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Abstract

The Molasse Basin represents since several decades an important region for the production of
geothermal energy. The high economic suitability of geothermal energy production in the Molasse
Basin is based on favorable geologic conditions of the “Malm-Aquifer”, which represents a partly
highly karstified succession of Upper Jurassic carbonate rocks, which are the main target for
geothermal drillings. However, frequent changes of bedded and massive reef facies, which differ in
diagenetic features like the degree of dolomitization and karstification as well as complex tectonic
dissection, complicate geologic risk assessment. Intense karstification led to a high surface relief of
the top of the “Malm-Aquifer” and complicates stratigraphic classification of drilling samples,
especially cuttings. In turn, karstified areas, especially in the upper position of the profile, provide
excellent flow conduits for geothermal water production. In order to develop new geochemical tools
for stratigraphic classification, as well as to recognize karstified areas from drilling samples, we
investigated the application of stable carbon and oxygen isotopes for distinguishing between
different lithostratigraphic units as well as due to karstification recrystallized sections. Therefore, we
calibrated a chemostratigraphic curve based on stable carbon and oxygen isotope measurements of
bulk rock samples the Moosburg SC4 core, a drilling core representing the whole Upper Jurassic
succession of the eastern Molasse Basin. First results show that lithostratigraphic formations of the
lower and middle section of the Upper Jurassic as well as different dolomite types can be
distinguished based on their 5'°C and & '®0 isotopic signature. In the lowest section, between 1570
and 1530 m bgl 5'3C and 5'®0 of bulk rock samples values increase from around -0.7 to around +3
permille and from -6 to 0 permille V-PDB, respectively. This section is represented by the
Sengenthal and lower Dietfurt formations of the Callovian and Oxfordian stage, repectivley. During
the Kimmerdigian, both isotopes show a shift towards more depleted values again of around -2
permille in 3'°C and -4 to -2.5 permille in 5'%0. Dolostones from different stratigraphic units
(Sengenthal formation and Frankenalb formation) can also be distinguished according to their 5'°C
and 6'°0 values. Highly karstified sections can be distiguished from not karstified sections by lower
5'®C values and more uniform 8'%0 values, as indicated by measurements of karstified samples
from a Tithonian reef complex drilled out in the Weika 19, Pfahldorf core. | hypothesize that this
signature is indicative for sections of the Malm aquifer under the Molasse Basin, which was
karstified under meteoric vadose conditions in early Cretaceous and Tertiary times.

1. Introduction

Climate change is one of the greatest challenges facing humanity in the coming decades. In the
Paris Agreement, 197 countries declared their willingness to limit global warming to 1.5°C and to be
CO,-neutral by 2050. Together with other European countries, Germany has declared that it will
reduce CO, emissions by 40% by 2030 compared with 1990 levels, which means a reduction of 175
mio to 183 mio tonnes of CO,/Aqg. in the energy sector!'. Renewable energies are regarded as the
most promising strategy for a permanent abolition of CO,-intensive coal-fired power generation!".

[1] Klimaschutzprogramm 2030 der Bundesregierung zur Umsetzung des Klimaschutzplans 2050:

https://www.bmu.de/fileadmin/Daten BMU/Download PDF/Klimaschutz/klimaschutzprogramm 2030 umsetzung klimaschutzplan.
pdf Webseite angefordert am 08.11.2019.



The Molasse Basin in Southern Germany is one of the most promising regions for deep geothermal
power and heat generation (Fritzer et al., 2010). Deep geothermal (DG) energy is an eternal source
of electricity and heat in human life spans. DG uses deep boreholes with water temperatures of 40
to 100 °C, while power generation is possible from temperatures of about 80°C (Fritzer et al., 2010).
In the Molasse Basin, the "Malm-Aquifer" is the most promising target for energy and heat
generation (Fritzer et al., 2010; B6hm et al., 2011; Birner, 2013; Beichel et al., 2014; Koch &
Munnecke, 2016). It is a predominantly carbonate-dominated Upper Jurassic sequence of up to 600
m thickness. The Malm aquifer was affected by intensive karst formation from the early Cretaceous
to the Tertiary. Since the early Eocene, the Malm Aquifer has been involved in the mountain
foredeep formation of the Molasse Basin, which has been gradually filled with Tertiary sediments
(Bader et al., 2003; Unger, 1996; Bachmann et al., 1987; Lemcke, 1977; Elberskirch & Lemcke,
19583). Successful geothermal exploitation depends on different geological conditions such as facies
type, tectonic disturbances and diagenetic features such as dolomite formation or karstification (e.g.
Fritzer et al., 2010; Béhm et al., 2010; Birner, 2013). This paper focuses on karst as a favorable
feature of the Malm aquifer for geothermal energy production and gives an overview of the karst
history of the Upper Jurassic in the South German Molasse Basin. | also provide a proposal for the
use of geochemical proxies to identify sections affected by intensive karstification. | calibrated
isotopic fingerprints of ltihostratigraphic units of the Upper Jurassic under the Molasse Basin on a
drill core representing the entire sequence, the Moosburg SC4 drill core, and a core subjected to
intense karstification, the Weika 19, Pfahldorf core. Such data could provide helpful proxies to
evaluate the contribution of karst to water production in the Malm-Aquifer.

1.1 Stratigraphy of the Malm Aquifer

The "Malm Aquifer" consists mainly of carbonate rocks of the “WeiBjura” group, an Upper Jurassic
supergroup deposited between 156 and 142 Ma on a gently south-facing carbonate ramp on the
northern shelf of the Tethys (Meyer & Schmidt Kaler, 1989; Meyer, 1996). The Upper Jurassic in
Southern Germany can be divided into two predominant facies types, a bedded facies comprising
well bedded limestones with embedded marls and a reef facies consisting predominantly massive
and often dolomitized carbonate rocks. The bedded facies can be further subdivided into a well
bedded facies of the lower WeiBjura, which is a subtidal facies in an outer ramp setting and a
Plattenkalk facies of the upper WeiB3jura, deposited in shallow intertidal basins between reefs on
carbonate platforms (Ruf et al., 2006; Koch et al., 2010, Krdner et al., 2017). The bedded facies of
the lower section is represented by the Impressamergel-, Wohlgeschichtete Kalke- and
Lacounosamergel formations in the western part and the Dietfurt- and Arzberg-Formation in the
eastern part of the basin (Koch et al., 2010; Niebuhr & Plrner, 2014; Nowak et al., 2018). The
thickness of the bedded facies in the lower Weil3jura group can be up to 130 m in the western part
and up to 100 m in the eastern part of the Molasse Basin. A special feature within the WeiBjura
group is the occurrence of a sponge megafacies, the Frankenalb formation, which can reach a
thickness of up to 150 to 200 m. Starting from first isolated reef bodies in the Oxfordian, the
Frankenalb Formation had its biggest extent in the Upper Kimmeridgian where it formed a
pancreatic sponge-algal platform of the Franconian/South Bavarian platform in the east and a
Swabian Reef platform in the western shelf. Both platforms where divided by a NE-SW striking
basin with predominantly marly bedded facies (Meyer & Schmidt Kaler 1989, Koch et al., 2010). On
the Franconian-South Bavarian platform, the Frankenalb formation is characterized by a high
degree of dolomitization (Reinhold, 1998). In the course of a general regression in the Tithonian, the
sponge megafacies disapeared and gave way to the increasingly prominent Plattenkalk facies
deposited in shallow basins between the reef bodies (Mayer & Schmidt-Kaler 1989). In the area of
Southern Bavaria a shallow water sponge coral platform with ooid shoals and stromatolitic algae
occurrences as well as abundant Plattenkalk basins was developed. Sediment thickness of Upper
Kimmeridgian to Tithonian strata can reach thicknesses of up to 350 m. In the Lower Cretaceous,
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the sea regraded again and the entire platform was subjected to enduring karstification under
tropical conditions (Lemcke, 1987).

1.2 Karstification of the Malm plateau and implications for drilling processes

A first karst period most probably already affected the Upper Jurassic strata during a regressive
cycle in the Upper Kimmeridgian (Pomoni-Papaioannou et al.,1989; Birner, 2013). After the final
retreat of the Tethyan Sea in the lower Cretaceous period, the Upper Jurassic plateau underwent
several further karst periods. In the Molasse Basin east of Munich, karst formation on the Upper
Jurassic plateau began immediately after the last regression of the Tethyan Ocean and for more
than 40 million years mainly affected the NE part of the so-called "Ostbayerische Randsenke".
Several hundred metres of Jurassic sediments were already eroded in this first karst period
(Lemcke, 1987). Two repeated transgression cycles in the Lower and Upper Cretaceous impeded
further karst formation in this area and led to the deposition of predominantly marine shale and sand
deposits on top of the karst (Lemcke, 1987, Bachmann et al., 1987) (Fig. 1).

In the western part of the Molasse Basin west of Munich, karstification lasted from the Lower
Cretaceous to the Upper Cretaceous uninterrupted for more than 70 million years, until the
deposition of marine sediments by the first Cenomanian transgression. Due to a successive
inclination of the layers towards SSE, the karst formation most probably influenced the Upper
Jurassic plateau to a depth of 200 to 300 m below its hanging wall (Lemcke, 1987). In the area
between the Lech and Isar rivers, karst formation in the Upper Eocene was reintroduced for 30
million years after the erosion of the Cenomanian deposits (Lemcke, 1987).

In the area west of the Lech river karstification was attenuated as the first terrigenous sediments of
the "Untere StiBwassermolasse" covered the exposed surface of the Upper Jurassic (Fig. 1). The
sedimentation of the "Untere SuBwassermolasse" in the western Molasse Basin lasted from the
Upper Eocene to the Lower Miocene, followed by a stop of the terrigenous sedimentation, which
was accompanied by the regression of the "Untere Meeresmolasse" in the eastern part of the
Molasse Basin. The sedimentation stopped for about 5 million years and most probably exposed
parts of the Upper Jurassic surface of the Upper Jurassic (Lemcke, 1987). This karst period was
successively stopped by covering the exposed parts of the Upper Jurassic surface with sediments
of the "Obere Meeresmolasse", which transgraded the entire Molasse Basin up to a shore line at the
southern edge of the Franconian and Swabian Alb. Subsequently, the following "Obere
SuBwassermolasse” covered the basin in the Upper Miocene and even parts of the adjacent
plateau of the Franconian and Swabian Alb with terrigenous sediments by a river system from the
eastern hinterland (Lemcke, 1987; Lemcke, 1977).

Important events influencing the karst of the Upper Jurassic Malm Aquifer during the Miocene were
the incision of the "Graupensandrinne” in the Lower Miocene and its subsequent backfilling with
siliceous sediments of the "Obere StiBwassermolasse”, accompanied by an adaptation of the
pressure water level of the northern Malm Aquifer to the receiving waters along the northern edge of
the Molasse Basin (Lemcke 1987; Lemcke 1977; Lemcke & Tunn 1956). The incision of the Danube
into the Upper Jurassic plateau in the Pliocene led again to new hydraulic conditions of the Malm
aquifer and to the reactivation of old karst structures (Lemcke, 1987).

The Schwabmiinchen, Flssing 1 and Birnbach 1 wells (Cramer, 1953; Lemcke & Tunn, 1956;
Lemcke, 1987) provided the first indications of the productivity of paleokarst in the South German
Molasse Basin. Karst cracks and cavities usually lead to the loss of drilling mud or the fall through of
drill pipes, which can lead to considerable geological risks and economic losses (Lemcke, 1987;
Fritzer et al., 2010; Béhm et al., 2010). Such technical problems can affect drilling processes to a
depth of approx. 350 to 400 m below the hanging wall of the Malm Aquifer (Lemcke, 1987). Lemcke
(1987) assumed that the probability of opening paleokarst by drilling is higher in the Molasse Basin
east of the Lech. Although there the karstification lasted less time, the higher abundance of massive
reef facies led to a more even distribution of paleokarst in this area. Although the karst formation in
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Fig. 1: Schematic distribution of Paleokarst affecting the Upper Jurassic plateau. Modified after Lemcke (1987).

the western Molasse Basin lasted longer, the higher proportion of bedded facies led to a lower
frequency of widely connected karst structures in this area (Lemcke, 1987). Given the extent of
paleokarst and its potential importance for drilling processes, tools for the timely identification of
paleokarst and the associated geological risk assessment are urgently needed. Stable isotopes can
provide a helpful proxy to assess the origin and diagenetic history of carbonate rocks (Weissert &
Erba, 2004; Nowak et al., 2018).

The isotope ratio of a sample is expressed as the deviation of the '*C/'*C ratio of a sample
compared to the *C/'C ratio of a reference standard, usually the Vienna PeeDee Belemnite (V-
PDB), in permille:

13CSample
13, __ 12CSample .
6°C = ST 1| x 1000 [ permilleV — PDB] [1]
12C5tandard

Carbon and oxygen isotopes of carbonates generally represent the carbon and oxygen isotope
composition of dissolved inorganic carbon of seawater during deposition as well as recrystallisation
and calcite precipitation processes during diagenesis (Bathhurst, 1975; Allan & Matthews, 1982).
Under certain circumstances, carbon and oxygen isotopes of both, bulk and compound specific
components of carbonate rocks can be used to reconstruct paleo-ecological conditions of
depositional systems (Weissert & Erba., 2004). The aim of this study was to distinguish between
different lithostratigraphic units of the Moosburg SC4 drill core (Meyer, 1994) using carbon and
oxygen isotopes from bulk carbonate rocks and to compare the results with the strongly karstified
Weika 19, Pfahldorf core. | assumed that differences in the paleo-environmental conditions in the
lower part of the Upper Jurassic caused differences in the isotopic composition of the different
lithostratigraphic units. In the upper section, changing diagenetic characteristics such as
dolomitization and different cementation events can cause isotopic changes in different
sedimentological units. Finally, meteoric vadose diagenesis and the associated karst formation
should generate a signal that clearly differs from unkarstified sections (Nowak et al., 2018).
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2. Materials and methods

Bulk rock samples of approx. 5 cm thickness were taken from the two drill cores for isotope
analysis. The Moosburg SC-4 core, which represents the entire Upper Jurassic succession in the
eastern Molasse Basin (Meyer, 1994) (Fig. 2 & Fig. 3), was sampled every three meters and every
20 cm at lithological transitions. The Weika 19, Pfahldorf core represents a drill core through a
strongly karstified section of an Upper Tithonian sponge reef complex of the Southern Franconian
Alb (Fig. 2 & Fig. 3). Sampling was the same as for the Moosburg SC4 core.

After sampling, the samples were ground with an agate ball mill, sieved to 63 microns and air-dried.
130 samples were taken from the Moosburg SC4 core, covering 'z of the drill core, and 73 samples
were measured. 9 samples were collected from the Weika 19, Pfahldorf core.

400 to 500 ug of carbonate powder were weighed into Exetainer® borosilicates, which were then
sealed with butyl rubber septa screw caps. Exetainers were rinsed with nitrogen for 3 minutes in an
automated autosampler. The samples were acidified manually with three droplets of 104%
phosphoric acid and placed in a heated rack at a constant temperature of 80°C. The samples were
then rinsed with nitrogen for 3 minutes. The measurements were started after one hour of reaction.
NBS 18 and IAEA-603 were used to perform a two-point calibration. The normalized carbon isotope
ratios of the samples are expressed in permille relative to the V-PDB standard. Fractionation factors
for acid fractionation were obtained from Rosenbaum and Sheppard (1988) and are normalized for
fractionation at 25°C.

Isotope ratios are given as 5'°C value, i.e. the deviation of the *C/'2C ratio of the sample from the
ratio of the Vienna V-PDB standard in permille according to equation 1. Errorbars represent 1 sigma
standard deviation of three replicates of one core sample. Statistical analyses were conducted with
R-statistics with the “stats” and “car” packages (Fox et al., 2012).

3. Results
3.1 Results of isotope measurements

Fig. 4 shows 5'°C and 8'0 results of carbonates from the different lithostratigraphic formations of
the Moosburg core. The lower part of the profile shows characteristic changes with depth. The 5'°C
values shift from -0.7 permille to +1.8 permille in the lowest section of the profile, the Sengenthal
formation. A similar shift can be observed in 5'0, where the values shift from about -5 permille to -
1.8 permille. This trend in both isotoPes continues into the lower part of the oxfordian Dietfurt
formation. The values of 5'°C and &'°0 both shift towards more depleted values in the kimmeridgian
Arzberg formation (Fig. 4). In the Arzberg formation &'°C values show signatures of about +2
permille and 5'°0 values shift up to -4 permille. Within the dolomitized section of the lower
Frankenalb Formation, both 5'°C and 8'%0 scatter between values of 1.1 to 2.7 permille and -6.8
and -2.4 permille, respectively. In the upper part of the Frankenalb formation, between about 1430
and 1420 m bgl, 5'%0 still shows scattering values of -3.1 to -4.6 permille, while 5"°C remains
relatively stable with a value of about 2.3 to 2.8 permille. Data from Tithonian strata is not available,
yet.

Samples from the Weika 19, Pfahldorf core show very different results in 8'°C, but not in 5'%0. 5'°C
varies around -7.6 and -8.3 permille and &'°0 values scatter within a narrow range of -4 to -4.5
permille.

Fig. 5 shows a scatter diagram of 5'C versus 8'%0. Karstified samples clearly plot outside the
range of unkarstified samples.



Quar. Pleis, 00

WEIKA 19, Pfahldorf

Clay
block debris

Reef Limestone

P 500 Block dabris
540 Limestone
560 Diamicton
[§ | Rock debris
Clay .
a0 Rock debris
625 . .
Massive Limestone
Frankenalb-Formation (Upper Section) 7%
100
Diamicton
1326
150 .
Reef L t
Residual Clay fo - Diamicton
| 200
L <
v © Solnhofen-Subformation =] kalk
0 'c
O O
S £
3F
250
. : Bedded Limestone
Geisental-Formation ;:f;: with chert
300
Residual Clay Diamicton
350
400
40,35
Geisental-Formation -t Bedded Limestone
Residual Clay Diamicton
450
Geisental-Formation
Bedded Limestone
50,0

Kimmeridge

Fig. 2: Lithologic and stratigraphic succession of the Weika 19, Pfahldorf core and the Moosburg SC4 core.
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Fig. 3: Schematic cross-section through the Molasse Basin and location of the Moosburg drilling core. Location of the Weika 19 core is indicated in the
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Fig. 5: Scatter plot of 3'°C vs 5'°0 values with confidence ellipses at 90 % confidence level. Error bars represent the
standard deviation from the mean of three replicated measurements. All lithological formations of the Moosburg drilling
core can be separated according to their lithology and stable isotopic values. Additionally, karstified samples from the
Weika 19, Pfahldorf core exhibit more depleted 5'%C compared to the Moosburg core. Also different dolomite generations
of the Moosburg core can be distinguished according to their isotopic signature. bSt=Sengenthal Fm; wD=Dietfurt Fm;
wA=Arzberg Fm; wFr=Frankenalb Fm; Karst=Weika 19 core samples.

4. Discussion

4.1 Application of stable isotopes for stratigraphic classification of Upper Jurassic
carbonates

Both, 5'°C and 5'%0 isotopes show distinct trends with depth. As has been shown earlier (Nowak et
al., 2018), 5'%0 values are predominantly controlled by the lithology of the rock. Biggest changes in
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5'®0 are caused by dolomitization, which can strongly affect the oxygen isotopic composition of
Upper Jurassic carbonate rocks (Reinhold et al., 1998). 5'%0 but not 8'°C values of Oxfordian and
Lower Kimmeridgian strata, i.e. Dietfurt and Arzberg Formations, show a linear correlation with
gamma ray values (R-squared = 0.45, p-value >0.05 and R-squared = 0.01747, p-value = 0.4162).
This might indicate isotope exchange reactions of pore water with clay minerals during early
diagenesis of the strata (Dickson & Coleman, 1980) (Fig. 6). However, the pronounced shift of both,
5'®C and 5'®0 values during the transition from Callovian to Oxfordian at 1659 m bgl. is certainly
influenced by climatic and oceanographic transitions during sedimentation (Ruf et al., 2005,
Weissert & Erba, 2004).

Using 5'3C, 8'0 and lithology, all lithostratigraphic units of Oxfordian and Kimmeridgian strata of
the Moosburg SC4 core can be distinguished. Also the different dolomite types of the Sengenthal
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Fig. 6: Correlation of isotope signatures with gamma ray values from the lower section of the drill core. Data includes
samples from the Dietfurt Formation and Arzberg Formation. 5'%0 values show a significant correlation with gamma ray
values (blue line; grey bars indicate 90% confidence intervals of the linear model), whereas '°C values are not correlated
with gamma ray. Kst=limestone; Mst=Marlstone. Values outside the 90% confidence ellipses represent samples from the
base of the Upper Jurassic, a glauconitic bed @ 1569 m bgl.

Formation and the Frankenalb Formation can be distinguished by their 3'C and 5'0 ratios. Figure
5 clearly shows that the karstified areas of the Weika 19, Pfahldorf core scatter outside the range of
the not karstified limestone and dolomite samples of the Moosburg core.

Karst is usually caused by water rock interactions, which manifest themselves through dissolution,
precipitation and ion exchange processes. It is mainly driven by water loaded with carbon dioxide
from soil CO, (Nowak et al., 2017). Processes that influence the isotopic composition of DIC and

aquifer rock are summarized in Nowak et al. (2017). The most important isotope exchange reactions
can be characterized according to:

CO, + H,0 + CaC0O3 » Ca** + 2HCO3 [2]
which represents dissolution of the carbonate rock,

C'0,+ HCO3 & COyy + HC'O, [3]
representing ionic exchange between soil CO, and DIC and

HC"03 + CaC03; & HCO3 + CaC O3 [4]

which is ionic exchange between DIC and carbonate rock.



Soil CO, under C3-vegetation is characterized by a 5'*C value of around -23 permille, whereas
carbonates have a much more "*C enriched value of around 0 to 2 permille (Nowak et al., 2017).

The extent of the isotopic exchange depends on the mineralogy of the carbonate rock, DIC
concentration and temperature (Wigley, 1976).

When water loaded with soil CO, gets in contact with carbonate rock, DIC gets diluted according to
equation 2 and the isotopic value changes according to (Han & Plummer, 2012):

Be, = (i—t) x B3¢, + o.sf:—lt’(l%g +13¢,) [5]

where '°C, represents the 8'°C value of DIC reacting with CaCOs, C,, C, and C; refer to COpag),
HCOj; and total DIC concentrations, respectively. *Cyand °C, refer to 8'°C values of soil gas and
carbonate, respectively.

Since DIC gets usually diluted by CaCOs;in a 1:1 ratio according to equation 2 and carbonates are
characterized by 5'°C values of around 0 permille, DIC in limestone aquifers gets enriched in 5'°C
by about +10 permille (Tamers, 1975).

The impact of isotopic exchange between DIC and carbonate rocks for their 5'°C can be described
according to following equation (Han & Plummer, 2012):

5 Co= (%) x (87, — eya) + (&) % (67, — £57») 6]

Where €4, and &g, refer to carbon isotope discrimination between CaCO3; and COz(aq and CaCO;
and HCOg', respectively. As can be derived from equation 4, isotopic exchange affects both, DIC of
the percolating water and the carbonate rock in a 1:1 molar ratio, whereas 8'°C values of DIC get
shifted towards more enriched and the carbonate rock towards more depleted values.

The 5'3C value of the carbonate rock can be therefore indicative for the identification of paleokarst,
as is also reflected in the samples from the Weika 19, Pfahldorf core. Regarding the long exposure
time of the Malm Plateau as well as the prevailing climatic conditions, which were tropical during the
karstification period, a high degree of recrystallization and ionic exchange seems plausible (Lemcke,
1987). Stuckl (2003) investigated a fossil Karst relief of the Upper Jurassic plateau in the vicinity of
Regensburg, which was subsequently covered by Miocene strata. Relief differences can amount up
to 70 m and can be further increased by tectonic displacement (Stiickl, 2003).

This high degree of karstification can also be expected for the upper layers of the Malm Aquifer
below the Molasse Basin (Lemcke, 1987). Pomoni-Papaioannou et al. (1989) described a high
degree of recrystallisation in an Upper Jurassic sequence of a drill core in the western Molasse
Basin. The authors found recrystallization patterns by microfacies analysis to a depth of 100 m
below the hanging wall of the Malm aquifer, which are attributed to Cretaceous and Tertiary
karstification (Pomoni-Papaioannou et al. 1989). Birner (2013) also describes two karstification
horizons in the Malm-Aquifer, a lower horizon in Upper Kimmeridgian layers of the Frankenalb
formation about 200 to 300 m below the hanging wall, representing the peak of the Upper Jurassic
regression cycle, and a karstic section in the Tithonian layers mainly representing meteoric
weathering during the Lower Cretaceous and Tertiary. Both horizons differ in their manifestations.
The lower karst horizon is usually characterized by a porous facies several meters thick, with a high
lateral and uniform extent (Birner, 2013, B6hm, 2011). The upper karst horizon is characterized by a
high degree of dedolomitization and the formation of cone structures as well as the occurrence of
residual clays or sand sediments.

Samples from the Weika 19, Pfahldorf core represent the later karst type, which is characterized by
a high degree of recrystallization, the occurrence of sinter structures and the disintegration of
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dolomitized areas and dedolomitization (Fig. 2). Dedolomitization is typically associated with a
decrease in '°C values due to recrystallization and isotopic exchange according to equations 4 and
6. In addition, the 8'®0 values of carbonates exposed to meteoric vadose diagenesis tend to show a
more even distribution of 5'®0 values (Allan & Matthews, 1982). This also applies to samples from
the Weika 19, Pfahldorf core (Fig. 5).

The Moosburg core has two horizons corresponding to a highly porous facies, at about 1450 and
1430 m bgl and between 1420 and 1360 m bgl (B6hm et al., 2011). Isotope signatures within these
sections are characterized by significantly more enriched 5'°C and 5'®0 compared to the Weika 19
core, while areas with abundant vugy porosity within the core generally have more depleted 5'°C
values than samples outside the porous facies. This may be an indication of the influence of
meteoric phreatic diagenesis, but is also difficult to distinguish from different dolomitization phases
(Reinhold, 1998). Since dolomitic facies in the section between 1462 m to 1364 m show a generally
uniform appearance, a meteoric diagenetic overprint appears also plausible.

Conclusions

The Malm-Aquifer is the most important aquifer for geothermal applications in the Molasse Basin.
Permeabilities and flow rates of the Malm aquifer are highly dependent on diagenetic characteristics
such as dolomitisation and karstification, which affected the Malm aquifer in a short synsedimentary
phase already in the Upper Jurassic and for several million years since the Lower Cretaceous.
Stable carbon and oxygen isotope signatures of limestones and dolostones provide a suitable tool
to distinguish between the two karstification periods. Meteoric vadose karst phases are
characterized by depleted 5'*C values and uniform 320 values. Sections which are likely influenced
by meteoric phreatic karst sections generally have more enriched 8'°C values than meteoric vadose
samples and show a generally higher variability in 8'®0. The results indicate that stable carbon and
oxygen isotopes might offer the possibility to distinguish between different types of the Malm aquifer
below the Molasse Basin and might be a tool for water provenance, which has to be further
evaluated.
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