fault and fracture systems.

Our hypothesis is that the Jurassic seawater (formation
water) was diluted from a subsequent infiltration of karst or
meteoric water from an unknown source area. The timing
of this dilution phase is unclear and might not only have
happened during periods of erosion (Figure 14). 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
seawater salinity. The least saline fluids from the Upper
Jurassic are from the Traunreut well 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 deter-
mined in this study. Another interesting result is 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 more strongly
in the eastern basin part (Traunreut area) than in the central
part (Munich area) of the Molasse Basin. Therefore, the
present-day low-temperature anomaly around Lake Chiem
might exist since the tectonically active phase, during the
Neogene, and the formation of the transparent vein calcites.
Further studies should be performed on vein calcite samples
from the Traunreut well to understand the fluid evolution,
dilution, and change in geothermal gradient in detail and
to related tectonic phases. The Geretsried well in the
south-central basin part showed two different types of sec-
ondary or pseudo-secondary fluid inclusions with the same
trapping temperature but varying salinities. In addition,
the St. Gallen well indicated an increase in salinity with
depth. Those measurements support the theory of a mete-
oric water influence, migrating from the surface down-
ward. In the outcrop samples, a third calcite cement was
found, which probably developed from karstification pro-
cesses. 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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