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Abstract: A comprehensive hydrogeological understanding of the deep Upper Jurassic carbonate
aquifer, which represents an important geothermal reservoir in the South German Molasse Basin
(SGMB), is crucial for improved and sustainable groundwater resource management. Water chemical
data and environmental isotope analyses of δD, δ18O and 87Sr/86Sr were obtained from groundwater
of 24 deep Upper Jurassic geothermal wells and coupled with a few analyses of noble gases (3He/4He,
40Ar/36Ar) and noble gas infiltration temperatures. Hierarchical cluster analysis revealed three major
water types and allowed a hydrochemical zoning of the SGMB, while exploratory factor analyses
identified the hydrogeological processes affecting the water chemical composition of the thermal
water. Water types 1 and 2 are of Na-[Ca]-HCO3-Cl type, lowly mineralised and have been recharged
under meteoric cold climate conditions. Both water types show 87Sr/86Sr signatures, stable water
isotopes values and calculated apparent mean residence times, which suggest minor water-rock
interaction within a hydraulically active flow system of the Northeastern and Southeastern Central
Molasse Basin. This thermal groundwater have been most likely subglacially recharged in the south
of the SGMB in close proximity to the Bavarian Alps with a delineated northwards flow direction.
Highly mineralised groundwater of water type 3 (Na-Cl-HCO3 and Na-Cl) occurs in the Eastern
Central Molasse Basin. In contrast to water types 1 and 2, this water type shows substantial water-
rock interaction with terrestrial sediments and increasing 40Ar/36Ar ratios, which may also imply a
hydraulic exchange with fossil formation waters of overlying Tertiary sediments.

Keywords: water chemical data; environmental isotope analyses; multivariate statistical techniques;
hydrochemical zoning; Upper Jurassic aquifer; South German Molasse Basin

1. Introduction

The deep Upper Jurassic carbonate aquifer in the South German Molasse Basin (SGMB)
is one of the most important mid-enthalpy geothermal water resources in Europe [1,2].
More than 20 hydrothermal doublets and triplets are installed in the Upper Jurassic ther-
mal reservoir and several new power plants are planned in the framework of the heat
energy transition to a climate-friendly supply (Figure 1). Local heterogeneities in the hydro-
chemical, petrophysical and hydraulic properties of the hydrothermal reservoir may cause
varying productivities of geothermal wells with four technical non-productive geother-
mal wells due to, among other reasons, very low water availabilities [2–4]. Therefore,
an improved understanding, especially with regard to a sustainable use of this complex
geothermal reservoir, is of considerable practical concern.

The water chemical composition and especially environmental isotope signatures of
δD, δ18O, 87Sr/86Sr, 3He/4He, and 40Ar/36Ar in the thermal groundwater convey valuable
information about the hydrochemical evolution of the groundwater system, water-rock
interaction and groundwater recharge conditions, which can be used in the context of
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sustainable groundwater resource management [5–14]. In particular, the study and combi-
nation of these isotopic chemical parameters on groundwater in other important aquifer
systems within deep sedimentary basins, such as the Parisian Basin, e.g., [15–17], Pannon-
ian Basin, e.g., [8,18], or Baltic Artesian Basin, e.g., [19], led to the successful distinction
between younger meteorically recharged and very old, partly highly saline fossil formation
waters. The classification and differentiation of the hydrochemical data are helpful for the
detection of hydrogeological processes affecting the chemical groundwater composition
and subsequently for the characterisation of recharge areas, mixing processes of young
and old groundwater, and for the calibration of groundwater flow models. An unbiased
analysis and interpretation of the groundwater composition can be supported by using
multivariate statistical techniques of the hydrochemical data, such as exploratory factor
(EFA) and hierarchical cluster analysis (HCA), which have been widely used to enhance
the understanding of complex hydrogeological systems [20–23].

The hydrochemical and hydraulic properties of the confined Upper Jurassic aquifer
system have been of great interest in various studies since the 1950s [2,24–39]. Up to
now, investigations considering the influences of (fractured) fault zones, rock matrix
porosities and permeabilities of surrounding host rocks, karst features and different inflow
zones on the productivity of thermal water supplies resulted in a better understanding
of the hydraulic situation of the Upper Jurassic reservoir in the SGMB [3,4,37,38,40,41].
However, a conclusive hydrogeological picture of the Upper Jurassic reservoir in the SGMB
is still missing. Furthermore, due to the increasing problems of corrosion and scalings
in geothermal facilities caused by the chemical composition of the fluids, as well as the
occurrence of occasionally high amounts of oil and gas phases at some geothermal wells
of the SGMB [38,42,43], an improved understanding of the chemical constituents in the
thermal groundwater is necessary for enhanced and sustainable resource management.

The aim of this study is to provide a comprehensive hydrochemical zoning of the
deep Upper Jurassic reservoir in the SGMB, which can be further used to complement with
hydraulic and petrophysical data to provide a consistent hydrogeological picture of the
exploited geothermal reservoir. This was carried out by assessing water chemical data
and environmental isotopes (δD, δ18O, 87Sr/86Sr, 3He/4He, 40Ar/36Ar) as well as noble
gas concentrations, which were used for the determination of the noble gas infiltration
temperatures (NGTs) to elucidate the recharge conditions associated with the stable water
isotope data. A multivariate factor and cluster analyses (EFA, HCA) of the obtained
hydrochemical data were used to identify and characterise hydrogeological processes
influencing the hydrochemical composition of the deep Upper Jurassic groundwater and to
classify the occurring thermal water into discriminable water types. In addition, terrigenous
noble gas fluxes of 4He and 40Ar were calculated with recently derived apparent 81Kr
ages [44] to obtain estimates of radiogenic noble gas accumulation times for the different
water types and to further support the classification of water types and the identification
of hydrogeochemical processes.

2. Geological and Hydrogeological Setting

The South German Molasse Basin (SGMB) is an alpine foreland basin located between
the Alps in the south, the Upper Jurassic Franconian and Swabian Alb in the north and
west and the Bohemian Massif in the east. The basin consists of alternating Cenozoic
sequences of shallow marine and terrestrial, fluviatile Tertiary sediments such as sand-,
clay- and limestones [45–47]. During Pleistocene, the Quaternary deposits were dominated
by glaciers with great extensions and thicknesses over 1000 m in the southern SGMB
(Figure 1) [48].
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Figure 1. Study area of the central South German Molasse Basin with sampling points, distribution of the pretertiary
sediments overlying the Upper Jurassic sediments [46] and geologic cross section (modified after [48]).

The Upper Jurassic rocks are inclined to the south caused by the Alpine orogenesis to
a depth about 6 km at the fringe of the Alps (Figure 1) and form an aquifer with a thickness
of 400 to 600 m [48]. The Upper Jurassic aquifer is covered by Tertiary or partly Mesozoic
sediments of the Purbeck and Cretaceous [45,46] (Figure 1).

In the main prospect areas, the complex karstified and fractured porous Upper Juras-
sic aquifer is composed of carbonate rocks such as small-pored limestones and fine- to
coarse-grained dolostones [40]. Normal faults parallel to the Alps are crossing the Upper
Jurassic aquifer [4,49], whereas the Munich and Markt-Schwaben Fault (MSF) represents
an important major fault system for the geothermal exploration. Well tests showed partly
very good hydraulic and thermal properties with groundwater temperatures up to 155 °C
in the southern part of the SGMB [50,51]. Rock matrix porosities range from <1 to 20%,
and hydraulic permeabilities vary between 0.01 and 1013 mD [3,4,41,52,53].

The thermal water composition in the Upper Jurassic aquifer changes from recently
recharged low mineralised Ca-Mg-HCO3 waters at the margin of the SGMB to higher
mineralised ion-exchange waters of Na-HCO3-Cl, Na-Cl-HCO3 and Na-Cl type after [54]
with sodium as the dominant cation in the central basin [34,35,37]. Apparent water ages
determined with 81Kr at three geothermal wells ranged from 60,000 to 135,000 years in
the central SGMB [44]. The occurring gas is mainly composed of CH4, CO2 and N2, and
reaches concentrations of maximum 2 L gas per litre water with gas phase proportions
of sour gas (H2S) of a maximum of 5 vol% [38,43]. The provenance of hydrocarbons in
the SGMB can be found in the overlying Tertiary hydrocarbon reservoirs with various
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source and mother rocks or particularly in the Upper Jurassic reservoir with a Mesozoic
origin [33,55].

Previous work in this study area by several investigators led to different and partially
contradicting concepts of groundwater recharge areas and groundwater flow systems of
the Upper Jurassic aquifer:

• It was assumed that the recharge areas of the Upper Jurassic groundwater are located
at the north-western boundary of the SGMB in the Swabian Alb. The general flow
regime was determined by hydraulic potential analysis to be along the river Danube
with a flow direction to the east and in direction to the central SGMB [25,36,37].
Observed higher mineralised ion-exchange waters at the north-eastern margin showed
some evidence of groundwater flow from the central basin to the north-east of the
SGMB [34,35];

• The connate Upper Jurassic formation water was washed out of the aquifer. The low
mineralised groundwater in the central SGMB was believed to be a mixture of meteoric
water and higher mineralised formation or oil field waters, presumably seeping from
the overlying Tertiary sediments, which are responsible for the higher and dominating
amounts of sodium and chloride [2,24,25,29,31,33,37,38,56]. Subsequently, on the
basis of the assumed geochemical evolution of the Upper Jurassic groundwater in the
central SGMB, it was assumed that the groundwater flows from west to south-east
towards the Alps [37];

• The concept of subglacial recharge and cross-formational flow in the south-west
of the SGMB (lake Constance region) and ion-exchange of paleo-water with an as-
sumed northwards flow direction to the draining river Danube by [32,57] was recently
supported by groundwater dating results derived from 81Kr [44] and 14CDOC [58].
Based on these results, recharge areas for the Upper Jurassic groundwater in the
central SGMB were postulated to be at the northern fringe of the Alps, or south of the
Northern Calcareous Alps [26].

3. Materials and Methods
3.1. Groundwater Sampling and Analysis

To conduct a comprehensive classification analysis of the deep thermal water, sampling
was conducted at 22 deep geothermal production wells and two deep groundwater research
wells, where no recent production takes place, in the central SGMB between January 2017
and June 2020. The geothermal wells are screened in the confined Upper Jurassic aquifer in
depths between 1800 and 5000 m total vertical depth (mTVD). The water samples of the
geothermal wells were obtained during the continuous operation with operating pressures
up to 18 bar. During this study, no gas separation was performed prior to sampling.
Because the temperature of the thermal waters ranged between 60 and 150 °C, water
samples were cooled below 60 °C with a mobile heat-exchanger using high-temperature
and high-pressure steel-teflon tubes and stainless steel fittings. Water samples of the two
groundwater research wells with depths of 537 and 796 mTVD were taken after the water
volume of the wells had been replaced at least twice and physico-chemical parameters
(specific electrical conductivity (EC), pH-value and redox potential) were stabilised [59].

Samples for major anions and cations, trace elements, stable water isotopes (δD, δ18O),
strontium isotopes (87Sr/86Sr), noble gases (Ne, He, Ar, Kr, Xe), as well as noble gas
isotopes of helium (3He/4He) and argon (40Ar/36Ar) were collected and stored prior to
analysis. The physico-chemical parameters pH-value, EC, temperature and redox potential
were measured on site with a set of WTW Multi 3430 sensors (Xylem Analytics, Weilheim,
Germany) directly at the outflow of the wells.

3.1.1. Water Chemical Parameters

Water samples for major ions and trace elements were field-filtered with a 0.22 µm
filter, stabilised and stored in HDPE vials prior to analysis. Sub-samples for cations were
acidified (HNO3 (65%) and cooled (4 °C)) and anions were frozen. Major ions were analysed
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using an ion chromatograph Dionex ICS1100 (Thermo Fisher Scientific, Waltham, MA, USA)
with an analytical precision <±5%. The trace element bromide was analysed using an ion
chromatograph Dionex IC25 (Thermo Fisher Scientific, Waltham, MA, USA) and lithium,
rubidium and strontium using a flame atomic absorption spectrometry (AAS 3300, Perkin
Elmer, Waltham, MA, USA) at the Institute of Water Chemistry (IWC, Technical University
of Munich). Detection limits were 0.1 mg/L for bromide and 0.01 mg/L for lithium,
rubidium and strontium with an analytical precision <±5%. Samples for boron analyses
were filled to the brim in 500 mL HDPE bottles and analysed after filtration (0.45 µm)
using a spectrophotometer (Double Beam UV-190, Shimadzu, Duisburg, Germany) with a
detection limit of <0.25 mg/L.

The DOC samples were field-filtered with a 0.45 µm filter and stored in brown glass
vials, acidified to pH 2 with HCl (10%), and cooled (4 °C) prior to analysis with a catalytic
high-temperature combustion method (Multi N/C 3100, Analytik Jena, Jena, Germany).
The analytical error was <±5%.

The carbonate species HCO−
3 and H2CO3 were determined by titration with 0.1 M

HCl and NaOH on site, with an approximate analytical error of ±0.1 mmol/L (6.1 mg/L
for HCO−

3 and 4.4 mg/L for H2CO3).

3.1.2. Stable Water Isotopes

Samples for stable water isotope measurements were filled to the brim into 15 mL or
50 mL HDPE vials and an activated charcoal pellet was added to remove hydrocarbons
from the water samples. The hydrogen and oxygen isotope ratios were determined after
filtration (0.22 µm filter) in the laboratory of the Chair of Hydrogeology at the Technical
University of Munich with a stable water analyser IWA-45EP (Los Gatos Research, San
Jose, CA, USA) and were expressed in the δ notation (Equation (1)) with respect to the
international standard VSMOW (Vienna-Standard Mean Ocean Water):

δ(‰) =
Rsample − RStandard

RStandard
× 1000 (1)

where R stands for 2H/1H and 18O/16O ratios of the sample and standard, respectively.
The analytical precision was ±1 ‰ for δD and ±0.1 ‰ for δ18O.

The global meteoric water line GMWL (δD = 8 × δ18O + 10 ‰) [60] represent the
stable water isotope signatures of global precipitation and can be used to determine a
meteoric origin of groundwater and temperature dependent effects during recharge or
water-rock interaction [61]. The local meteoric water line LMWL (δD = 8 × δ18O + 8 ‰) of
Garmisch-Partenkirchen [62] is representative for the precipitation in the study area at the
foot of the Alps.

3.1.3. Strontium Isotopes

The samples for strontium isotopes were filled in 15 mL LDPE or 50 mL HDPE vials
and 87Sr/86Sr isotope ratios were measured by thermal ionisation mass spectrometry (TIMS)
VG Sector 54 (Micromass, Manchester, UK) in the laboratory of IsoAnalysis UG (Berlin).
The TIMS raw data were evaluated using the international conventional method [63].
Mass fractionation was corrected using an 86Sr/88Sr ratio of 0.1194 and the 87Sr/86Sr data
were normalised to a 87Sr/86Sr ratio of 0.71025 for NIST SRM 987. The accuracy and
reproducibility were controlled with the analysis of the seawater standard IAPSO and the
2SD in-run-precision was <1.5 × 10−5.

3.1.4. Noble Gases, 3He/4He and 40Ar/36Ar

Samples for noble gas measurements were collected into copper tubes fixed on alu-
minium racks [64,65], which were connected with the sampling tubes via special ferrule
fittings from Swagelok and closed vacuum-tight with stainless steel clamps.
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For 12 samples, analyses of Ne, 4He and 3He/4He ratios were conducted at the noble
gas laboratory of the Institute of Environmental Physics, University of Bremen, with a
high resolution mass spectrometer MAP215-50 (Mass Analyser Products (MAP), UK) [64].
The analytical precision was better than ±1% for Ne and 4He, and better than ±0.5% for
3He/4He.

The measurements of noble gas concentrations as well as isotopic ratios of 3He/4He
and 40Ar/36Ar were performed for six samples with a mass spectrometer MM5400 (GV
Instruments, Manchester, UK) at the Institute of Environmental Physics, Heidelberg Uni-
versity. The analytical precision of He and Ne (20Ne) concentrations were ±1.1% and
±0.5%, respectively and for 3He and thus 3He/4He ratios between ±3% and ±5%. For
noble gas concentrations, the precision was better than ±1% for He and Ar and between
±1% and ±2% for Ne, Kr, and Xe. The argon isotope ratio was calculated directly in the
mass spectrometer by alternately determining the signals of 40Ar and 36Ar in certain time
periods and by using the absolute concentrations of the two isotopes to form the isotope
ratio. The values given in Tables 1 and A2 are the mean values of both methods.

Depending on the analysing institute, the copper tubes contained 5 g, 20 g (University
of Heidelberg) or 40 g (University of Bremen) of the sample.

3.2. Calculation of Noble Gas Infiltration Temperatures (NGTs) Using Ne, Kr and Xe

The concentration of dissolved noble gases in groundwater are mainly controlled by
the atmospheric input and convey information on physical properties of the water during
air-equilibration at the air/water interface during recharge [66–69]. This information can
be used for calculating the noble gas infiltration temperatures (NGTs) during groundwater
recharge [68,70,71]. The NGTs were calculated using the program PANGA (Program for the
Analysis of Noble GAs data) [72] and the closed system equilibration (CE) model [68] with
Ne, Kr and Xe due to radiogenic contribution of He and Ar in the samples (Table 2). The
fractionation parameters F were fitted and then subsequently the fractions of entrapped
excess-air A were determined with a weighted least squares fitting approach and Monte
Carlo simulations (5000 simulation runs) [73]. The used salinities varied according to their
TDS and atmospheric pressure was set to 0.948 atm (infiltration at approximately 530 m
above sea level) (Table A1).

3.3. Determination of Apparent Mean Residence Times with 4He and 40Ar

Helium and argon contents in basin aquifers consist of natural atmospheric back-
ground and terrigenous excess components. Both components are easily identifiable and
the exchange of 4He from rocks to fluid can be assumed to be fast [74]. Hypothetically, best
estimates of the mean residence time could be determined by the accumulation of noble
gas isotopes into groundwater with a uniform and constant rate per unit volume without
any chemical reactions or diffusive exchange [75].

In general, the non-atmospheric, terrigenous excess helium fraction, 4Heex, in a sed-
imentary basin is composed of the in situ produced 4Heis by the radioactive α-decay of
uranium and thorium in the aquifer rocks, and the external sources of the (deep) crustal
4Hec or mantle fluxes 4Hem [76,77]. These terrigenous as well as atmospheric sources in
groundwater, such as air-equilibrated helium (4Heeq) and dissolved air-bubbles (4Hea), can
be separated with the 3He/4He ratios and the Ne content [77]. The atmospheric 3He/4He
ratio is Ra 1.38 × 10−6 and is stored in air-saturated water (ASW) depending on salinity
and temperature with RASW 1.36 × 10−6 [78]. 3He/4He ratios of crustal origin (Rc) typically
range between 0.01 Ra and 0.1 Ra [74,79,80]) and mantle-derived helium has typical values
of Rm between 5 and 10 Ra [81]).

The 40Ar/36Ar ratios can be used to evaluate terrigenous 40Arex component, which
is composed of the radiogenic and in situ produced contribution from 40K decay, 40Aris,
and the crustal fluxes (40Arc) [82]. The atmospheric 40Ar/36Ar ratio Ra ranges between
295.5 [83] and 298.5 [84]. Higher ratios point to a radiogenic 40Arex input and accordingly
long residence times [76].
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The radiogenic excess helium 4Heex and argon 40Arex contributions can be used
for groundwater dating [29,67,82,85–88]. The amount of excess 4Heex accumulated in
groundwater can be expressed as the non-atmospheric contribution 4Henon-atm, which is
calculated using the simplified Equation (2) under the assumptions that the proportion of
the terrigenous component is considerably higher than the atmospheric 4He component
and that the difference between both the equilibrium and excess air 4He components is
also very small [89]:

4Heex ≈ 4Henon-atm = 4Hemeas −
Nemeas

Neeq
× 4Heeq (ccSTP/gwater) (2)

with the measured 4Hemeas and Nemeas concentrations and the equilibrium concentrations
of helium 4Heeq = 4.90 × 10−8 ccSTP/g and neon Neeq = 2.25 × 10−7 ccSTP/g under
infiltration conditions at 0 ◦C [78,90].

The excess 40Arex component is calculated using Equation (3) [89]:

40 Arex = 40 Armeas ×
Rmeas − Ra

Rmeas
(ccSTP/gwater) (3)

with the measured argon concentration 40Armeas, the measured and atmospheric 40Ar/36Ar
ratios Rmeas and Ra, respectively.

The in situ production rates Pi (i = 4He and 40Ar) of the aquifer rocks are proportional
with the content of the radiogenic elements uranium ([U] in ppm) and thorium ([Th] in
ppm) for 4He (Equation (4)) and potassium ([K] in weight%) for 40Ar (Equation (5)) in the
host rock. Accordingly, the accumulation rates Ai,is of in situ produced 4Heis and 40Aris
can be calculated using Equation (6): [82]:

P4 He = 1.19 × 10−13 × [U] + 2.88 × 10−14 × [Th] (ccSTP/grock/yr) (4)

P40 Ar = 3.887 × 10−14 × [K] (ccSTP/grock/yr) (5)

Ai,is = λi ×
1 − φ

φ
× ρrock

ρw
× Pi (ccSTP/gwater/yr) (6)

with the production rates Pi, the helium release factor λi, the effective porosity φ of the
rock, as well as the rock and water densities ρrock and ρw.

The time tex required to produce the excess contribution Ci,ex of 4Heex and 40Arex de-
pends on the in situ accumulation rate Ai,is and the advective accumulation of crustal flux Ji
within the aquifer with a thickness z (in cm) and is calculated using Equation (7) [82,91,92]:

tex =
Ci,ex

Ai,is +
Ji

φ×z×ρw

(yr) (7)

For the calculation of the in situ production rates Pi, the accumulation rates Ai,is
and the accumulation of crustal fluxes Ji using Equation (7), mean values of the Upper
Jurassic rock porosity φ = 0.1 and rock density ρrock = 2.57 g/cm3 [3]; uranium (U = 1.0 ppm),
thorium (Th = 0.5 ppm) and potassium (K = 0.06 weight%) content [93]; an aquifer thickness
of approx. 400 m; and assumed values for the water density ρw = 1 g/cm3 and release
factors λHe = λAr of 1 were used.

3.4. Multivariate Statistical Techniques

Multivariate statistical techniques are very useful for data reduction and interpretation
of large multi-constituent data sets [20–23,94] and have been used to identify distinct water
types and unravel hydrogeological processes based on hydrochemical water composition.
Clustering is an important tool for unbiased identification of patterns in a data set. Hi-
erarchical cluster analysis (HCA) allows individual observations (objects) to be grouped
into an indefinite number of clusters that aggregate together based on similarities [20,95].
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Exploratory factor analysis (EFA) provides the basis to uncover the underlying structure
of a data set consisting of a large number of inter-related variables and to reduce its di-
mensionality and complexity. By transforming the data with linear combinations to a new
set of variables, the dimension of the data set is reduced to a number of significant factors
that are responsible for most of the variation in the data set. A factor is indicated by the
common shared variance of a set of variables and represents a process or construct [96,97].

All hydrochemical parameters (m = 17) of the n = 24 samples (Tables A1 and A2), with
the exception of noble gas data, which were not obtained for each well, were considered for
HCA and EFA. The pH-values have not been used for the multivariate statistical analyses
because they were not representative due to an affection by degassing of CO2 and H2S
during sampling. In addition, to reduce the complexity and increase the variance of the
data set, the stable water isotope signatures of δD and δ18O, representing mainly infiltration
conditions, evaporation and water-rock interaction processes, were combined to the SWI-
dist parameter, which depicts the orthogonal distance from the GMWL. Thus, the data set
was reduced to m = 17 parameters for the statistical analyses.

The HCA and EFA were performed and displayed with the statistical program R [98]
using the integrated stats package and the packages psych [99], semTools [100] and gg-
plot2 [101].

3.4.1. Hierarchical Cluster Analysis HCA

HCA was conducted with the z-standardised data set of m = 17 parameters of
n = 24 water samples. The single linkage method (nearest-neighbour method) with
Euclidean distance connects two points in a multi dimensional space with the closest
distance [96,102,103], where the number of water samples (n) define the dimension. It
can be used to detect outliers with the greatest distances to each other in the data set. To
reduce the internal heterogeneity within the data set, the outliers were separated from the
data set. Subsequently, the Ward’s linkage method using the minimum variance criterion
and squared Euclidean distances was applied to find the most distinctive cluster with the
lowest variance within the cluster [104]. To determine the optimal number of significant
clusters, the “Elbow method”, “Silhouette method” and “Gap statistic” were applied using
the packages factoextra [95] as well as NbClust [105] to compute 30 methods at once [95].

3.4.2. Exploratory Factor Analysis EFA

Prior to EFA, basic requirements were concerned for the same data set used for HCA
of m = 17 parameters of n = 24 water samples [96]. The Shapiro-Wilk test of normality
showed a non-Gaussian distribution of the z-standardised data set (p-values < 0.05 for
every parameter except of F− and 87Sr/86Sr ratio with p-values of 0.17 and 0.11, Table A5).
Therefore, the ranked correlation matrix was calculated with Spearman’s ρ coefficient [102]
(Appendix A.2, Table A4).

The suitability of the data set was tested prior to analysis (Table A5) with the Kaiser-
Meyer-Olkin (KMO) test on the condition of a measure of sampling adequacy (MSA value)
>0.5 [96]. The KMO test was statistically significant and showed a “middling” factor
adequacy with an overall MSA value of 0.7. Bartlett’s test of sphericity with χ2 of 371
indicated with a p-value of 1 × 10−23 < 0.05 overall statistically significant correlations
within the correlation matrix. Cronbach’s α of 0.9 suggested a high internal consistency
and reliability of the data set. The determinant of the correlation matrix was positive
(1.7 × 10−10) indicating no non-positive definite matrix. Hence, the basic requirements for
proceeding with EFA were achieved.

It is essential to determine the correct number of factors and, therefore, parallel
analysis [106], Kaiser criterion (eigenvalues > 1) [107], empirical Kaiser criterion [108] and
Scree test [109] were applied [110,111].
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4. Results and Discussion

The results of all hydrochemical and noble gas analyses are presented in Tables A1–A3
in Appendix A.1 and summarised in Table 1. All thermal waters were dominated by a
mixture of sour gas (H2S) and aromatics such as hydrocarbons and some also had a separate
oil phase. During sampling, degassing and separate phases of water and gas were observed
at a few wells, particularly of samples 20 to 22.

The pH-values of all samples varied between 6.3 and 7.5 indicating slightly acidic to
alkaline conditions. The chemical composition of the thermal waters differed between Na-
Ca-HCO3-Cl, Na-HCO3-Cl, Na-Cl-HCO3 and Na-Cl-type after Furtak and Langguth [54].
The mineralisation ranged from relatively low to highly mineralised groundwater with
EC between 587 and 7702 µS/cm and showed a broad range of values for almost every
parameter within the data set (Table 1). Therefore, the groundwater samples were clustered
into distinctive groups that were deduced by the HCA.

Table 1. Minimum (min), maximum (max) and mean values (mean) and standard deviation (SD) of the hydrochemical
parameters for all water samples (summary) and for water type 1 to 3.

Summary of all Samples Water Type 1a Water Type 1b

Parameter min max min max mean ± SD min max mean ± SD

pH-value (-) 6.3 7.5 6.3 6.7 6.5 ± 0.2 6.4 6.4 6.4 ± 0.0
EC (µS/cm) 587 7702 587 746 671 ± 55 1029 1087 1058 ± 41
Ca2+ (mmol/L) 0.09 3.37 0.09 0.67 0.43 ± 0.20 0.90 0.95 0.92 ± 0.04
Mg2+ (mmol/L) 0.04 1.19 0.04 0.16 0.10 ± 0.04 0.17 0.21 0.19 ± 0.03
Ca2+/Mg2+ (-) 1.2 6.2 1.4 6.2 4.6 ± 1.5 4.2 5.5 4.8 ± 0.9
Na+ (mmol/L) 5.15 80.64 5.15 6.24 5.60 ± 0.36 7.51 7.57 7.54 ± 0.04
K+ (mmol/L) 0.19 2.18 0.40 0.59 0.49 ± 0.07 0.80 0.82 0.81 ± 0.01
Li+ (mmol/L) 0.014 0.275 0.014 0.027 0.021 ± 0.004 0.034 0.038 0.036 ± 0.003
Sr2+ (mmol/L) 0.002 0.073 0.002 0.011 0.013 ± 0.006 0.012 0.016 0.014 ± 0.003
Rb+ (µmol/l) 0.17 1.76 0.50 0.78 0.67 ± 0.09 1.09 1.37 1.23 ± 0.20
HCO−

3 (mmol/L) 3.4 14.0 3.4 4.7 4.2 ± 0.5 5.1 5.1 5.1 ± 0.0
Cl− (mmol/L) 1.95 70.10 1.95 2.70 2.23 ± 0.23 4.43 4.45 4.44 ± 0.01
SO2−

4 (mmol/L) 0.00 3.51 0.04 0.16 0.09 ± 0.05 0.21 0.32 0.27 ± 0.08
F− (mmol/L) 0.10 0.42 0.11 0.42 0.22 ± 0.10 0.24 0.41 0.32 ± 0.12
Br− (mmol/L) 0.002 0.124 0.002 0.007 0.005 ± 0.002 0.007 0.011 0.009 ± 0.003
Boron (mmol/L) 0.05 3.24 0.08 0.21 0.16 ± 0.06 0.27 0.31 0.29 ± 0.02
DOC (mg/L) 0.50 70.49 1.48 2.61 1.90 ± 0.40 3.80 4.20 4.00 ± 0.28
δ18O (‰ VSMOW) −12.0 −2.6 −11.8 −11.0 −11.5 ± 0.2 −11.0 −10.8 −10.9 ± 0.1
δD (‰ VSMOW) −86.8 −60.6 −86.5 -84.8 −85.8 ± 0.6 −84.3 −82.8 −83.5 ± 1.0
SWI-dist (-) 0.09 6.23 0.20 0.82 0.43 ± 0.18 0.81 0.84 0.82 ± 0.02
87Sr/86Sr (-) 0.70862 0.70970 0.70881 0.70925 0.70908 ± 0.00014 0.70862 0.70899 0.70881 ± 0.00026
4He (ccSTP/g) 1.68×10−5 1.15×10−4 1.68×10−5 2.53×10−5 2.27 ± 0.34×10−5 4.22×10−5 1.58×10−4 1.00 ± 0.82×10−4

3He/4He (-) 6.26×10−8 1.63×10−7 9.07×10−8 1.13×10−7 1.03 ± 0.09×10−7 6.45×10−8 7.31×10−8 6.88 ± 0.61×10−8

40Ar (ccSTP/g) 9.39×10−5 3.02×10−3 4.95×10−4 5.05×10−4 5.00 ± 0.07×10−6 3.02×10−3

40Ar/36Ar (-) 296.2 392.0 296.2 301.2 298.7 ± 3.5 307.6

Water Type 2a Water Type 2b Water Type 3

Parameter min max mean ± SD min max mean ± SD min max mean ± SD

pH-value (-) 6.8 7.2 7.0 ± 0.1 7.0 7.5 7.2 ± 0.3 6.6 6.9 6.7 ± 0.2
EC (µS/cm) 697 756 723 ± 22 820 965 893 ± 103 1596 7702 4366 ± 3092
Ca2+ (mmol/L) 0.68 0.96 0.81 ± 0.09 0.85 1.09 0.97 ± 0.17 0.98 3.37 2.21 ± 1.20
Mg2+ (mmol/L) 0.30 0.44 0.38 ± 0.05 0.42 0.74 0.58 ± 0.22 0.16 1.19 0.64 ± 0.52
Ca2+/Mg2+ (-) 1.9 2.5 2.1 ± 0.2 1.2 2.6 1.9 ± 1.0 2.9 6.0 4.3 ± 1.5
Na+ (mmol/L) 5.22 5.65 5.33 ± 0.13 5.98 6.52 6.25 ± 0.38 11.70 80.64 42.27 ± 35.13
K+ (mmol/L) 0.19 0.39 0.35 ± 0.06 0.39 0.41 0.40 ± 0.01 0.89 2.18 1.46 ± 0.66
Li+ (mmol/L) 0.014 0.028 0.018 ± 0.005 0.014 0.019 0.017 ± 0.003 0.055 0.275 0.154 ± 0.112
Sr2+ (mmol/L) 0.006 0.008 0.007 ± 0.001 0.002 0.002 0.002 ± 0.000 0.020 0.073 0.046 ± 0.027
Rb+ (µmol/l) 0.25 0.42 0.35 ± 0.07 0.46 0.48 0.47 ± 0.02 0.17 1.76 0.86 ± 0.81
HCO−

3 (mmol/L) 4.9 5.8 5.4 ± 0.3 6.7 6.8 6.7 ± 0.0 5.2 14.0 9.1 ± 4.5
Cl− (mmol/L) 1.96 2.33 2.04 ± 0.12 2.25 2.64 2.45 ± 0.28 7.88 70.10 35.10 ± 31.83
SO2−

4 (mmol/L) 0.01 0.14 0.06 ± 0.05 0.00 0.05 0.03 ± 0.03 0.47 3.51 1.67 ± 1.61
F− (mmol/L) 0.10 0.35 0.17 ± 0.09 0.14 0.12 0.27 0.21 ± 0.08
Br− (mmol/L) 0.003 0.016 0.006 ± 0.004 0.005 0.007 0.006 ± 0.001 0.008 0.124 0.057 ± 0.060
Boron (mmol/L) 0.05 0.23 0.13 ± 0.08 0.06 0.08 0.07 ± 0.02 0.81 3.24 1.84 ± 1.26
DOC (mg/L) 0.54 1.67 0.95 ± 0.33 0.50 0.84 0.67 ± 0.24 4.43 70.49 31.99 ± 34.36
δ18O (‰ VSMOW) −12.0 −11.5 −11.7 ± 0.1 −11.7 −11.4 −11.6 ± 0.2 −10.5 −2.6 −6.9 ± 4.0
δD (‰ VSMOW) −86.8 −85.4 −86.2 ± 0.4 −85.7 −84.0 −84.9 ± 1.2 −82.3 −60.6 −72.5 ± 11.0
SWI-dist (-) 0.09 0.49 0.31 ± 0.11 0.26 0.35 0.30 ± 0.06 1.07 6.23 3.41 ± 2.61
87Sr/86Sr (-) 0.70907 0.70926 0.70921 ± 0.00006 0.70901 0.70926 0.70913 ± 0.00018 0.70944 0.70970 0.70955 ± 0.00013
4He (ccSTP/g) 1.80×10−5 2.32×10−5 2.21 ± 0.20×10−5 5.44×10−5 1.00×10−4 8.98 ± 3.16×10−5

3He/4He (-) 9.89×10−8 1.36×10−7 1.12 ± 0.14×10−7 6.26×10−8 8.08×10−8 7.22 ± 0.91×10−8

40Ar (ccSTP/g) 5.03×10−4 9.39×10−5 1.98×10−4 1.46 ± 0.74×10−4

40Ar/36Ar (-) 302.5 345.1 392.0 368.6 ± 33.2
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4.1. Results of Multivariate Statistical Analyses HCA and EFA
4.1.1. Classification of Different Water Types of the Upper Jurassic Reservoir in the SGMB
Based on HCA

The groundwater of the 24 sampled geothermal wells was clustered with the HCA to
identify different groundwater types in the central SGMB [96,103]. The dendrograms in
Figure 2 are the main results of the HCA. Based on the HCA of a first step (Figure 2a), three
samples (20 to 22) were identified with the greatest single linkage Euclidean distance to the
other samples in the data set. Although these three samples also differ among themselves,
they may form a distinctive group due to their clear differentiation from the other samples.
Therefore, they were separated from the data set.

The optimal number of significant clusters in the remaining data set ranged from two
to four, depending on the method used. (Appendix A.3, Figure A1). However, in step
2 (Figure 2b), the remaining samples were clustered using Ward’s method and squared
Euclidean distances and led to four different significant clusters, which is in accordance to
the determined number of clusters using the “Elbow-method”. Thus, two main clusters
could be clearly separated (with a relatively high distance measure): C1 and C2. In these
clusters, further significant sub-clusters could also be distinguished, which resulted in
four clusters C1-1, C1-2, C2-1 and C2-2. The interpretation of two main clusters and four
subclusters is in good accordance to the range of optimal cluster numbers between two
and four (Appendix A.3).

Subsequently, the water types were classified based on the results of HCA and the
interpretation of the hydrochemical composition. Cluster C1 was defined as water type 1
with the subdivision of subtypes 1a (C1-1) and 1b (C1-2) and cluster C2 as water type 2
with the subdivision of subtypes 2a (C2-1) and 2b (C2-2). The outliers were summarised as
water type 3 (Figure 2).
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Figure 2. Dendrogram plots of hierarchical cluster analysis (HCA) (n = 24, m = 17) in two steps resulting in four clusters
(C1-1 to C2-1) and outliers. (a) step 1 using single linkage method for outlier detection of observations with the greatest
distance in the data set. (b) Step 2 using Ward’s method to find clusters C1-1 to C2-1.
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4.1.2. Identification of Factors and Hydrogeological Processes Affecting the
Hydrochemical Water Composition

Factor analysis was performed and resulting factor loadings (see Section 3.4.2 and
Appendix A.4) were used for detecting dependencies between each parameter and to reveal
underlying hydrogeological processes that influence the hydrochemical composition and,
thus, the results of HCA of the thermal waters.

EFA using multi-likelihood method and oblique (oblimin) rotation indicates that the
system is driven by three statistical significant factors, which explain a variance of 70%
in the data set (Figure 3, Appendix A.4). The factor loadings were 4.33 for FA1, 4.61 for
FA2 and 2.91 for FA3 (Table A5). With the data set parameters used, the three factors
are not capable of explaining the total variance of the entire data set and, therefore, may
not cover all hydrogeological processes that influence the hydrochemical composition of
thermal groundwater.
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Figure 3. Factor loadings (>0.4) for the exploratory factor analysis (EFA) with the multi-likelihood
method and oblique (oblimin) rotation and explained variance of each factor.

The explained variance, communalities h2, for the parameters ranged between 0.26
(87Sr/86Sr) and 0.94 (HCO−

3 , SO2−
4 ) (Table A5). The not explained variance (u2) for the

parameters 87Sr/86Sr, F−, Br−, Sr2+ and B was therefore greater than the explained variance
(h2), which accords to the not explained variance of 30% (Table A5). This implies that
these parameters either describe or may be influenced by additional hydrogeological
processes that are not characterised by the three factors, and that they may have only minor
informative value for the processes described by the factors.

The factor FA1 contains six parameters (Figure 3) and may not only be related to
one specific process. FA1 is represented by the earth-alkali metals Ca2+ and Mg2+ and,
corresponding, HCO−

3 , which can be linked to the “hardness” or “alkalinity” of the water.
The mineralisation, which is expressed by EC, is also mainly a proxy for FA1 and, therefore,
may be more influenced by the earth-alkali elemental system rather than the salinity
(FA3). Moreover, as Br− is a proxy of FA1 and not of FA3 such as Na+ and Cl−, this may
prefigure that the dominant processes on the salinity (NaCl) of the thermal water was not
necessarily controlling the bromide content in groundwater. This could indicate different
hydrogeological processes affecting the mineralisation and especially the salinity of the
thermal waters.

The 87Sr/86Sr ratio as an indicator for specific water-rock interaction is also a proxy of
FA1, but shows only a relatively low factor loading (0.47) compared to the other parameters
of FA1. However, the 87Sr/86Sr ratios are not a proxy for the same factor than Sr2+, which
is often associated with Ca2+ in carbonate rocks [112]. As a consequence, this may suggest
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that the 87Sr/86Sr ratios of the thermal water may be influenced by different processes or
additional sources, as indicated by their high u2 (Table A5), and that the 87Sr/86Sr signature
may not necessarily linked to the strontium uptake from carbonate rocks.

FA2 links SO2−
4 , Li+, F−, DOC, Sr2+, SWI-dist and B. Due to the correlation of B and

DOC, B is likely controlled by the DOC mobility and, therefore, likely by the petroleum
genesis [113]. Therefore, DOC and B together with F− and SO2−

4 may describe the influence
of hydrocarbons from oilfield waters or methanogenesis induced by thermochemical
sulphate-reduction (TSR) [38,114] as main process of FA2. These processes are probably
linked to the information of the parameter SWI-dist, which corresponds to the meteoric
origin on the one hand and the water-rock interaction of the thermal water on the other
hand. Therefore, it can be concluded that a deviation of the stable water isotope signatures
from the GMWL can mainly be caused by the influence of oilfield waters and corresponding
organic (reduction) processes [61].

FA3 is among others dominated by Na+ and Cl−, which control the “salinity” (NaCl)
of the thermal water. The parameters Na+, K+ and Rb+ are also proxies for interaction
processes with silicate and likely clay minerals [115], which may correspond to “ion-
exchange processes” in the thermal water.

The factors FA2 and FA3 correlate with a R2 of 0.65 indicating a common shared
variance. This suggest that a portion of the salinity of the thermal water may also be related
to the influence of oilfield waters and water-rock interaction.

Gypsum (CaSO4) dissolution as a possible considerable process on the thermal water
composition is not necessarily implied by the EFA. The significant factor loadings of
Ca2+ and SO2−

4 are proxies of different factors, which is in accordance to the lithologic
composition of the aquifer rocks [38] (Section 2).

Carbonate dissolution as a dominant reaction that affects the concentration of B may
have no or only a little effect [116] as both parameters DOC and B are proxies of FA2 and
do not show a relation to the parameters Ca2+, Mg2+ and HCO−

3 , which are proxies of FA1.

4.2. Chemical Analyses of Grouped Water Types

Table 1 summarises the hydrochemical parameters for the complete data set and each
clustered water type with minimum, maximum and mean values. The hydrochemical
facies after [54] of the water samples is displayed in the Piper plot with the EC as scale for
the symbol size (Figure 4).

4.2.1. Water Type 1

The groundwater of water type 1 represent alkaline waters with a bicarbonate and
chloride domination (field F and G in Figure 4) and was classified as Na-HCO3-Cl water [54].
The water type 1 was separated due to the results of HCA into two subtypes, 1a and 1b
(Section 4.1.1).

For water type 1a, the mean concentrations were 5.60 ± 0.36 mmol/L for Na+ and
2.23 ± 0.23 mmol/L for Cl− (Table 1). The concentrations of Ca2+ ranged from 0.09
to 0.67 mmol/L (mean value 0.43 ± 0.20 mmol/L), the concentrations of Mg2+ varied
between 0.04 and 0.16 mmol/L (mean value 0.10 ± 0.04 mmol/L) while HCO−

3 showed
concentrations between 3.4 and 4.7 mmol/L (mean value 4.2 ± 0.5 mmol/L).

Water type 1b samples were more mineralised with an EC between 1029 and 1087 µS/cm
compared to the samples of water type 1a (mean value 671 ± 55 µS/cm). The differ-
ence in mineralisation between the subtypes 1a and 1b is mainly caused by the consid-
erably elevated salinity as main process of FA2 (mean values: Na+ 7.54 ± 0.03 mmol/L;
Cl− 4.44 ± 0.01 mmol/L) and elevated alkalinity as proxy of FA1 (mean values: Ca2+

0.92 ± 0.04 mmol/L; HCO−
3 5.1 ± 0.0 mmol/L) for type 1b. The mean Mg2+ concentration

(0.19 ± 0.02 mmol/L) for type 1b was comparable but only slightly elevated to the values
of water type 1a (Figure 5a,b, Table 1). For samples of both subtypes 1a and 1b, the concen-
trations of K+ (between 0.40 and 0.82 mmol/L), F− (between 0.11 and 0.41 mmol/L) and
SO2−

4 (between 0.04 and 0.32 mmol/L) were only subordinately represented.
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Overall, both subtypes of water type 1 showed dominant influences of ion-exchange
processes between Ca2+ and Na+ (Figures 4 and 5a,c). Although Na+ and HCO−

3 showed
an excess compared to Cl−, Ca2+ and Mg2+ (Figure 5a,c), a positive trend of increasing
HCO−

3 with Ca2+ and Mg2+ concentrations was observed (Figure 5a). The concentrations
of B and DOC, which may indicate influences of oilfield waters as a process of FA2 were
relatively low between 0.08 and 0.31 mmol/L for B and 1.48 to 4.20 mg/L for DOC.

It can be concluded that the water chemical composition of water type 1b is comparable
to water type 1a, but shows considerably higher levels of mineralisation, alkalinity and
salinity, which may indicate hydrogeological processes influencing the hydrochemical
evolution of these waters.
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Figure 4. Piper plot and characterisation of the hydrochemical facies after [54] for thermal water
samples classified as water types 1-3 based on HCA. The symbol size scale is in order to the EC.

4.2.2. Water Type 2

The Na-Ca-HCO3-Cl groundwater of water type 2 is very homogeneously distributed
in field F of the Piper plot (Figure 4) and represent also alkaline waters with a bicarbonate
and chloride domination after [54].

The EC for water type 2 ranged from 697 to 968 µS/cm with mean values for sub-
type 2a of 723 ± 22 µS/cm and slightly higher for subtype 2b with 893 ± 103 µS/cm.
Ca2+ contents ranged between 0.68 and 1.09 mmol/L (mean values: 0.81 ± 0.09 mmol/L
(type 2a); 0.97 ± 0.17 mmol/L (type 2b)) and Mg2+ concentrations varied from 0.30 to
0.74 mmol/L (mean values: 0.38 ± 0.05 mmol/L (type 2a) and 0.58 ± 0.22 mmol/L (type
2b)). The HCO−

3 content of subtype 2b was also considerably elevated with a mean value
of 6.7 ± 0.0 mmol/L compared to subtype 2a with 5.4 ± 0.3 mmol/L. The mean con-
centrations of Na+ (5.33 ± 0.13 mmol/L (type 2a); 6.25 ± 0.38 mmol/L (type 2b)) and
Cl− (2.04 ± 0.12 mmol/L (type 2a); 2.45 ± 0.28 mmol/L (type 2b)) were slightly elevated
for samples of subtype 2b compared to subtype 2a (Figure 5c). However, both subtypes
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showed dominant influences of ion-exchange processes between Ca2+ and Na+ due to the
sodium and bicarbonate excess (Figures 4 and 5a,c).

For groundwater of both subtypes 2a and 2b, the concentrations of K+ (between
0.19 and 0.41 mmol/L), F− (between 0.10 and 0.14 mmol/L) and SO2−

4 (between 0.00 and
0.14 mmol/L) were only subordinately represented and generally lower than for type 1
waters. Oilfield water had probably no or only little effect on groundwater samples of type
2 which is documented by low concentrations of B between 0.05 and 0.23 mmol/L and
DOC ranging from 0.50 to 0.23 mg/L.

Overall, the water chemical composition of both subtypes of type 2 were quite similar
to each other with slightly higher levels of salinity and alkalinity, especially HCO−

3 , for
subtype 2b.
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Figure 5. Distribution plots of water chemical parameters: (a) Ca2++ Mg2+ vs. HCO−
3 ; (b) Ca2+/ Mg2+ ratio vs. Ca2+;

(c) Na+ vs. Cl− with typical values for seawater [117].

A considerable water chemical difference between the two water types 1 and 2
and their subtypes is expressed by their contents of calcium and magnesium, which
were main proxies of the factor FA1 (Table A5), and, therefore, their Ca2+/Mg2+ ratios
(Figure 5b). A molar Ca2+/Mg2+ ratio of 1 is caused by the dissolution of pure dolomite
whereas higher ratios above 2.2 indicate an increasing influence of calcite dissolution in
the aquifer [29,38,118,119]. The molar Ca2+/Mg2+ ratios (Table 1) above 2.2 for water type
1 (mean values: 4.6 ± 1.5 for subtype 1a; 4.8 ± 0.9 for subtype 1b) may indicate some
influences of calcite dissolution from the rocks within the basin. In contrast, the molar
Ca2+/Mg2+ ratios around 2.2 for type 2 water samples (mean values: 2.1 ± 0.2 for subtype
2a; 1.9 ± 1.0 for subtype 1b) clearly indicate some influences of dolomite dissolution from
the rocks within the basin.
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4.2.3. Water Type 3

Water type 3 showed a broad range of EC from 1596 to 7702 µS/cm with a mean
value of 4366 ± 3092 µS/cm (Table 1). The major chemical parameters of the groundwater
samples of type 3 plot heterogeneously distributed in field G of the Piper plot (Figure 4),
which represent alkaline waters with a chloride predomination (Na-Cl and Na-Cl-HCO3
type). They plot clearly distinguishable from the other water types and also show great
heterogeneity among themselves.

The Ca2+ concentrations varied from 0.98 to 3.37 mmol/L and Mg2+ concentrations
ranged between 0.16 and 1.19 mmol/L. Contrary to water types 1 and 2, the samples
of water type 3 were characterised by a predominant influence of the salinity (Na+ and
Cl−), which was defined as one main influence of the factor FA3 (Section 4.1.2). The
concentrations ranged from 11.70 to 80.64 mmol/L (mean value 42.27 ± 35.13 mmol/L)
for Na+ and varied between 7.88 and 70.10 mmol/L (mean value 35.10 ± 31.83 mmol/L)
for Cl−. With increasing concentrations of Na+ and Cl−, the groundwater samples of
water type 3 converge to the 1:1 line in Figure 5c, but showed as well predominant ion-
exchange processes between the alkali ion Na+ and the earth-alkali ions Ca2+ and Mg2+

(Figure 5a,c). The molar Ca2+/Mg2+ ratios ranged from 2.9 and 6.0 indicating distinct
interaction between the fluid and calcite minerals. Interestingly, with increasing Ca2+

concentrations, the Ca2+/Mg2+ ratio decreases indicating a higher influence of dissolved
dolomites. Similar results have been found for the Pannonian geothermal aquifer where
comparable water evolution trends were observed [18].

The clearly elevated concentrations of B (between 0.81 and 3.24 mmol/L) and DOC
(4.43 to 70.49 mg/L) may indicate as proxies of FA2 additionally considerable influences
from oilfield waters. The concentrations of major ions K+, F− and SO2−

4 were also con-
secutively elevated and ranged between 0.89 and 2.18 mmol/L for K+, between 0.12 and
0.27 mmol/L for F− and between 0.47 an 1.84 mmol/L for SO2−

4 .

4.3. Assessing Recharge Conditions and Water Rock Interaction
4.3.1. Noble Gas Infiltration Temperatures NGTs and Stable Water Isotopes

The NGTs were calculated to obtain the temperature-driven recharge conditions of
representative samples for each water type (Table 2). The calculated entrapped excess-air A
ranged for the samples 9 (type 2a), 16, 17 (both type 1a) and 18 (type 1b) between 0.23 and
0.36 ccSTP/g. These values are above the expected values for groundwater [68] and could
possibly be explained with equilibration between groundwater and trapped air bubbles [72]
or infiltration under overburden pressure. The fractionation parameters F were fitted with
the CE-Model [68] and ranged between 0.94 and 0.98 for both subtypes of type 1 and 2a
waters. They are within a reasonable range but also indicate most probably degassing of
the samples as they were close to 1. However, it was not possible to calculate reasonable
NGTs for the two samples of type 3 due to inappropriate noble gas mass balances and
negative values for A (Table 2) [72].

Table 2. Noble gas temperatures (NGTs) with PANGA [72] using the CE model [68] and Ne, Kr and
Xe (Table A3). Keys: fit—linear fitting model; MC—Monte Carlo simulations (5000 runs).

ID Water Type AMC F f it T f it T f it_err TMC TMC_err

(ccSTP/g) (-) (°C)

9 2a 0.32 0.94 1.4 0.4 1.4 0.5
16 1a 0.26 0.97 0.9 0.5 0.9 0.4
17 1a 0.23 0.98 1.4 0.4 1.4 0.4
18 1b 0.36 0.45 3.2 0.5 3.1 0.5
21 3 −1.26 - - - - -
22 3 −0.02 - - - - -
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The stable water isotopes are capable of storing information regarding the climate
conditions during infiltration or (geothermally driven) water-rock interactions in the
subsurface [117,120,121]. In addition, the mixing range of stable water isotope signatures
from literature data [31,32] for Upper Jurassic and Tertiary Molasse Basin oilfield waters
shown in Figure 6 can be used to assess the nature of the water-rock interaction.

The stable water isotope signatures of both water types 1 and 2 are very homoge-
neously distributed with δD ranging from −86.8 to −82.8 ‰ and δ18O values between
−12.0 and −11.0 ‰ (Table 1). They scatter in Figure 6 predominantly between the GMWL
and LMWL indicating meteoric origin.

Especially the stable water isotope signatures of water type 1a and both subtypes
of 2 indicate a meteoric cold climate origin that is typical for Pleistocene waters in that
region [122]. This is supported by the results of NGTs between 0.9 ± 0.5 °C and 1.4 ± 0.5 °C
for water types 1a and 2a (Table 2). These results are in good accordance to a previously
determined NGT (2.8 ± 0.5 °C) of groundwater from a Upper Jurassic geothermal well
in this study area [35,123]. Results of noble gases stemming from other deep basins
such as the Pannonian Basin also indicate comparable recharge conditions during the
Pleistocene glacial period with NGTs below 4 °C [8]. The distances to the GMWL, SWI-dist,
ranged between 0.09 and 0.82 with mean values of 0.43 ± 0.18 for type 1a, 0.31 ± 0.11
for type 2a and 0.30 ± 0.06 for type 2b. These values do not imply considerable isotope
exchange processes of hydrogen and oxygen during evaporation or with soil or bedrock
after recharge.

In contrast, the stable water isotope signatures of two samples of water type 1b with
δD values of −84.3 and −82.8 ‰ and δ18O values of −11.0 and −10.8 ‰ plot slightly below
the LMWL and were more isotopically enriched compared to the remaining samples of
water types 1a, 2a and 2b. The observed enrichment of δ18O values and, corresponding, the
slightly elevated mean value of SWI-dist (0.82 ± 0.02, Table 1) are typical for geothermally
driven oxygen exchange due to water-rock interaction with carbonate rocks in sedimentary
basins [61,120]. The NGT of the water type 1b sample is elevated with 3.1 ± 0.5 °C
compared to the other samples of type 1a and 2, but indicates together with the stable water
isotope signatures meteoric Pleistocene cold climate infiltration conditions [122]. Thus, it
can be concluded that water type 1b has probably been influenced by geothermal isotope
exchange due to water-rock interaction after recharge during the Pleistocene. Mixing
processes between Pleistocene water and fossil formation water that led to this additional
isotopic shift in δ18O could also be a reasonable explanation.

The elevated entrapped excess-air A of both water types 1 and 2 point to an infiltration
under overburden pressure, which may indicate a subglacial groundwater recharge [65]
(Table 2). This is also in accordance to apparent 81Kr ages between 60,000 and 135,000 years
for some type 1a and 2a water samples [44], which point to a recharge during the Riss
(300,000 to 130,000 years) and Wuerm (115,000 to 11,700 years) glaciations. However, this
suggests that the altitude effect had most likely no or only little influence on the stable
water isotope signatures for type 1 and 2 waters.

For water type 3, the δD values ranged between −82.3 and −60.6 ‰ and δ18O values
ranged from −10.5 to −2.6 ‰ (Table 1). The stable water isotope signatures plot heteroge-
neously distributed and clearly below both meteoric water lines (GMWL and LMWL) in
Figure 6. The initial recharge conditions of water type 3 can therefore not be delineated.
The orthogonal distances to the GMWL (SWI-dist), ranging from 1.07 to 6.23, may indicate
extensive water-rock interaction, as already suggested by the water chemical composition
(Section 4.2). These stable water isotope signatures are typical for highly mineralised
evaporated brines in deep sedimentary basins [61,120] and oil- and gasfield waters in the
Molasse basin [31,33,124]. They plot both inside and slightly outside of the mixing area of
Upper Jurassic and Tertiary (oilfield) waters (Figure 6), which illustrates the influence of
water-rock interaction together with methanogenesis. The inappropriate noble gas mass
balances indicate that the samples were most probably affected by the observed separate



Water 2021, 13, 1162 17 of 34

fluid phases and/or degassing processes during sampling [72]. Thus, this also implies
considerable influences of oilfield waters to water type 3.
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Figure 6. Plot of stable water isotope signatures for samples of water types 1 to 3 with global (GMWL)
and local (LMWL) meteoric water lines [60,62], main processes on the isotope chemistry [117] and
the mixing area of Upper Jurassic and Tertiary (oilfield) waters after [31].

4.3.2. Tracing Water-Rock Interaction with 87Sr/86Sr Signatures

The 87Sr/86Sr ratio of groundwater is a very useful tracer to determine the dependency
of water-rock interaction and mixing processes influencing the water chemical composition
of the different water types [125–127]. The 87Sr/86Sr signature of groundwater depends on
the chemical evolution during recharge and infiltration through the unsaturated zone, the
aquifer lithology, the rocks alteration level and intensity of water-rock interactions. Infil-
trating water receives its 87Sr/86Sr signature in the soil zone, which is then not fractionated
and preserved unless mineral dissolution of the aquifer host rocks occur [128].

The mean 87Sr/86Sr ratios of water type 1, 0.70908± 0.00014 (type 1a) and 0.7088± 0.00026
(type 1b), and water type 2, 0.70921 ± 0.00006 (type 2a) and 0.70913 ± 0.00018 (type 2b),
were clearly above the characteristic mean values of the Upper Jurassic carbonate rocks
of the SGMB, which are around 0.7075 [93]. The radiogenic 87Sr/86Sr ratios are rela-
tively constant and independent of the strontium content for type 1 and 2 waters with
Sr2+ < 0.008 mmol/L (Figure 7a). This indicates that the strontium isotope chemistry
of these waters was not predominantly influenced by the dissolution of Upper Jurassic
carbonate rocks after recharge. With increasing Sr2+ concentrations > 0.008 mmol/L, the
type 1a waters show clearly decreasing 87Sr/86Sr ratios. Moreover, the water type 1b
samples with higher Sr2+ concentrations ranging from 0.012 to 0.016 mmol/L showed
also considerably lower 87Sr/86Sr ratios between 0.70862 and 0.70899. The higher Sr2+

concentrations corresponding with lower 87Sr/86Sr ratios of these type 1a and especially
type 1b waters may therefore indicate dissolution of calcite carbonates most likely from
Upper Jurassic rocks.
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Figure 7. 87Sr/86Sr ratios of the thermal water in dependency of (a) the Sr2+ concentration and (b)
the stable water isotope δ18O. 87Sr/86Sr value of 0.7075 represents the mean signature for Upper
Jurassic carbonate rocks in the SGMB [93] and 0.7092 the threshold between marine and terrestrial
rocks [129].

Figure 7b shows an inverse relationship between decreasing 87Sr/86Sr ratios with
enriching (less negative) δ18O values for samples of both water types 1 and 2. This rela-
tionship supports the hypothesis that interaction of groundwater with the Upper Jurassic
rocks due to the geothermal exchange with the carbonate minerals [120] or fossil formation
waters may have been responsible for the observed isotopic shift in δ18O (Figure 6).

The relationship of 87Sr/86Sr signatures with Sr2+ concentrations and δ18O values of
type 3 water samples in Figure 7a,b indicate a different influence on the hydrochemical com-
position and water-rock interactions compared to both water types 1 and 2. The 87Sr/86Sr
ratios for type 3 waters are tending to more radiogenic signatures clearly above 0.7092
with values between 0.70941 and 0.70970. Subsequently, water type 3 was highly likely not
dominated by the fluids in the rock matrix and rock geochemistry of the Upper Jurassic
aquifer rock. The increased strontium concentrations between 0.020 and 0.073 mmol/L
could therefore not be explained by the dissolution of marine carbonate rocks of the Upper
Jurassic reservoir. As a result, the radiogenic 87Sr/86Sr ratios clearly indicate a strontium
input from interactions with non-marine terrestrial rocks, fossil formation waters from
terrestrial sediments, and also oilfield waters [130]. It can be suggested that this radiogenic
influence on the 87Sr/86Sr signatures of water type 3 is related to a hydraulic contact to
overlying terrestrial Tertiary sediments and Tertiary fossil formation water.

4.3.3. Mixing Processes and Origin of Salinity Using δ18O and Cl−

Geochemically driven processes influencing the water chemistry and salinisation, such
as mixing between fresh and highly saline fossil formation waters, can be differentiated by
plotting the relationship of δ18O with the conservative ion Cl− [9,33]. Based on the results
so far, the mixing model was extended and adopted to the origin of salinity for water types
1b and 3 (Figure 8). A hydrogeochemical evolution of type 1a and 2 waters that interact
with the Upper Jurassic carbonate rocks of the SGMB is represented by a mixing zone
where highest and lowest saline fluid inclusion data stemming from the Upper Jurassic
rocks [40] act as end members of the mixing model.

The samples of water type 1b plot along the mixing line of water types 1a and 2 that is
characterised by the lower range of fluid inclusion values of Upper Jurassic rocks. This may
indicate that the source of Cl− in that water may be also related to the isotopic enrichment
of δ18O (Section 4.3.1), which was assumed to be caused by geothermal exchange processes
of type 1a water with the Upper Jurassic reservoir rocks (Section 4.3.2). The associated
enrichment of δ18O with increasing Cl− concentrations of type 1b waters may therefore
indicate chloride uptake due to dissolution of the less saline Upper Jurassic carbonate



Water 2021, 13, 1162 19 of 34

minerals and also suggest an interaction with the fossil Upper Jurassic formation water
that is stored in the rock matrix.
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Figure 8. Cl− concentrations and δ18O values of the thermal waters. The dotted line is the mixing
line between two end-members: the mean value of water types 1a and 2 with sample 22 of type 3.
The mixing zone (grey with dashed lines) comprises the area starting from the mean value of water
types 1a and 2 with the extreme values of fluid inclusion and rock data from Upper Jurassic rocks
based on the data of [40].

In contrast, the samples of water type 3 plot very heterogeneously distributed within
the mixing zone of the mean values of type 1a and 2 waters with the upper and lower
ranges of the Upper Jurassic rock and fluid inclusion data in Figure 8. The distinct isotopic
enrichment of the δ18O values of water type 3 is accompanied by much more significant
chloride uptake compared to water type 1b. The maximum values of water type 3 form
a positive and linear mixing correlation with type 1a and 2 waters, which can be clearly
differentiated from the mixing processes with seawater. As the samples of water type
1b do not plot on that linear mixing line, it is assumed that the origin of salinity is likely
different compared to water type 3. Together with the results of the strontium isotopes
(Section 4.3.2), an influence of higher saline Tertiary formation water leading to an increased
salinity (Section 4.2) and stable water isotope signatures that are typical for sedimentary
brines (Section 4.3.1) is highly suggested for water type 3.

4.4. Calculation of Apparent Water Ages by Radiogenic Noble Gas Isotopes

The noble gas isotope data were not considered in the multivariate statistical analyses
as they were not obtained at every well in this study (Section 3.4), but they also provide
useful information about influences of hydrogeological processes as well as apparent mean
residence time of the thermal groundwater. Increased apparent groundwater ages would
be an indication of the influence of fossil formation waters and could allow conclusions
about higher water-rock interaction due to reduced hydraulic permeability.

The noble gas isotope analyses of the thermal water samples from the deep Upper
Jurassic reservoir in this study were partially affected by varying high amounts of the
dissolved gases (e.g., CH4, CO2, N2, H2S), and probably partial degassing during uplift
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at sampling temperature [71,82,131–135]. Equilibration of noble gases dissolved in water
with the non-atmospheric gas phases of CH4 and H2S could have induced undersaturation
of the atmospheric signatures [82]. However, it is assumed that the isotope ratios 3He/4He
and 40Ar/36Ar of the samples were not be considerably affected by these processes.

The 3He/4He ratios in Figure 9a indicate that all thermal groundwater samples were
air saturated water that accumulated radiogenic 4Heex of crustal origin (Rc between 0.01
and 0.1 Ra [74,79,80]) with no or only little evidence of mantle-derived 4Hem. The non-
atmospheric portion of helium 4Henon-atm for all samples is greater than 99 %. The 3He/4He
ratios < 0.1 Ra indicate considerable contributions from radiogenic 4Heex and thus probably
high apparent mean residence times [136].

The water samples of type 1a and 2a, which had overall no or only negligible separate
gas phases, displayed relatively homogeneous 4He concentrations of 2.27 ± 0.34 × 10−5 cc-
STP/g and 2.21 ± 0.20 × 10−5 ccSTP/g, respectively (Table 1). The mean 3He/4He ratios
were 1.03 ± 0.09 × 10−7 for water type 1a and 1.12 ± 0.14 × 10−7 for water type 2a,
which comprise a very narrow range for both subtype samples. The 40Ar/36Ar ratios of
around 300.1 (between 299.8 and 302.5) for the three samples of type 1a and 2a were close
to the ASW signature (40Ar/36Ar 298.5 [84]) (Figure 9b) with subsequently only minor
contributions of radiogenic 40Arex between 2.17 and 6.65 × 10−6 ccSTP/g (Table A2).
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Figure 9. Results of noble gas isotope measurements. (a) Ratios of atmospheric and measured
helium-4 (4Hea/4He) and 3He/4He ratios (R/Ra). The two curves represent binary mixing between
the atmospheric end-member and a crustal end-member. (b) Noble gas isotope ratios of argon
(40Ar/36Ar) and helium (3He/4He) and calculated noble gas infiltration temperatures (NGTs). Air
saturated water (ASW): helium RASW 1.36 × 10−6 and 4Hea 4.90 × 10−8 (at 0 °C) [78,90]; argon
40Ar/36Ar 298.5 [84].

For water type 1b, the 3He/4He ratios were lower compared to type 1a and 2a samples
and ranged between 6.45 and 7.31 × 10−8 while the 4He concentrations were higher varying
from 4.22 × 10−5 to 1.58 × 10−4 ccSTP/g (Table 1). The considerably elevated 40Ar/36Ar
ratio of 307.6 resulted in a higher 40Arex concentration of 5.76 × 10−5 ccSTP/g (Table 3)
compared to water type 1a and 2a. This indicates that the apparent groundwater age of
water of type 1b may be higher than for water type 1a and 2a.

However, the determination of apparent residence times based on the radiogenic
accumulation of 4He and 40Ar is very complex due to the unknown advective vertical
crustal fluxes J4 He and J40 Ar of the underlying crustal rocks in the SGMB. For two samples
of this data set of water type 1a (sample 16) and water type 2a (sample 9), the apparent 81Kr
ages are quite similar with 110,000 and 135,000 years, respectively [44]. Due to the almost
identical radiogenic 4Heex values and comparable 40Arex values of these two samples, the
crustal fluxes J4 He and J40 Ar were calculated under the assumption of a closed Upper Jurassic
aquifer system using Equation 7. The resulting fluxes, J4 He 7.87 × 10−7 ccSTP/cm2/yr
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and J40 Ar 1.38 × 10−7 ccSTP/cm2/yr (Table 3), are within a comparable range of crustal
fluxes from other studies for J4 He between 2.1 and 4 × 10−7 ccSTP/cm2/yr [87,91] and for
J40 Ar between 0.3 and 1.1 × 10−6 ccSTP/cm2/y [137,138]. Since the fluxes were determined
on only two samples of water type 1a and 2a, it had to be tested whether comparable
apparent water ages could also be calculated by the assumed accumulation at the other
wells with these water types where helium and argon were also determined. For this
purpose, the mean values of the 40Arex and 4Heex of water types 1a and 2a were calculated
and the apparent ages were determined for their minimum, maximum and mean values.
Accordingly, with the mean values for all samples of water types 1a and 2a of 4Heex
2.23 × 10−5 ccSTP/g and 40Arex 4.41 × 10−6 ccSTP/g, apparent mean residence times
between 112,000 (t4 He) and 128,000 years (t40 Ar) could have been calculated. The calculated
minimum ages ranged from 63,000 to 84,000 years and the maximum ages ranged from
126,000 to 193,000 years. Interesting, these values, especially the mean values, are in good
accordance with the 81Kr ages between 60,000 and 135,000 years [44], which implies that the
calculated crustal fluxes J4 He and J40 Ar of the two samples 9 and 16 led to realistic apparent
groundwater ages for all samples of water types 1a and 2a.

Table 3. Determination of crustal fluxes J4 He and J40 Ar with apparent 81Kr groundwater ages (t81Kr)
for two samples [44] to calibrate the helium (t4 He) and argon (t40 Ar) age calculation for type 1b waters.

ID 4Heex
40Arex t81Kr J4 He J40 Ar t4 He t40 Ar

(ccSTP/g) (ka) (ccSTP/cm2/yr1) (ka)

9 (Type 2a) 2.30×10−5 6.65×10−6 135 3.35×10−7 9.85×10−8 - -
16 (Type 1a) 2.52×10−5 2.17×10−6 110 4.52×10−7 3.94×10−8 - -

Types 1a and 2amean 2.23×10−5 4.41×10−6 7.87×10−7 1.38×10−7 112 128
Types 1a and 2amin 1.67×10−5 2.17×10−6 84 63
Types 1a and 2amax 2.52×10−5 6.65×10−6 126 193
Type 1bmean 6.70×10−5 5.76×10−5 335 1668

It can, therefore, be assumed that these crustal fluxes are relatively uniform in the
central Molasse Basin and can be used to calculate the groundwater residence times of the
water type 1b. With the calculated crustal fluxes for water types 1a and 2a, differences of
apparent mean residence times between both water types 1a and 2a and the water type
1b were determined. Accordingly, for water type 1b, considerably higher apparent mean
residence times of t4 He 335,000 years and t40 Ar 1.67 million years were derived with mean
values for 4Heex 6.70 × 10−5 ccSTP/g and 40Arex 5.76 × 10−5 ccSTP/g (Table 3). The
estimated apparent mean residence times with the two applied noble gas isotopes differ
clearly. However, the apparent mean residence times of water type 1b are clearly higher
compared to both water types 1a and 2a, and are in accordance with the higher 40Ar/36Ar
ratio of the water type 1b sample.

The contradiction of the derived mean residence times for water type 1b between
335,000 (t4 He) and 1.67 million years (t40 Ar) may be explained by the fundamentally different
behaviour of the radiogenic 4Heis and 40Aris as well as different diffusive fluxes into
overlying sediments [15,16]. Moreover, the crustal argon flux J40 Ar can also vary basin-
wide [138] and an additional external 40Ar source cannot be excluded. In-situ produced
helium releases easily and almost completely from the rocks into groundwater in time scales
of >100,000 years [74,76]. Radiogenically produced 40Aris is retained in minerals much
better than 4Heis and is liberated mainly by diagenetic processes [69,76]. In low permeable
rocks with less open (fracture) surfaces, which are required for water-rock interaction,
40Aris can accumulate and may be diffusively released over long time-scales [76]. As the
diffusive flux of helium is much stronger than of argon, helium may diffuse in a non-
advective dominated system to a higher level than argon [15,16]. Therefore, based on this
contradiction between apparent t40 Ar and t4 He ages for water type 1b, this may suggest that
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this groundwater could occur in lower permeability aquifer rocks compared to type 1a and
2a waters.

The very radiogenic 3He/4He signatures between 6.26 and 8.08 × 10−8 and increased
4He concentration ranging from 0.54 to 1.00 × 10−4 ccSTP/g of water type 3 samples
are typical for Tertiary groundwater in this region [33] and may indicate either higher
apparent mean residence times or an origin of more radiogenic source rocks (Table 1,
Figure 9). This clearly suggests a hydraulic interaction with overlying Tertiary sediments
and influences of infiltrating Tertiary groundwater. The 40Ar/36Ar ratios between 345.1
and 392.0 are considerably elevated to ASW and apparently higher 40Arex concentrations,
which could not be calculated for type 3 samples due to the degassing, also suggest higher
mean residence times for this groundwater, or appreciable mixing with very old fossil
water components.

4.5. Regional Linking of Water Type Classification and Hydrogeochemical Genesis of the Upper
Jurassic Reservoir

Based on water chemistry and environmental isotope data, which have been evaluated
in combination with an HCA, different water types within the Upper Jurassic aquifer have
been identified. Figure 10 displays the geographical occurrence of the water types, which
leads to a conclusive areal distribution with three major hydrochemical zones of the Upper
Jurassic thermal reservoir: the Southeastern (water type 1), the Northeastern (water type 2)
and the Western (water type 3) Central Molasse Basin. In addition, Stiff diagrams, which
are useful to compare the water quality of the three water types, are shown in Figure 10.
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Figure 10. Areal distribution of the water types and hydrochemical zoning of the Upper Jurassic aquifer with Stiff diagrams.

The EFA resulted in three factors that described main hydrogeological processes
influencing the hydrochemical evolution of the thermal water, which were used for distin-
guishing the water types. Overall, the hydrochemical composition of water types 1 and
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2 was relatively homogeneous compared to water type 3. Both water types 1 and 2 were
lowly mineralised, which is not typical for deep sedimentary formation waters [61], and
showed a comparable water chemical composition with dominant ion-exchange processes
of Na+ and Ca2+. They have been likely recharged during Pleistocene, as indicated by
stable water isotope signatures, NGTs and 81Kr ages from literature [44]. The radiogenic
87Sr/86Sr ratios of both water types were considerably elevated to typical values for Upper
Jurassic rocks, which indicated only low water-rock interactions of these waters within this
aquifer. In contrast, the levels of alkalinity and earth-alkali elements Ca2+ and Mg2+ of
water types 1 and 2 differed remarkably while the Ca2+/Mg2+ ratios indicated influences
of a predominated dissolution of calcite carbonates for water type 1 and a dissolution
of dolomite-rich carbonates for water type 2. However, in addition to the main charac-
teristics of water types 1 and 2, their subtypes also showed different influences on their
hydrochemical composition.

The wells with water type 1a are located in a large area between the east of Munich
south of the MSF and the Landshut-Neuoetting High in the east of the Wasserburger Trog.
The hydrochemical zone of the Southeastern Central Molasse Basin was therefore interpo-
lated between these occurrences. Water type 1b was characterised by increased levels of
salinity and slight influences of water-rock interaction with the Upper Jurassic reservoir.
With increasing Sr2+ concentration related to calcite dissolution (Ca2+/Mg2+ > 4.2), the
87Sr/86Sr ratios of water type 1b approximated to lower values closer to the Upper Jurassic
host rocks. Together with the increased salinity and a higher apparent mean residence time
of water type 1b compared to water types 1a and even 2a, the water type 1b could also
be influenced by fossil formation water of the Upper Jurassic aquifer. This influence is
likely associated with distinct water-rock interaction within the Upper Jurassic reservoir.
Therefore, it seems plausible that the hydrochemically matured water 1b was evolved from
water type 1a due to water-rock interaction. This could be caused by a lower permeability
of the aquifer rocks in south of the city of Munich, which is in accordance to the tendency
of decreasing permeability from north to south of the city of Munich [53] and appearing
technical unproductive wells in that area (Figure 10). The occurrence of the geochemically
matured water type 1b can therefore be regarded as representative of the probably low per-
meable Southern transition zone between the Southeastern and Western Central Molasse
Basin and the technically unproductive geothermal wells in the south-west.

The hydrochemically homogeneous water type 2 occurs at wells north of the major
fault system MSF and forms the hydrochemical zone of the Northeastern Central Molasse
Basin (Figure 10). The hydrochemical zone was interpolated between the wells of subtype
2a around the city of Munich and subtype 2b close to the city of Landshut. The groundwater
of the two subtypes 2a and 2b differ slightly in higher mineralisation and especially Na+

and HCO−
3 concentrations of subtype 2b, but a considerably higher salinity or water-rock

interaction with the Upper Jurassic aquifer rock was not evident. No considerable and
distinct hydrogeological process based on EFA could be detected that would explain the
minor differences in the chemical composition of the water type 2b compared to water type
2a. Therefore, due to similar 87Sr/86Sr ratios between water types 2a and 2b, it is assumed
that the samples of subtype 2b could have been evolved from waters of type 2a without any
significant hydrogeological process influencing the hydrochemical composition described
by the processes of EFA. However, the hydrochemical evolution of type 2b waters from
type 2a waters would indicate a flow northwards, which is also in accordance to Weise [35],
Prestel [34] and partly Frisch and Huber [36], who postulated an exfiltration of water from
the central SGMB into the river Danube at the north-eastern boundary of the SGMB.

Overall, due to the water chemical composition and environmental isotope character-
istics of water types 1 and 2, it can be concluded that meteoric waters have flushed away
most of the primary fossil formation water in the highly porous and permeable rocks of the
Upper Jurassic carbonate aquifer in the Southeastern and Northeastern Central Molasse
Basin. These waters seem to form a very active hydraulic flow system in the eastern central
SGMB as this freshening process of the aquifer may have occurred repeatedly during the
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last glaciations as documented by 81Kr dating [44]. This hypothesis is also supported by
an observed freshening process of Upper Jurassic vein calcites and fluid inclusions [40]
as well as by an assumed freshening process in Tertiary oil and gas fields in the central
SGMB [33]. The data patterns together with the occurrence of water type 1 and 2 within the
Northeastern and Southeastern Central Molasse Basin indicate that the existing concept of
recharge at the outcropping Swabian Alb located in the west of the SGMB [25,36,37] may
fall short. Hence, based on the results of this study, a recharge area with subglacial infiltra-
tion and cross-formational flow through the Tertiary sediments in the south of the SGMB
in proximity of the Alps, as also postulated by [44], is the most conclusive explanation for
the hydrogeochemical evolution of the groundwater of water type 1 and 2.

The occurrence of water type 3 defines the hydrochemical zone of the Western Central
Molasse Basin, which is roughly in accordance to the highly saline hydrochemical province
described in previous studies [37,38]. The zone is separated from the major hydrochemical
zones of the North- and Southeastern Central Molasse Basin by the Northern and Southern
transition zones. Water type 3 was highly mineralised and showed clearly water-rock
interaction with terrestrial, non-marine sediments, which could be found in overlying
Tertiary sediments. The 40Ar/36Ar ratios indicated considerably higher mean residence
times for these waters compared to both water types 1 and 2 and the radiogenic 3He/4He
ratios and 4He concentrations suggested dominant influences of radiogenic crustal material.
It seems plausible due to the increased levels of salinity, B and DOC that the hydrochemical
composition of type 3 waters was affected by higher saline fossil formation waters and
oil- and gasfield waters, as they showed also high gas loadings [38,43], separate gas and
oil phases in the water, and heavy degassing during sampling. Oilfield waters with
comparable hydrochemical characteristics are typical for Tertiary hydrocarbon reservoirs
in the SGMB [33,55,85,139]. However, caused by the missing covering layers of the Purbeck
and Cretaceous in the west of Munich, the geographic distribution of these highly saline
waters of type 3 is most likely linked to the direct contact between the Upper Jurassic aquifer
with overlying Tertiary sediments and their fluids (Figure 1). Especially the interaction
with Tertiary fossil formation waters might also be responsible for the more radiogenic
noble gas isotope signatures of type 3 water samples. Subsequently, the occurrence of type
3 waters in the western central SGMB leads to the conclusion that the original formation
water of Upper Jurassic and Tertiary origin in that hydrochemical zone was most probably
not completely washed out of the aquifer due to a limited connection to the hydraulic
active flow system of water type 1.

5. Conclusions

This study demonstrates the potential for coupling large-scale hydrochemical data
with multivariate statistical methods and provides water chemical and environmental
isotope analyses of the deep Upper Jurassic thermal groundwater. Three water types with
different hydrochemical compositions and hydrogeochemical evolution were classified in
the central SGMB, resulting in hydrochemical zoning of the Upper Jurassic geothermal
reservoir and a new groundwater recharge area south of the SGMB.

These results represent important insights for understanding the local and regional
flow regime and provide key information for sustainable resource management of the
investigated Upper Jurassic geothermal system.
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Appendix A

Appendix A.1. Results of Data Measurements

Table A1. Physico-chemical composition of the groundwater samples. Key:+ results from duplicate measurements.

ID pH EC Ca2+ Mg2+ Na+ K+ Li+ Sr2+ Rb+ HCO−
3 Cl− SO2−

4 F− Br− DOC B

(-) (µS/cm) (mg/L)

1 7.1 715 31.8 9.4 121.9 15.2 0.12 0.57 0.022 329 70.0 1.6 2.4 0.38 0.7 2.3
2+ 6.9 756 38.5 10.7 129.8 14.5 0.20 0.71 0.034 354 75.6 13.4 5.1 0.22 0.8 0.7
3 6.8 723 35.3 10.2 120.0 12.8 0.11 0.61 0.035 333 72.6 6.4 2.8 1.27 1.0 0.6
4 7.0 722 31.9 8.9 123.8 7.3 0.14 0.65 0.023 345 70.4 2.9 1.8 0.43 1.2 2.5
5 7.1 740 35.1 10.4 122.0 13.8 0.10 0.56 0.033 323 69.8 <1.6 2.7 0.27 0.9 0.7
6 7.1 700 27.1 7.2 122.5 14.8 0.11 0.65 0.036 329 69.5 <1.6 1.9 0.39 0.8 0.8
7 6.9 697 28.6 8.8 120.9 14.3 0.10 0.57 0.033 305 69.9 <1.6 3.3 0.43 0.5 0.8
8 6.9 700 30.4 7.5 122.3 14.7 0.12 0.57 0.036 302 82.5 1.4 2.2 0.39 1.7 2.1
9+ 7.2 752 33.7 10.7 120.0 14.1 0.16 0.57 0.022 326 72.0 7.8 6.6 0.42 0.9 2.2
10 6.5 587 3.5 1.6 130.1 17.2 0.10 0.16 0.053 214 74.0 4.1 3.0 0.33 1.6 1.1
11 6.3 600 8.8 1.0 118.5 15.9 0.12 0.28 0.059 207 73.8 5.3 3.6 0.40 2.6 0.8
12 6.5 653 16.9 1.7 121.6 19.8 0.14 0.75 0.063 256 69.1 4.8 2.0 0.19 1.7 <0.3
13 6.7 699 23.4 3.1 131.0 21.2 0.16 0.59 0.059 275 81.7 8.2 4.2 <0.1 2.0 2.2
14 6.3 689 16.6 1.8 134.7 22.9 0.17 0.50 0.067 250 82.2 15.8 5.1 <0.1 1.5 2.1
15 6.4 746 18.5 2.1 143.5 20.6 0.19 0.55 0.066 275 95.8 13.9 7.9 0.55 2.3 <0.3
16+ 6.7 681 24.8 3.7 121.6 15.8 0.13 0.65 0.043 281 77.1 4.3 4.6 <0.1 1.6 2.2
17+ 6.5 713 27.0 3.8 129.1 18.9 0.15 0.99 0.053 288 79.0 12.5 2.7 0.33 1.9 2.2
18+ 6.4 1087 35.9 5.2 172.6 32.1 0.24 1.40 0.118 311 157.6 30.9 7.7 0.84 3.8 3.3
19 6.4 1029 38.2 4.2 174.0 31.3 0.27 1.09 0.094 311 157.1 20.6 4.5 0.55 4.2 3.0
20 6.9 1596 39.3 4.0 269.0 34.9 0.38 1.73 0.057 317 279.3 45.0 2.2 0.62 4.4 8.8
21+ 6.6 3800 91.6 13.9 792.1 51.8 0.92 4.02 0.015 500 968.9 100.6 5.1 3.19 21.1 15.8
22+ 6.6 7703 135.0 29.0 1854.0 85.2 1.91 6.40 0.150 854 2485.0 337.0 4.6 9.92 70.5 35.0
23 7.5 965 34.0 17.9 149.8 15.4 0.13 0.15 0.041 410 93.7 4.6 0.53 0.8 0.9
24 7.0 820 43.6 10.2 137.4 15.9 0.10 0.20 0.039 412 79.7 0.3 2.7 0.40 0.5 0.7
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Table A2. Isotope measurements and noble gas concentration results. Key:+ results from duplicate measurements of stable
water isotopes.

ID δ18O δD 87Sr/86Sr 4He 3He/4He 4Herad
40Ar 40Ar/36Ar 40Arrad

(‰ VSMOW) (-) (ccSTP/g) (-) (ccSTP/g) (-) (ccSTP/g)

1 −11.7 −86.3 0.70921
2+ −11.7 −86.2 0.70907 2.30×10−5 9.89×10−8 2.29×10−5

3 −11.9 −86.8 0.70925 2.22×10−5 1.01×10−7 2.21×10−5

4 −11.6 −85.4 0.70923
5 −11.7 −85.9 0.70922 1.80×10−5 1.12×10−7 1.79×10−5

6 −11.7 −86.2 0.70922 2.30×10−5 1.36×10−7 2.29×10−5

7 −11.5 −86.2 0.70922 2.32×10−5 1.06×10−7 2.31×10−5

8 −12.0 −86.3 0.70924
9+ −11.6 −86.1 0.70926 2.31×10−5 1.20×10−7 2.30×10−5 5.03×10−4 302.5 6.65×10−6

10 −11.6 −86.0 0.70913
11 −11.6 −86.1 0.70917
12 −11.6 −86.5 0.70905 2.29×10−5 1.03×10−7 2.28×10−5

13 −11.8 −86.3 0.70901 2.42×10−5 9.79×10−8 2.41×10−5

14 −11.4 −85.1 0.70920
15 −11.0 −84.8 0.70902 1.68×10−5 9.07×10−8 1.67×10−5

16+ −11.7 −86.0 0.70925 2.53×10−5 1.13×10−7 2.52×10−5 5.04×10−4 299.8 2.17×10−6

17+ −11.6 −85.8 0.70881 2.42×10−5 1.10×10−7 2.42×10−5 4.95×10−4 301.2 4.39×10−6

18+ −10.8 −82.8 0.70862 9.20×10−5 7.31×10−8 9.19×10−5 1.65×10−3 307.6 5.76×10−5

19 −11.0 −84.3 0.70899 4.22×10−5 6.45×10−8 4.21×10−5

20 −10.5 −82.3 0.70951 5.44×10−5 7.31×10−8 5.43×10−5

21+ −7.6 −74.6 0.70970 1.15×10−4 6.26×10−8 1.15×10−4 1.98×10−4 345.1
22+ −2.6 −60.6 0.70944 1.00×10−4 8.08×10−8 1.00×10−4 9.39×10−5 392
23 −11.4 −84.0 0.70926
24 −11.7 −85.7 0.70901

Table A3. Results of noble gas concentrations.

ID He ∆He Ne ∆Ne Ar ∆Ar Kr ∆Kr Xe ∆Xe

(ccSTP/g)

1
2 3.08×10−7

3 4.63×10−7

4
5 4.26×10−7

6 4.49×10−7

7 4.27×10−7

8
9 2.31×10−5 9.78×10−8 2.20×10−7 2.64×10−9 5.05×10−4 1.96×10−6 1.20×10−7 1.58×10−9 1.75×10−8 2.64×10−10

10
11
12 4.21×10−7

13 4.14×10−7

14
15 3.80×10−7

16 2.53×10−5 1.05×10−7 2.12×10−7 1.83×10−9 5.07×10−4 2.64×10−6 1.20×10−7 1.62×10−9 1.73×10−8 2.72×10−10

17 2.31×10−5 9.78×10−8 2.20×10−7 2.64×10−9 5.05×10−4 1.96×10−6 1.20×10−7 1.58×10−9 1.75×10−8 2.64×10−10

18 2.87×10−4 1.15×10−6 8.24×10−7 1.31×10−8 3.03×10−3 6.28×10−6 5.27×10−7 8.54×10−9 7.53×10−8 1.04×10−9

19 4.37×10−7

20 3.04×10−7

21 1.15×10−4 4.74×10−7 5.10×10−8 5.99×10−10 1.99×10−4 7.36×10−7 4.48×10−8 6.56×10−10 7.70×10−9 1.11×10−10

22 1.00×10−4 4.20×10−7 2.52×10−8 3.20×10−10 9.42×10−5 3.91×10−7 2.08×10−8 3.25×10−10 4.14×10−9 6.59×10−11

23
24
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Appendix A.2. Correlation Matrix

Table A4. Ranked correlation matrix with Spearman’s ρ coefficient.

F− Rb+ Na+ Cl− SWI Li+ SO2−
4 K+ DOC Sr2+ B 87Sr/86Sr Br− Mg2+ HCO−

3 EC Ca2+

F− 1
Rb+ 0.27 1
Na+ 0.20 0.43 1
Cl− 0.40 0.48 0.83 1
SWI 0.48 0.41 0.49 0.48 1
Li+ 0.48 0.38 0.64 0.69 0.62 1
SO2−

4 0.59 0.51 0.62 0.75 0.68 0.90 1
K+ 0.36 0.70 0.75 0.74 0.68 0.66 0.74 1
DOC 0.33 0.60 0.50 0.67 0.59 0.69 0.78 0.76 1
Sr2+ 0.14 0.15 0.35 0.32 0.39 0.68 0.57 0.43 0.55 1
B 0.15 0.11 0.49 0.55 0.37 0.59 0.51 0.49 0.54 0.56 1
87Sr/86Sr −0.21 −0.43 −0.02 0.09 0.05 0.08 0.01 −0.17 0.02 0.11 0.29 1
Br− 0.11 0.03 0.41 0.49 0.46 0.35 0.41 0.23 0.37 0.32 0.32 0.33 1
Mg2+ −0.05 −0.53 0.18 0.11 −0.07 0.13 −0.01 −0.28 −0.29 0.18 0.15 0.51 0.44 1
HCO−

3 −0.14 −0.45 0.32 0.16 −0.06 0.18 0.05 −0.15 −0.23 0.29 0.21 0.45 0.52 0.93 1
EC 0.20 0.00 0.67 0.62 0.37 0.61 0.53 0.32 0.27 0.46 0.41 0.24 0.71 0.69 0.75 1
Ca2+ 0.06 −0.20 0.49 0.43 0.18 0.40 0.32 0.12 0.08 0.49 0.36 0.32 0.62 0.80 0.86 0.91 1

Appendix A.3. Optimal Cluster Number for HCA
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Figure A1. Optimal cluster numbers applied with the “Elbow method”, “Silhouette method” and “Gap statistic” using the
package factoextra [95] and computing 30 methods using NbClust [105].
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The optimal number of significant cluster for HCA is depending on the applied
method and is suggested to be four (Elbow method), three (Silhouette method) or two (Gap
statistic method) (Figure A1). The summary of the cumulative analysis of 30 statistical
methods suggests an optimal cluster number of 3 (n = 10 methods). However, based on
these results, the number of statistical significant cluster ranges from 2 (n = 6) to 4 (n = 6).

Appendix A.4. Exploratory Factor Analysis (EFA)

Appendix A.4.1. Determination of the Factor Number

The interpretation of parallel analysis, empirical Kaiser criterion, and Scree test re-
sulted in a two-factor solution (Figure A2). In contrast, the Kaiser criterion (eigenvalues > 1)
suggested a four-factor solution. Therefore, to increase the cumulative explained variance,
a three-factor solution seems most reasonable.

The factoring method was multi-likelihood and an oblique (oblimin) rotation was
performed as the variable factor loadings were not unique [96]. The loadings of the rotated
three-factor solution were 4.33 for FA1, 4.61 for FA2, and 2.91 for FA3 (Table A5). The
explained variance of 70 % in the data set indicates that the three factors of the 17 used
variables were not capable of covering all the hydrogeological processes affecting the
hydrochemical composition of the thermal groundwater in this study.

A four-factor solution indicated by the Kaiser criterion resulted in (ultra-)Heywood-
cases (communalities h2 ≥ 1, an impossible outcome [111]), and was therefore declined.
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Figure A2. Scree plots of (a) parallel analysis and (b) empirical Kaiser criterion with cumulative
variance of the eigenvalues. Parallel analysis and empirical Kaiser criterion suggest a 2-factor solution
of the EFA and Kaiser criterion suggests a 4-factor solution.
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Appendix A.4.2. Factor Loadings and Pre-Assessed Tests for Statistical Basic Requirements

Table A5. Factor loadings (>0.4) of the three-factor solution with the multi likelihood method and
oblique (oblimin) rotation with communalities (h2) and uniqueness (u2) for each parameter as well
as factor loadings and explained variance for each factor.

FA1 FA2 FA3 h2 u2 MSA C-α p (SWT)

HCO−
3 0.97 0.94 0.06 0.5 0.90 4.9×10−6

Mg2+ 0.96 0.92 0.08 0.7 0.91 1.3×10−3

Ca2+ 0.87 0.88 0.12 0.7 0.90 3.4×10−6

EC 0.75 0.91 0.09 0.7 0.89 7.0×10−9

Br− 0.51 0.45 0.55 0.5 0.90 6.1×10−9

87Sr/86Sr 0.47 0.26 0.74 0.6 0.91 1.1×10−1

SO2−
4 0.92 0.94 0.06 0.9 0.89 5.0×10−9

Li+ 0.86 0.86 0.14 0.7 0.89 1.4×10−8

F− 0.71 0.36 0.64 0.7 0.90 1.7×10−1

DOC 0.71 0.75 0.25 0.8 0.90 1.6×10−9

SWI-dist 0.60 0.52 0.48 0.5 0.90 2.2×10−8

B 0.42 0.36 0.64 0.9 0.90 3.0×10−8

Sr2+ 0.70 0.47 0.53 0.7 0.90 1.9×10−7

Na+ 0.93 0.92 0.08 0.7 0.89 2.5×10−9

K+ 0.66 0.86 0.14 0.8 0.89 5.3×10−6

Cl− 0.64 0.80 0.20 0.7 0.89 2.7×10−9

Rb+ −0.52 0.52 0.65 0.35 0.9 0.91 1.1×10−3

Loadings 4.33 4.61 2.91
Proportion Variance 0.25 0.27 0.17
Cumulative Variance 0.25 0.53 0.70
Overall KMO and C-α 0.7 0.90
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