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Abstract

Intense use of groundwater in urban areas requires appropriate monitoring, which in turn necessitates proper data manage-
ment with employment of increasingly sophisticated statistical methods and mapping tools. An example of such an urban area
with intensive use of groundwater is the study area of GeoPot Project, namely Munich (Germany) and its surroundings. The
aim of the presented study was to provide a description of the hydrogeochemical characteristics of the aquifers occurring in
the Quaternary and Upper Freshwater Molasse (German: Obere SiiBwassermolasse — OSM) sediments and to further improve
the understanding of interactions between the aquifers. The focus was put on the identification of hydrochemical facies, the
chemical signatures of different water types, an understanding of occurring processes, and spatial relationships between the
aquifers. In order to deal with hydrogeochemical data generated for this study, as well as with data coming from existing
external databanks (e.g. BIS-BY), a methodology of quality assurance was developed. The analytical methods focused on
multivariate statistics. To enhance the interpretation of the obtained clusters, a recently developed three-dimensional geo-
logical model was used for better understanding and presentation. It was found that in the study area, deeper aquifer systems
represent the most distinct hydrogeochemical signature of the Na—HCO; water type. In the remaining clusters, a transition
from deeper (alkaline) to shallow (alkaline-earth) groundwater can be observed. The results of the study can be utilized for
improved, sustainable groundwater management.

Keywords Urban groundwater - Hydrochemistry - Groundwater statistics - Sedimentary rocks - Germany

Introduction

Urbanization is taking place all over the world and it is an
emerging issue with consequences for the economy, envi-
ronment and society (Kirabo Kacyira 2012; Schirmer et al.
2013). The trend of population shifting from rural to urban
areas will increase in the future and, accordingly, there is a
severe need for responsible urban management that consid-
ers the availability of resources and sustainable handling of
environmental impacts.
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In recent years the subsurface has increasingly been rec-
ognised as a multifunctional resource providing a wide range
of services (Volchko et al. 2020), which are also referred to
as (geo) potentials (Team 2003; Bayer et al. 2019; Bottcher
et al. 2019). Intensive use of urban underground space is
seen as a prerequisite for sustainable development of cities,
contributing to the achievement of the 17 UN Sustainable
Development Goals (Admiraal and Cornaro 2016; Volchko
et al. 2020).

One natural resource prone to susceptibility, and a signifi-
cant factor in urban management, is groundwater (Vazquez-
Sufié et al. 2010). Protection of this resource, including a
strategy of groundwater monitoring within a dense network
and intensive programme, is becoming progressively more
critical. Consequently, the number of monitored sample
points and data collection exercises will increase, which will
lead to the need (and the opportunity) for comprehensive
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data management and more sophisticated data analyses, and
form the basis of sustainable groundwater management.

While, most commonly, hydrogeologists must still strug-
gle with the lack of data and an insufficient number of mon-
itoring wells (e.g. Russo and Taddia 2009; Wakode et al.
2018), in urban areas—as in this research case—the biggest
challenge is to handle very large quantities of data, which,
in turn, requires meticulous descriptions as well as great
efforts on quality control. Modern hydrogeological studies of
regional scale are becoming more and more a link between
geosciences and data science. Such comprehensive regional
studies are crucial for integrated sustainable groundwater
management (Raiber et al. 2012), whereas data management
and data analysis, two main concepts of data science, involve
knowledge of statistics, computer science, etc. (Ma 2018).

Large data records require the application of statistical
methods and tools to draw conclusions. An appropriate
methodology must be developed in order to filter, process
and analyse the datasets (Curtis et al. 2018). Multivariate
statistical methods can provide powerful and valuable sup-
port in the investigation of hydrogeochemical patterns and
processes (Mencié and Mas-Pla 2008). However, the out-
comes of multivariate statistical analyses cannot be assessed
without placing them in a hydrogeological three-dimensional
(3D) spatial context (Raiber et al. 2012).

Therefore, developments in geological 3D modelling as
well as in hydrogeochemical studies (Raiber et al. 2012),
enable a new perspective of looking at geological data. An
integrated approach combining multiple lines of evidence
(3D geological modelling, multivariate statistics, field
observations, etc.) benefitted this study in particular, but
also more generally benefits the growing understanding of
hydrogeochemical processes (Martinez et al. 2017). Such
multidimensional approaches are particularly valuable in
resource (respectively groundwater) management, where
optimal and efficient use of geopotentials has to be guaran-
teed, assuring the best possible preservation of resources and
sustainable spatial planning.

In this context, the Quaternary glaciofluvial gravel plain
and the Miocene fluvio-lacustrine sediments of the Molasse
Basin in Germany were the subjects of research studies
(Bottcher et al. 2019; Zosseder et al. 2019, 2022; Epting
et al. 2020; Bottcher and Zosseder 2022). Groundwater in
this area is an important and intensively exploited source
for drinking water, service water and for geothermal pur-
poses (e.g. heat pumps; Kerl et al. 2012). Moreover, espe-
cially in the urban area of Munich, the Quaternary aquifer
has become increasingly polluted, where, e.g. considerable
quantities of chlorinated hydrocarbons were detected in the
1980s (Rauert et al. 1993). Besides the use of groundwater,
the subsurface is exploited in many other ways—for sub-
ways, tunnels, infrastructure, stormwater management, etc.
The increasing use of the subsurface carries the necessity
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for sustainable management of the subsurface (Griffioen
et al. 2014), whereas extensive investigation of geological
settings, resulting in their representation in 3D models, is a
precondition.

The research projects and in particular the geo-modelling
approach by Albarran-Ordas and Zosseder (2022) led to the
development of a geological 3D model for the municipal
area of the city of Munich (Albarran-Ordas and Zosseder
2019, 2020, 2022; Zosseder et al. 2019, 2022). The resulting
model predicts the lithological composition in detrital sys-
tems consisting of sediment mixtures of different grain sizes.
This led to the architectural model representing the inter-
connectedness of geological bodies with identical lithology
in the Quaternary and Molasse deposits (in much greater
geological and spatial complexity than previously expected),
which is key to identifying and separating geopotentials and
optimizing their usage. In particular, it allows an in-depth
understanding of the spatial extension of aquifers and their
interconnectivity, as well as their lithological configuration,
and was a fundamental reference for this study. Hydrogeo-
chemical analysis of the waters within the involved aquifers
can be used to validate identified separations or connections
of aquifers, which the 3D model is hinting at from a purely
spatial side.

The overall aim of this study was to provide a hydro-
geochemical characterization of the shallow aquifers in the
greater area of Munich with an emphasis on the actual and
future utilization of groundwater as a vulnerable resource.
In particular, the work involved identification of the hydro-
chemical facies and the chemical signatures of the different
water types, and an understanding of the aquifer processes
and spatial relationships between the aquifers. The hydro-
geochemical analyses were further used to check the plausi-
bility of the aquifer separation derived from the geological
3D model. The study was performed using different lines of
evidence: (1) by applying multivariate statistical methods
and (2) relating the outcomes to the geological 3D model
by Albarran-Ordés and Zosseder (2019, 2020) and Zosseder
et al. (2022).

Study area
Location, geology and hydrogeology

The study area is located in Bavaria (Germany) in the greater
area of Munich and covers an area of ~550 km? (Fig. 1). The
central part of the study area is the Munich Gravel Plain of
fluvio-glacial origin, which consists of sandy terraces from
Pleistocene glacial periods and modern alluvial and fluvial
deposits (Bauer et al. 2006). Coarse-grained carbonate grav-
els have attained a maximal thickness of 30 m in the city
of Munich and up to 60 m in the entire project area, and
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Fig. 1 Location of the study area in the context of geology of southern Bavaria (cross sections A—A' and B-B' are presented in Figs. 12 and 13,

respectively)

constitute a very productive porous aquifer (Albarran-Ordés
and Zosseder 2020). The thickness depends on the presence
of paleochannel structures carved in the underlying Neogene
deposits. Depending on the local geology and the local water
table, this aquifer occurs under either confined or (mostly)
unconfined conditions. The average hydraulic conductivity
is5x 102 m/s (Bottcher et al. 2019); however, a wide vari-
ability in hydraulic conductivity values has been reported
(Theel et al. 2020).

In the south, the landscape and geology are dominated
by Pleistocene sediments, including pre-Alpine moraines
of four glaciations—Wiirm, Rif3, Mindel, and Giinz (from
young to old)—and corresponding terraces of gravel accu-
mulations (Doppler et al. 2011). The thicknesses vary a lot
and reach mostly from a few meters up to 20 or 30 m, reach-
ing in the south even up to 80 m (Zosseder et al. 2022). The
sediments are inhomogeneous and comprise boulders, grav-
els, and sands, as well as clay and silt. Local, mostly isolated
and confined porous aquifers are related to lenses or layers
of coarse material (Zosseder et al. 2022).

The Upper Freshwater Molasse (German: Obere Siif3-
wassermolasse — OSM) is the upper part of the North
Alpine Foreland Basin, also termed the Molasse Basin.
The sedimentary rocks range from the middle to the
upper Miocene, ca. 17-11 Ma (Kuhlemann and Kempf
2002). The OSM presents tabular geometry and contains
sediments of channel deposits (sands, local gravels) and

fine-grained material of the alluvial plain (clays, marls;
Maurer and Buchner 2007). The mineral composition is
comprised of quartz, mica, clay minerals and minor quan-
tities of calcite and dolomite (Rauert et al. 1993). The
thickness of the OSM deposits can reach up to 700 m in
the project area (southern part of Isar-valley-paleochan-
nel) and generally increases from north to south (Zosseder
et al. 2022). The thicknesses of particular groundwater
bodies may reach 200 m (Wagner et al. 2003). The OSM
sediments are mostly covered by Quaternary deposits. The
outcrops of the OSM are generally in the northern part of
the study area, which also constitutes the northern margin
of the Molasse Basin. Groundwater occurs in sand and
gravel layers. Aquifers can be distinguished between “shal-
low” and “deeper”. This distinction, however, is of practi-
cal meaning and not linked to any specific definition of
deep groundwater (e.g. as presented by Frape et al. 2003).
Shallow aquifers show evidence of anthropogenic impacts
and contain relatively young, meteoric water, whereas
deeper aquifers are isolated, containing older groundwa-
ter. The deeper OSM aquifers are separated and therefore
protected from shallow aquifers by silty and clayey sedi-
ments, acting as an aquitard (Rauert et al. 1993). The OSM
aquifer conditions are mostly confined and the hydraulic
conductivity of the OSM layers is two to five orders of
magnitude lower than the overlying Quaternary sediment
(Jerz 1993; Bottcher and Zosseder 2022).
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Geological 3D models in the greater area of Munich

With the aim of characterizing the existing and poten-
tial uses of the subsurface space and the heterogeneity
of deposits, the underground space of Munich has been
the subject of geological 3D modelling in recent years
(Fig. 1, the boundary of the model is almost the same as
the urban area of Munich marked in grey). As a result
of these works, the “D; models” method was conceived
as a new methodology for predicting the 3D lithological
variability in detrital systems and was proven in a case
study in Munich. The details of the model, in particular
the input data and sophisticated methodology, can be
found in Albarran-Ordas and Zosseder (2022). The same
approach was also implemented in a second model in a
broad area located north of Munich (Fig. 1, referred to
as Model North; Zosseder et al. 2019). The models were
constructed using SKUA-GOCAD™ software (Emerson
E&P, St. Louis, USA). The aim of the 3D models was to
identify clearly separated aquifers and detect interconnec-
tivity between groundwater bodies.
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Fig.2 Geological 3D model of the City of Munich with the subdi-
vided aquifer systems Q and T1-T4. a 3D fence diagram showing
aquifer subdivision through the transparent ground surface; b Subdi-
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The focus of the GeoPot project was set as the Munich
area, where the need to manage the subsurface resources
due to their extensive use is more accentuated, in contrast
to its surroundings. Therefore, a detailed lithological and a
3D architectural model was produced for Munich, whereas
in the case of the Model North, the priority was given to
predicting the lithological composition and no architectural
model was implemented.

The first of the models provided the prediction of the
lithological composition on a cell-by-cell basis, covering
a 310-km? area of Munich. This also revealed the complex
reservoir configuration presented in the Quaternary and
Upper Freshwater Molasse deposits by means of the 3D
architectural model (Albarran-Ordas and Zosseder 2022).
Focusing on the OSM sediments, the architectural model
showed four extensive coarse-grained geological bodies in
Munich that are separated by impermeable beds (Fig. 2).
These four geo-bodies are termed T1-T4, from shallower
to greater depths, and they host the aquifer systems with the
same notation. The aquifer system T1 represents the first
OSM groundwater system from the ground surface, having

Subdivision scheme
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T1B
=T %

Silt/Clay (aquitard)

vision scheme; ¢ Detailed view of the assignation of aquifer systems
to screened wells (modified from Albarran-Ordas and Zosseder 2019;
Zosseder et al. 2019)
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various aquifer tiers at different depths (referred to in a pre-
vious paper as TIA-T1D; Zosseder et al. 2019; Albarran-
Ordas and Zosseder 2022) and showing multiple hydraulic
interaction areas with the Quaternary aquifer throughout
the city. The architectural 3D model also indicated that the
deeper aquifer systems T2-T4 are considered to be isolated
from one another.

The second of the models, Model North, implemented
using the D; models method, focuses on the area of the
Munich Gravel Plain situated immediately to the north of the
city. The modelling area extends northwards to the uncov-
ered molasse sediments in the Tertiary Hills region, covering
a total surface area of 2,426 km? (Fig. 1).

Methodology

The methodology evolved in this study is presented sche-
matically in a flowchart (Fig. 3) and described in detail in
the following sections.

Data collection

A broad range of hydrogeochemical data derived from
groundwater samples taken from boreholes at different
depths was collected from the records of the Bavarian Envi-
ronment Agency (Bayerisches Landesamt fiir Umwelt, LfU)
and several water authorities (e.g. City of Munich). Sam-
ples revealing high anthropogenic pollution were excluded

Data collection from data base and
sampling by TUM
98,000 analysis from 7,300 wells

Quality control
only one analysis per well
1,702 analyses/wells

Assignment of the wells to
the hydrogeological units
1,621 wells

Selection of the wells
for multivariate
statistics

Data collection L s
and validation EFA in the
city area
213

Fig.3 Methodology flow chart

from further assessment. In particular, piezometers located
by dump sites, gravel pits or polluted areas were manually
selected based on their location and extreme results for cer-
tain chemical parameters (mineralisation, pH) compared to
local hydrochemical conditions, and consequently expelled.
However, diffuse, ubiquitous contamination from agriculture
or in the urban areas were not considered as an exclusion
criterion.

In total, ca. 98,000 groundwater analyses coming from
7,300 sampling locations were collected. It is important to
note that each sampling location represents one well screen
section in a borehole. For clarity, hereafter only the term
“well” is used, despite the type of borehole (well, piezom-
eter, etc.). Each level of the multilevel groundwater systems
was also treated as a separate “well”.

Additional sampling by the Technical University
of Munich (TUM)

In addition to the data collection from reviewed literature
and external databases, groundwater sampling was carried
out in three sampling campaigns during 2017-2019. Sam-
ples were collected at 108 sites, which covered private and
municipal drilled wells (32), piezometers (21), and springs
(55) of the OSM—Fig. A2 in Section S1 of the electronic
supplementary material (ESM). Sampling locations were
selected mostly outside the city area, in regions that had
previously had a less dense programme of sampling, in order
to complement the existing data. In-situ measurements were

Multivariate Statistical
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performed by multiparameter field meters (WTW Multi
3430, Xylem Analytics, Weilheim, Germany) for tempera-
ture, pH, electrical conductivity, and dissolved oxygen.
Groundwater samples were analysed for 46 parameters,
including major and minor ions and trace constituents at
the Bavarian Environment Agency. The actual design of
the applied analytic methods is described in Chavez-Kus
et al. (2016). Additionally, water stable isotopes (8'%0 and
8?H) were measured at the TUM using a cavity ring-down
spectrometer (IWA-45EP; ABB — Los Gatos Research, San
Jose, USA).

Quality assurance and data selection scheme

The data set was extremely heterogeneous in many aspects,
from the kind of raw data format to the range of analysed
parameters. Additionally, the data quality, showing diverse
limits of detection, varied considerably over time (data from
several decades). Hence, intensive processing was essential
prior to further analytical steps.

The analyses were checked for their actuality (more recent
than 1978, as proposed in the study of the Bavarian Envi-
ronment Agency (LfU) by Chavez-Kus et al. 2016), com-
pleteness (major ions measured) and quality (charge-balance
error < 10%). For some wells more than one analysis was
available. To ensure the same weighting in spatial statistical
assessment and to avoid unwanted clustering effects (e.g.
Isaaks and Srivastava 1989), only one analysis for each well

Fig.4 Locations of the ground- Legend

water sampling points in the Hydrogeological unit
study area B Q
= (Q-moraines
= Q,NA
Q/0SM
e OSM

Q
Q - moraines

®
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was selected. The selection was performed by considering:
(1) novelty (newer analyses were favoured), (2) number of
analysed parameters and (3) giving priority to the analyses
obtained during a sampling campaign conducted for this
study case. The last criterion was introduced for the simple
reason that full control over quality was possible for these
samples. Finally, 1,702 analyses (coming from the same
number of distinct wells) were selected. The data points
were well distributed over the whole study area; however,
with higher density in the city area of Munich (see Fig. 4).
After careful evaluation of each well (in particular: exam-
ination of available geological maps and bore logs, as well
as analysing the screen lengths and depths in the geological
3D model), the wells were assigned to the hydrogeological
units: (1) Quaternary (612 wells), (2) Quaternary — moraines
(320), (3) OSM - shallow (581), and (4) OSM — deep (108).
The locations of the wells selected for further assessment are
presented in Fig. 4. Additionally, the locations of all avail-
able wells along with the number of analyses, as well as the
position of sampled points in the aquifers, are shown in Fig.
A1l in the ESM. In this step, 81 wells were excluded from
statistical analysis, namely the boreholes having more than
one well screen section, each of them at different depth inter-
vals, therefore, belonging to more than one hydrogeological
unit. This facilitated the description of the characteristics of
each hydrogeological unit (results presented in Section S2
in the ESM). In the multivariate analysis, however, the wells
capturing more than one hydrogeological unit (or geobody
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derived from 3D modelling) were saved in order to capture
the mixing effects.

Multivariate statistics

Multivariate statistical methods were employed in order
to capture the variability of the great amount of data for
selected parameters derived from groundwater found in
complex hydrogeological conditions. These multivariate sta-
tistical methods included exploratory factor analysis (EFA)
and hierarchical cluster analysis (HCA), followed by the
application of a machine learning algorithm. The calcula-
tions and diagram preparations were performed with the sta-
tistical program R (R Core Team 2021) using the packages
stats (integrated in R), class (Venables and Ripley 2002),
corrplot (Wei and Simko 2021), psych (Revelle 2020), and
ggplot2 (Wickham 2009). Besides, for the Piper diagram
preparation, the package hydrogeo (English 2017) was used.

EFA is a statistical method that aims to explore the cor-
relation structure among measured variables and identify
relationships between them (Goretzko et al. 2019). The
dimensionality of variables is reduced by clustering (Hajji
et al. 2021), so the data can be summarized in a smaller set
of factors for prediction purposes. Because factor analysis
uses a correlation matrix, underlying concerns affecting the
correlation should be examined prior to the factor analysis:
sample size, missing data, normality, linearity, and outli-
ers (Schumacker 2016). Firstly, because it has implications
for the selection of the correlation method, the statistical
normality of the data was analysed with the Shapiro-Wilk
test. The data size was first validated with the Kaiser-Meyer-
Olkin test (KMO should be >0.5). Next, the Bartlett test of
sphericity was performed to identify whether the correla-
tions in the matrix were statistically significant (significance
level > 0.05; Backhaus et al. 2016). Communality is a meas-
ure of how well the variance of each variable is described
by a specific set of factors. A measure of sampling adequacy
(MSA) shows the proportion of variance in the variables
caused by underlying factors (Goretzko et al. 2019). The
optimal (lowest) number of factors was determined by gener-
ating a scree plot (eigenvalues versus eigenvectors; Conway
and Huffcutt 2003). To optimize, variance rotation is applied
for better interpretation (e.g. by the oblimin oblique rotation
method; Cloutier et al. 2008; Yong and Pearce 2013). As a
factor extraction method, maximal likelihood might be pre-
ferred (Goretzko et al. 2019).

HCA is a data classification technique, in which the rela-
tive positions of all objects in the multidimensional variable
space are determined (Odziomek et al. 2017) and distance is
used for identification of naturally-occurring groups (clus-
ters). No a priori assumption about the data is made and the
classification of the objects into clusters is based on their
similarity. In HCA, the squared Euclidean distance metric

and Ward’s linkage method were implemented, similar to the
methodology presented in Giiler et al. (2002) and Cloutier
et al. (2008). The Euclidean distance is a measure of simi-
larity performed over all variables included in HCA and is
used to identify outlier clusters. Ward’s linkage rule creates
separate clusters based on analysis of variance and was next
applied to link all nonresiduals into distinct clusters (Rai-
ber et al. 2012). The number of clusters was estimated via
elbow-, silhouette-, and gap-statistic methods (Kassambara
2015). The HCA results were than visualised in a dendro-
gram. Cluster analysis allowed grouping of samples in refer-
ence to similarities detected by the algorithm.

EFA and HCA were first conducted for the samples in the
area Munich, as the most detailed data as well as a detailed
3D architectural model from the geological 3D modelling
were available there (Albarran-Ordas and Zosseder 2020,
2022). A similar methodological approach to the ones pre-
sented by Cloutier et al. (2008), Gilabert-Alarcén et al.
(2018) and Heine et al. (2021) was implemented. In this
part of the study, 13 parameters were considered—pH, elec-
trical conductivity (EC), dissolved oxygen (DO), calcium,
iron, magnesium, manganese, potassium, sodium, chloride,
hydrogen carbonate, nitrate, and sulphate—observed in 213
wells. The choice of the wells resulted from the prerequisites
of the multivariate statistics; in particular, and also to avoid
the concerns of missing data, only the wells for which all
13 parameters were available were selected (Cloutier et al.
2008). Moreover, all wells were directly spatially linked to
one of the geological bodies identified in the 3D architec-
tural model of the Quaternary and OSM deposits by Albar-
ran-Ordas and Zosseder (2019, 2020, 2022). This shortened
database comprised data from the time period 1992-2019,
representing all the geological bodies and aquifer systems as
presented in the preceding 3D model study. HCA procedures
were applied using the psych package from the R library
(Revelle 2020). For the purpose of the multivariate statistical
analysis, the parameters with concentrations lower than the
detection limit were replaced with a proxy value ‘0’.

In order to evaluate the characteristics of each cluster
more accurately, descriptive statistics were calculated as
replenishment for cluster analysis (Ghesquiere et al. 2015).
The analysis was done on further constituents (e.g. trace
elements and water isotopes) not included in the multivari-
ate statistics.

Classification of data from the greater area
of Munich using the k-nearest neighbourhood
algorithm (KNN)

In order to check if the water types from outside of the city
can be grouped in the same water type clusters detected for
the city area, the records from Munich’s surroundings were
fitted to the clusters created for the city. For the classification
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of data from the entire project area, a k-nearest neighbour-
hood (KNN) algorithm was used. KNN is a supervised
machine learning algorithm (Rebala et al. 2019). A total of
828 wells were considered in this step (together with wells
from the city area — 1,041 wells, Fig. 3). It is assumed that
similar items are closer to each other. The algorithm was
first “trained” and tested on the data from the city area and
then applied to the data from Munich’s surroundings. The
features were scaled to ensure equal contribution while cal-
culating distance. For each row of the test set, the k = 1 near-
est training set vectors were found and classified (Venables
and Ripley 2002).

Cluster interpretation enhanced by geological 3D
modelling

Firstly, the geological 3D models were used in different
forms to enhance the understanding of hydrogeological and
hydrogeochemical conditions, by the assignment of hydro-
geological units and distinguishing between shallow and
deeper wells. A set of 2D cross sections along the wells in
both Munich and in the area situated to the north of the city
(Model North) was selected and generated from the models.
These 2D representations show the predicted prevailing lith-
ologies in the vicinity of the well screens where the samples
for this study were collected. Analysis of this picture of the
continuity of the lithologies resulted in the assignment of the
aquifers “OSM-shallow” and “OSM-deep” to the screened
well sections. This was inferred individually for each well
screen along the 2D profiles.

For simplification purposes, within the present study, the
aquifer systems in the OSM are sorted into one of the fol-
lowing two notations—OSM-shallow or OSM-deep. The
first group denotes the aquifer system T1, which presents
wide interaction areas with the overlying Quaternary aqui-
fer, whereas the second group refers to the aquifer systems
T2, T3, and T4, which have no hydraulic interlinkage to
other shallow aquifers. The distinction between the aquifer
systems T1-T4, i.e. the 3D architectural model, was imple-
mented in 3D only in the city area. However, in order to
facilitate the cluster interpretation with depth also in the
northern part of the study area, an interpretation of the
OSM-shallow and OSM-deep aquifers along the cross sec-
tion in Model North is provided.

Results
Multivariate statistics for the Munich area
The statistical normality of the data, analysed with the

Shapiro-Wilk test, showed that no variable represented the
normal distribution. Therefore, a correlation matrix was
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calculated with the Spearman method because it is nonpara-
metric and used to perform rank-based correlation analysis
(Kassambara 2015).

Relevant relationships among the variables are presented
as a correlation matrix (Fig. 5), which allows one to distin-
guish the following relationships: (1) strong positive cor-
relations among chloride, sulphate, nitrate, EC and calcium
(0.61-0.83), (2) strong positive correlations between DO and
nitrate (0.65), DO and calcium (0.58), iron and manganese
(0.53), carbonates and calcium (0.58), and (3) negative cor-
relation of pH and calcium, EC, nitrate, chloride or carbon-
ates (0.52-0.74).

The KMO test gave a moderate overall measure of sam-
pling adequacy (MSA) of 0.71, indicating that the sample
size is adequate for factor analysis. In the Bartlett test, high
values of chi-squared ()(2 = 2,068, p-value ~ 0, 78 degrees
of freedom) were achieved, indicating that statistically sig-
nificant correlations exist within the matrix. The determinant
of the correlation matrix was positive. Internal consistency
reliability was measured by Cronbach’s alpha reliability
(Revelle 2020) and demonstrated to be good (0.72).

The ideal number of factors in this case was determined
by three methods. The scree-elbow plot of eigenvalues and
the empirical Kaiser criterion were in favour of four factors,
whereas the parallel analysis favoured five. Finally, by trial
and error, a number of three was chosen, giving the most
satisfying results: minimum number of variables per factor
of four and item to factor ratio of 4.3:1.

Maximum likelihood (ML) was implemented as a fac-
toring method and an oblimin oblique rotation method,
allowing the resulting factors to be correlated. The Bartlett
method was used for factor scores.

Communalities of individual parameters vary between
0.26 and 1.00 (Table 1). The factor loadings and factor
scores for the first two factors obtained in the EFA are pre-
sented in Fig. 6 (see also Fig. A3 in the ESM). The three
factors explain 60% of the total variance; moreover, factors
ML1 and ML2 are correlated at 0.47 (Fig. A4 in the ESM).

Factor ML2 explains 27% of the variance and shows the
highest loading (>0.7) for positive correlated parameters:
CI-, SO,* and EC, and also for Na*, K* and NO,". This
factor matches the concentrations of anions CI, SO42’, and
cations Na™, K*, to the EC, which is known to be related to
the total mineralisation.

DO, Ca’* and HCOj™ load high regarding factor ML1.
Also, NO;™ and DO load secondarily to this factor, as well
as pH (negatively). The opposite loadings for HCO;™ and pH
possibly imply that carbonate solubility is controlled by pH
(Newman et al. 2016); moreover, the opposite loadings of
Ca,” and Na™ reveal the importance of the cation exchange
process.

Mn?* has the highest factor loading on the third factor
ML3. Similarly, Fe,, and Mg>* load to ML3. This factor
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Fig.5 Correlation matrix of 13 'O“" , . I
physico-chemical parameters O N - NO‘r 'om O “© 039 = T *o
T O Y O 0w Z Ll O w = % pd ]
Mg2+ 0.33 -0.08-0.04 0.39 0.45 0.13 0.37 0.42 0.2 0.34 -0.39-0.34
N 0.8
HCO; 0.28 0.05 0.16 0.08 0.27 0.47 -0.05 -0.09. 0.03
O2 0.28 0.33 0.26. 0.36 -0.03-0.43 -0.36 -0.02 0.6
K" 0.48 0.4 0.43 0.38 0.33 0.25 -0.01-0.24 0.13 L 04
Cr 0.24 -0.01 0.29
- 0.2
soy 0.22 0.01 -0.45 0.14
- 0
NO, 0.09 -0.33 0.07
- 0.2
EC 0.06 -0.14 0.33
ca®* 0.22 -0.13 -0.08
Fetot -0.21-0.19
Mn?* 0.03 -0.18
pPH 0.09
Tablgl .Lo?ldings (,)f the factor Parameter =~ Factor ML2  Factor ML1  Factor ML3  Communality  Uniqueness = Complexity
matrix (italic: loadings > 0.5)
pH —0.21 ~0.62 ~0.13 0.57 0.434 13
EC 0.7 0.33 ~0.06 0.81 0.186 1.4
DO 0.05 0.58 043 0.54 0.463 1.9
Ca?t 0.3 0.82 0.01 1 0.005 1.3
Mg?* 0.21 0.26 0.56 0.47 0.527 1.7
Nat 0.59 -0.48 -0.33 0.44 0.555 25
K* 0.51 -0.01 -0.07 0.26 0.739 1
Fe,, 0.17 0.12 0.52 0.33 0.671 1.3
Mn2* 0.04 -0.15 0.75 0.58 0.421 1.1
cr 0.95 0.04 0.09 0.95 0.051 1
HCO;™ -0.15 0.71 0 0.43 0.571 1.1
NoJks 0.78 0.11 0.14 0.71 0.295 1.1
NO,” 0.4 0.5 -0.28 0.67 0.331 25

may be connected to the redox conditions in the aquifers,
especially with respect to the (admittedly low but not negli-
gible) negative loading of DO.

The estimated number of clusters was diversified depend-
ing on the method used (6, elbow method, 4, silhouette
method, 9, gap statistics). Therefore, finally, the number was
determined arbitrarily on eight clusters and these clusters

were the basis for the proceeding interpretation. The cluster
analysis allowed grouping of the groundwater samples in
reference to similarities in their physicochemical character-
istics. In the first attempt at building clusters (not shown),
five outliers were identified and excluded from further
analysis. The dendrogram in Fig. 7 concerns the remaining
208 data points. This graphical representation of HCA as
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Fig.6 Plots of a factor loadings and b factor scores, for the first two factors (ML1 and ML2) obtained in the exploratory factor analysis (EFA)
identified by clusters derived from hierarchical cluster analysis (HCA) (see Fig. 7 and cluster description in text)

a dendrogram is presented in combination with pie charts
showing the major ions contents.

Classification of data from the greater area
of Munich using the k-nearest neighbourhood
algorithm (KNN)

The clusters built for the city area, resulting from the previ-
ous step, were used for the classification of the wells from
the entire project area. The classification was performed
with the KNN-algorithm. The k-value, which indicates the
count of the nearest neighbours, was found in an iterative
selection process. For k = 1 the accuracy score of KNN
equal to 80 % was found to be satisfactory (95% confidence
interval: 69.14, 88.78), with p-value < 2.2e-16 and Kappa =
0.7598; hence, KNN was further used to classify the wells.

Water isotopes

Stable isotopes of oxygen and hydrogen in groundwater
(expressed as isotope ratios 8°H and 830, respectively) are
used, among others, to analyse groundwater flow pathways,
including paleo-groundwater and mixing processes (Tweed
et al. 2019). For instance, the values of §°H and §'%0 for water
infiltrating to the subsurface in the Pleistocene period were
several per-mill lower than the present (Tweed et al. 2019).
Additionally, measurements of the radioactive hydrogen iso-
tope tritium (*H) provide further insight into the mean age of
groundwater (Matoszewski et al. 1983; Zuber et al. 2001).

Figure 8 presents the stable isotope values, as well as the
Global Meteoric Water Line (GMWL) and local meteoric
water line (LMWL) calculated for Germany (Stumpp et al.
2014), with the formulae:

Pie chart notation

Fig.7 Dendrogram and pie 80-

charts for median values in the
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Fig.8 Plots of 5°H versus 5'%0:
a for hydrological units, b for
clusters (colours indicate the
clusters, for details see Fig. 7
and cluster description in text;
some wells are represented

by more than one data point.
Notation: dashed line - GMWL,
dotted line —- LMWL for Ger-
many (Stumpp et al. 2014); the
ellipses are normal confidence
ellipses calculated for each
cluster; the black square repre-
sents precipitation after [AEA/

-701

-80 1

32H [%o]

-90 1

WMO (2020) — long-term mean
of precipitation measured in
Neuherberg near Munich; NA —
tritium not analysed

-701

-804

82H [%]

-90

1 10 9 8

5'80 [%0]
OSM - shallow 4

Q - moraines OSM - deep

GMWL : 6°’H=28+6"%0+ 10 (1)

LMWL : 6°H=7.72+6%0+4.9 )

The observations plot mostly around these lines.

For comparison, an isotopic value for precipitation is
presented. Long-term means for stable water isotopes in
precipitation were calculated for the measurements from
Neuherberg (near Munich) and have the following val-
ues: 8'%0 -9.89+0.78%o, §°H ~70.5+5.8%0, with d-excess
8.6+1.3%0 IAEA/WMO 2020).

Groundwater in the study area showed water stable
isotope values between —13.2 and —8.9%. for 8'*0 and
between —94.7 and —63.9%o for §°H (Fig. 8a). Water sam-
ples from Quaternary aquifers (Q and Q-moraines) plot
mostly close to these values, revealing a relatively young
age of groundwater in these compartments. The point-
cloud of OSM-shallow is spread towards lower values of

Tritum o Y e

11
30 [%0]

A2

N + NA o 1 2 5 ® 8

5!80 and 8°H, suggesting that water age reaches Pleisto-
cene, since groundwater recharge occurred during cooler
conditions from melt water or precipitation (van Geldern
et al. 2014). This trend is even more visible for the wells
from deeper OSM levels. The highest §'30 and 8*H values
may be explained by evaporation, either natural (subsur-
face influx of lake water in the south of Munich) or anthro-
pogenic (industrial cooling water) (Rauert et al. 1993).
The variability of §!%0 and 8°H values is greatest in clus-
ter 1 and may reflect a spectrum of groundwater ages or
mixing processes (Rauert et al. 1993). Data points of the
remaining clusters concentrate mostly around the values
of modern precipitation.

Regarding the tritium content (Fig. 8b; Fig. A8 in the
ESM), no occurrence was found in most of the wells of the
OSM-deep. However, even in some samples associated with
cluster 1, typical for deeper aquifers, tritium was observed,
suggesting mixing processes. Interestingly, in some wells of
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Table 2 The number of

- . Hydrological unit Cluster Total no.
objects in eaf:h clus.ter .and of objects
hydrogeological units in the Cl1 C3 Cc2 C7 C5 C4 C8 Co6
entire study area

Q - 65 155 28 2 96 4 5 355
Q-moraines - 23 57 10 3 81 - 1 175
Q/OSM - 18 13 4 6 17 - 9 67
OSM-shallow 3 92 39 35 41 131 28 - 369
OSM-deep 33 - - - 32 4 6 - 75
Total 36 198 264 77 84 329 38 15 1,041

shallow OSM and even in Quaternary moraines, no tritium
was measured, revealing water age of more than ca. 70 years
(recharged prior to the start of above-ground nuclear bomb
testing in 1953), suggesting that these units in some parts of
the research area are well isolated from the surface.

Cluster description

As described in section ‘Multivariate statistics for the
Munich area’, the primary focus was on the city area, where
a detailed 3D architectural model of the Quaternary and
OSM deposits was available. A map presenting locations of
the wells in the Munich city area (Fig. A5 in the ESM) and
a Piper diagram for those sites (Fig. A6 in the ESM), as well

Fig.9 The locations of wells Legend
assigned to clusters in the study Clusters @ 1
area (colours indicate the clus- e 3
ters, for details see Fig. 7 and
cluster description in text) © 2
o 7
© 5
e 4
e 3
® 6
Q

Q - moraines
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as a table of the number of wells in each aquifer system and
cluster (Table Al in the ESM) are provided.

The clusters described in the following relate to the
entire area. A general overview of all observations is given
in Table 2 and Figs. 9 and 10, which present by analogy the
number of wells in each aquifer and cluster, the locations of
the wells within the study area, and the Piper plot. Addition-
ally, the box-plots obtained for the clusters are shown in Fig.
A7 in the ESM. In Figs. 9 and 10, the groundwater samples
are coloured according to their cluster. It can be seen in
Fig. 9 that clusters do not build any spatial, regional pattern
in a 2D view; therefore, in the following, they are described
in accordance with their occurrence in a 3D geological sys-
tem. Additional information for cluster interpretation can be
concluded from the bi-variate plots (Fig. 11).
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Fig. 10 Piper plot present-

ing clusters in the study area
(colours indicate the clusters,
for details see Fig. 7 and cluster
description in text)

The cluster interpretation provided below presents vari-
ous examples by means of the two geological 3D models
implemented in the greater area of Munich. As mentioned
in the section ‘Geological 3D models in the greater area of
Munich’, the models refer to (1) the city of Munich (Fig. 12),
and (2) the area extending from the north of the city to the
Tertiary Hills (Fig. 13). Selected examples are indicated by
numbers in Figs. 12 and 13 and described in the text.

Deeper aquifers

Cluster C1 is related to well-isolated aquifer systems, with
distinct chemistry, representing Na—HCO; water type. Due
to high concentrations of bicarbonate and very small sul-
phate and chloride concentrations, as well as high Na content
(98 mg/L), the points plot in the lower corner of the diamond
on the Piper Plot (Fig. 10). In addition, Ca and Mg content
are the lowest. The waters are also characterised by elevated
pH (8.3-9.1), and mostly low DO. The data points of C1 (in
opposite to all the remaining clusters), shown in Fig. 11b,
do not follow the theoretical linear relationship of calcite
dissolution (Ghesquiere et al. 2015), which indicates that
other processes lead to HCO;™ enrichment.

The majority of deeper wells in the city belong to cluster
C1, but also some well-isolated wells screened in the deeper

parts of the shallow aquifer system (particularly T1D), in
the south of the city (see labels 2, 3, and 4 in Fig. 12). All
the aforementioned wells are screened in the deeper aqui-
fer system (marked in green in Fig. 12), well isolated from
the overlying shallow groundwater system (marked in grey
in Fig. 13). However, at well 1 (Fig. 12) at the depth of
between 440 and 500 meters above sea level (masl), it can
be observed that the well is characterized by cluster Cl1,
although it is screened in the lower part of the OSM-shallow
groundwater system (more specifically, in the aquifer sys-
tem T1). This part of the shallow Neogene aquifer is very
isolated from the remaining overlaying aquifer tiers in the
southern part of Munich, which would explain the resulting
assignation of cluster C1, which typically represents deeper,
clearly isolated groundwater systems. In the Munich North
model, cluster C1 is observed in wells 14-18 (Fig. 13).

The isolation of C1-waters is also confirmed by the values
of stable water isotopes, which present much lower values
than modern waters, suggesting that they were recharged
during colder than present climatic conditions (Fig. 8). The
majority of water samples are also free of tritium.

Ortho phosphate and fluoride concentrations are the
highest in the deeper aquifers. Some trace elements (B,
Ba, Li, Mo, Sr, Ti) show higher concentrations in these
deeper-level samples than in shallower-OSM samples or in
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Fig. 11 a-f Bi-variate plots.
Notation: dashed line is 1:1 line,
when not described differently;
colours indicate the clusters,

for details see Fig. 7 and cluster
description in text

the Quaternary. The opposite case is observed for uranium,
for which concentrations were the lowest among the four
hydrogeological units (1.3 pg/L). Concerning other trace
elements, selenium and strontium analyses also reveal rela-
tively high concentrations, which can be explained by the
occurrence of weathered feldspars in the OSM sediments
(Kainzmeier et al. 2007). In previous studies also from
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and 18-Siidostbayern), the waters with low EC and DO, and
high pH and specific conductivity were described as ion
exchange waters (Kainzmeier et al. 2007; Chavez-Kus et al.
2016). The authors related these waters to uprising Malm
waters and recalled that higher concentrations of tracer ele-
ments (B, Cz, Li, Rb, Th, Ta) present in some OSM wells are
typical for Malm-waters that have undergone ion exchange.
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Fig. 12 Cluster interpretation for the city of Munich enhanced by
geological 3D modelling: a 3D view of the hydrogeological units
considered in the present study adapted from the 3D architectural

Transition zone

A transition from deeper to shallow groundwater may be
observed in the remaining clusters. With increasing depth,
the content of Ca and Mg decreases and the content of Na
decreases due to ion-exchange processes (Rauert et al. 1993).
Cluster C5 represents mixed conditions, which is also appar-
ent from the Piper diagram (Fig. 10), where the points repre-
senting this cluster plot between C1 and all the other points.
The transition then goes further, but not as obvious, from
C1 and CS5 towards C7, followed by C3 and finally C4. The
shift is also visible on the stable water isotopes plot (Fig. 8b).

Cluster C5 is similar to C1, except in Na content, and
is characterised by low chloride, low DO and low EC. The
pH values are relatively elevated, but not as distinctly as in
C1. Ion exchange is the main process leading to increase
of Na concentration by constant CI content in both clusters
(Fig. 11c, in contrast to the remaining clusters, where mixing
and ion exchange are balanced, with small domination of
mixing). Mg** and Ca®" concentrations are governed pre-
dominantly by calcite weathering in cluster C5 (Fig. 11a).

model of Albarran-Ordéas and Zosseder (2022); b Cross section A—A'’
showing the hydrogeological units and the cluster assignation by vari-
ous examples of well screens

The ion-exchange water of Na—HCOs-type in clusters C1
and CS5 is also apparent in Fig. 11d, as data points indicate
that ¢(Ca>™ + Mg?") < ¢(HCO;"). In Germany, this type
of water is exclusively associated with ion-exchange pro-
cesses, because there are no deposits of this kind of salt in
the subsurface (Holting and Coldewey 2013). Ion exchange
is also an explanation for the deficit of Ca®* in comparison to
Na™ in clusters C1 and C5 as presented in Fig. 11e (Appelo
and Postma 2004; Ghesquiere et al. 2015). The tendency is
noticeably even clearer in Fig. 11f, which shows c(Ca®* +
Mg?*) in comparison to ¢(Na™ + K).

The wells from this cluster are mostly screened in iso-
lated aquifer systems; however, not as deep as C1, and the
influence of younger water is noticeable. Cluster C5 lies in
transition zones between deeper (C1) and shallow aquifer
systems; therefore, groundwater samples of this cluster
show a broader typification from Ca—HCOj; to Na,K-HCO;
waters. In this sense, it was observed that wells 19 and 20
(Fig. 13), which are screened in the gravel-dominant aquifer
system at depths between 380 and 420 masl, belong to clus-
ter C5, whereas the underlying close wells 17 and 18 were
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Fig. 13 Cluster interpretation in the northern part of the study area
enhanced by geological 3D modelling: a 3D view of the prevailing
lithological classes (gravel, sand and clay/silt); b Cross section B-B’

assigned to cluster C1. The mixed conditions at wells 19
and 20 can be explained by the proximity of an interaction
zone between the Quaternary aquifer and the first shallow
groundwater system in the OSM (from ca. 40-50 km on
cross-section B—B'). It can also be observed that the afore-
mentioned well groups 19-20 and 17-18 are separated by
a fine-grained succession, thus causing an isolation of the
deeper groundwater assigned to cluster C1, which is typical
for isolated groundwater. Cluster CS5 is also visible in four
wells situated at location 25. In this case, the mixed condi-
tions can be explained by the lateral extension of the gravel
aquifer at depths of 400 masl. It can also be observed that
well 26, with a long well screen reaching the uppermost
OSM groundwater system, belongs to cluster C4 and repre-
sents an exception to this interpretation.

Shallow aquifers

Clusters C3, C2 and C7 comprise wells screened in the
Quaternary and shallow OSM. The dendrogram reveals
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Ground surface

showing the interpreted hydrogeological units and the cluster assigna-
tion by various examples of well screens

some indications of similarity between these three clusters
(Fig. 7). These are characterised by similar pH and EC val-
ues, as well as concentrations of Ca2*, Mg>*, HCO5", and
SO,*". Cluster C2 is characterised by the highest DO. C3
has a higher CI” median concentration than C2 or C7, also
with outliers.

Possibly, the anthropogenic impacts (mostly diffuse
contamination sources, i.e. use of fertilizers or road-salt in
winter) are visible through elevated contents of nitrate, chlo-
ride, potassium, and sodium (Wagner et al. 2003, 2011)—for
example, German limit-values for nitrate in drinking water
(>50 mg/L) were exceeded in 30 analysed samples for
C2, 18 for C3, and 15 for C7. Elevated NO; concentration
(including several outliers) indicates use of fertilizers in the
vicinity of the wells. Elevated contents of SO,>~ and Mg>*
are also indicators of anthropogenic contamination due to
agricultural activity and wastewater release (Senbayram
et al. 2015; Torres-Martinez et al. 2020). Previous stud-
ies conducted in the immediate vicinity of study area have
shown that elevated concentrations of nitrate are caused by
release of high amounts of manure and, to a lesser extent,
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synthetic fertilizers due to intensified agriculture (Wild et al.
2018, 2020).

Cluster C6 is similar to C7, but with lower DO and NO;™.
These clusters almost overlap each other on the Piper plot
(Fig. 10) and factor scores plot (Fig. 6). Cluster C7 belongs
to shallow wells, screened in areas with hydraulic interaction
between the Quaternary aquifer and the underlying aquifer
parts of the OSM. Cluster C6 is a relatively small group of
15 wells screened at shallow depths. EC medians are the
highest among all the clusters (870 and 878 puS/cm, respec-
tively). In cluster C6, elevated Fe and Mn concentrations
are noticed; moreover, the DO is relatively low, which sug-
gests reductive conditions, as confirmed via EFA (see sec-
tion ‘Classification of data from the greater area of Munich
using k-nearest neighbourhood algorithm (KNN)’). Iron and
manganese exceedances are generally associated with each
other, as they have similar chemical behaviour, being sub-
ject to pH and redox conditions (Montcoudiol et al. 2015).
Mg** and Ca** concentrations are governed predominantly
by silicate weathering in clusters C6 and C7, as well as in
C2 and C3 (Fig. 11a).

Clusters C4 and C8 expose some similarities and overlay
each other on both Piper and factor scores plots (Figs. 6 and
10). Cluster C4 represents a high variety of wells screened
in different aquifer systems. These clusters are influenced by
both processes of calcite dissolution and silicate weather-
ing (Fig. 11a). Relatively high concentrations of silica are
observed in the shallow OSM, which may be related to the
occurrence of feldspar in the OSM sediments (Wagner et al.
2003).

As apparent on the dendrogram (Fig. 7), clusters C6 and
C8 are closely related, both being assigned to the OSM-shal-
low; however, C8 represents slightly greater depths. C6 has
more Ca, but less Mg than C8 and shows higher mineralisa-
tion. The cluster interpretation enhanced by geological 3D
modelling is more complex for the clusters C2, C3, C4, C6,
C7 and C7, as the differences between the hydrogeochemical
patterns are less distinct than for the clusters C1 and C5. On
the one hand, in the model of Munich, shallow wells 5 and
6, as well as those lying a bit deeper (7, 8 and 9), belong to
cluster C3. This can also be observed in the Munich North
model at wells 22 and 23. On the other hand, the four wells
in Munich represented by well number 10 are marked with
cluster C4 and are located very close to the uppermost tier
of the shallow aquifer. Similarly, one can also observe in
the Munich North model (Fig. 13) that clusters C3 and C4,
which are typical for shallow OSM groundwater, are found
interspersed in well 24. However, an exception for cluster C4
is shown in well 11, also located in Munich, reaching great
depths from 460 to 340 masl. The latter scenario, as well as
that for well 26 (Fig. 13), clearly underlines the difficulty of
interpreting the results in the case of long well screens that
mix groundwater from various aquifers at different depths.

This can be also seen, for instance, in wells 2, 12 and 13
(Fig. 13), which are partially screened very close together
at similar depths and show three different clusters (C1, C4
and C5).

Among the trace elements, the following are present: Sr
with a median above 100 pg/L; B, Ba — above 10 pg/L;
Cu, Cr, Li, U, Zn — above 1 pg/L. The presence of uranium
above 1 pg/L in more than 50% of samples is noteworthy,
not only in the Quaternary deposits, but also in the moraines
and shallow OSM. As concluded by Banning et al. (2013),
uranium primarily originates from lignitic inclusions in the
OSM sediment; uranium was transported to and accumu-
lated in lowland moor peats, and nowadays get mobilised, for
example, by application of agricultural fertilizer containing
nitrate.

Discussion

The study and utilisation of geopotentials, in particular
groundwater abstraction, and the use of shallow (as defined
by Halilovic et al. 2022) and deep geothermal energy gen-
erates a great amount of data over time and space. Thus,
the quality of the data and their spatial distribution may
be extremely heterogeneous, so a large amount of data
is not automatically a guarantee for establishing a good
understanding of the local conditions. Quality assurance
processes, as presented in this study, must be developed,
implemented, and accordingly documented prior to analys-
ing the data.

Further, understanding the local groundwater chemistry
means developing a conceptual model and constitutes a com-
plex problem, which may be resolved by using different lines
of evidence. Privett (2019) concluded that using appropriate
lines of evidence allows one to increase the understanding
and solve challenging geological problems. Also, Freedman
et al. (2019) stated that evolving a conceptual model should
be associated with applying adequate lines of evidence and
a suitable level of complexity to represent hydrogeological
systems. Two main aspects resulting from the study are dis-
cussed in the following sections.

Coupling the 3D geological models
with hydrogeochemical data

In this study, the three main lines of evidence in charac-
terising hydrogeochemistry were: (1) multivariate statis-
tics, complemented by (2) descriptive statistics, and finally
coupled with (3) geological 3D modelling. These lines of
evidence did not follow one another as listed here, but rather
followed each other in a few iterative steps. Coupling the 3D
geological models with hydrogeochemical data can be seen
from different perspectives: first of all, the model serves as
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a starting point for grouping hydrochemical data, but at the
same time hydrogeochemistry poses an additional validation
of the model. Moreover, geological 3D modelling provides a
better understanding of the geometry of the aquifers. In older
studies, the main criterion for the grouping of wells was their
depth. Thanks to the 3D model, other criteria can be exam-
ined such as the affiliation of wells to certain aquifers, inter-
connections between groundwater bodies, etc. On the other
hand, the presented utilisation of the 3D geological model-
ling outcomes reveals a possible qualitative verification of
the model, meaning that greater confidence in the model
with subdivided horizons was established (after the defini-
tion of verification by Diaz-Maurin and Saaltink 2021).

A first understanding of the hydrogeochemical charac-
teristics of the study area was obtained by defining four
main hydrogeological units and assigning objects to these
units (often taking advantage of the outcomes of the geo-
logical 3D modelling), followed by calculating descriptive
statistics for 46 parameters (Zosseder et al. 2022; results
described briefly in Section S2 of the ESM). The results of
this approach were satisfying but did not allow for a deep-
ened assessment of hydrogeochemical patterns; therefore,
more sophisticated multivariate statistical methods were
implemented.

Multivariate statistics have successfully been applied in
hydrogeochemistry studies, especially when dealing with
large-scale data (e.g. Heine et al. 2021), when presenting
information on human impacts on hydrogeochemistry (Men-
ci6 and Mas-Pla 2008) and distinguishing between distinct
hydrogeochemical zones, as well as increasing the general
understanding of hydrogeological processes (Cloutier et al.
2008). All these aspects were addressed in the presented
study.

The hydrogeochemical groups (clusters) obtained by mul-
tivariate statistical methods and their dependencies could
be explained using plots and diagrams, and, finally, being
presented in 3D view has thus enhanced their understanding.
However, the clusters were based on selected parameters.
After creating the clusters by means of multiple statistical
methods, it was necessary to fall back on descriptive sta-
tistics in order to characterise the hydrogeochemistry more
precisely. In this way, descriptive statistics, which constitute
a more traditional approach, played an important role in this
study, as it enabled further insight into the hydrogeochemis-
try—for instance, the patterns of trace element occurrence
could not be described otherwise.

The clusters obtained in this study, based on the hydro-
geochemistry, were not as unambiguous as expected,
because the local geology offers multiple pathways for
water exchange and mixing at almost all levels and over the
whole area, as has already been hinted at in the 3D model
(Albarran-Ordés and Zosseder 2022). Therefore, the authors
support the idea that the clusters actually not only present an
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effective way to highlight distinct water groups where possi-
ble, but they also effectively highlight relationships between
mixed waters. However, some wells located close to each
other and screened at almost the same depths represented
different clusters, probably due to some local conditions not
captured in the 3D model, or due to the long well screen
lengths reaching across different groundwater systems. The
latter circumstance is economically explicable, but compli-
cates capturing the hydrogeochemistry characteristics of dis-
tinct levels—for example, Rauert et al. (1993) suspected that
samples analysed in their study represented mixed waters
originating from great depth intervals and, therefore, of dif-
ferent ages.

The two main studies highlighted so far that combined
hydrogeochemistry with 3D geological modelling were
reported by Martinez et al. (2017) and Raiber et al. (2012).
Use of 3D geological models in these studies, similar to the
one reported here, has enhanced understanding of the aquifer
systems, and their spatial relationships and interconnections.
Taking into account the current development of 3D model-
ling and its numerous applications (Albarran-Ordés and Zos-
seder 2022), and a successful implementation as presented
in this study, new applications in this thematic area can be
expected to follow.

Remarks on the conceptual regional
hydrogeochemical model

A conceptual regional hydrogeochemical model was devel-
oped based on the results of multivariate statistics supported
by geological 3D modelling. Based on that, the following
can be stated:

e The deeper aquifers, as seen in the geological 3D models,
represent the most distinct hydrogeochemical signature
of the Na—HCO; water type. In the remaining clusters,
a transition from deeper (alkaline) to shallow (alkaline-
earth) groundwater can be observed.

e The dissolution of carbonate gravels present in the Qua-
ternary layers, by recharge waters, contributes Ca>* and
HCO," ions. Whereas the Mg?* and Ca** concentrations
are governed predominantly by calcite weathering, in
some of the other zones, silicate weathering is the gov-
erning process (Fig. 11a).

e Due to cation exchange processes, Ca>™ is exchanged by
Na™ in the deeper levels (Borzi et al. 2021).

e As the occurrence of nitrate is commonly related to agri-
culture and livestock, its presence in OSM groundwater
(cluster 8) points towards the vulnerability of shallow
OSM, particularly where these layers are not covered by
impermeable clays or silts.
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e According to Bertleff et al. 1993 and Heine et al.
2021, ion exchange waters of the Na—HCOj; type were
recharged during colder-than-present climatic conditions.
This is confirmed by the stable water isotopes results,
which present much lower values than modern waters.

e In previous studies of the OSM (Andres and Egger 1985;
Wagner et al. 2003) a distinction between deeper and
shallow groundwater was made based on the tritium con-
tent; waters occurring deeper than 30 m were usually
free of tritium. Tritium content data from the data bank
of LfU and previous studies were used as a supporting
argument in classifying wells. An interface of tritium-
free old water and young tritium-containing water was
estimated at a depth of ~30 m (Andres and Egger 1985).
This estimation of depth is still in use by local authorities
for distinguishing between the shallow and deep OSM
(e.g. Wagner et al. 2003; Chavez-Kus et al. 2016). How-
ever, ~30 years ago, Rauert et al. (1993) observed that,
in the Munich area, under hydraulic stress (by intensive
exploitation of deeper aquifers), young tritium-contain-
ing waters have reached the depths of 60 m. Tritium-free
water was observed in deeper aquifers as well as in the
well-isolated shallow OSM aquifer, mostly in the south-
ern part of the project area. The former establishment of
the tritium-interface depth is therefore unjustified.

e The data set was inhomogeneous in many ways, e.g. it
was collected over a few decades and, therefore, char-
acterized by multiple limits of detection for the same
parameters. It was challenging to work with censored
data (‘censored’ meaning data that have been reported
above a predetermined value). Simple methods, such as
replacing censored data with the detection limit or half
of the detection limit, cause loss of valuable data. For
that reason, descriptive statistics can be calculated using
the NADA package in the statistic programme R (R Core
Team 2021) with “regression on order statistics” (ROS;
Helsel 2012). ROS is a semi-parametric method used to
estimate summary statistics and plot model distributions
with censored data; it assumes that data can be fit to a
known distribution by a least-squares regression on a
probability plot ITRC 2013).

Conclusions

The presented investigation of the hydrogeochemical charac-
teristics of groundwater in the shallow aquifers of the greater
area of Munich was a continuation of extensive research
on the shallow deposits of the Quaternary and Neogene
subsurface in the wider area of Munich, conducted at the
Chair of Hydrogeology, TUM, Germany (Kerl et al. 2012;
Bottcher et al. 2019; Albarran-Ordéas and Zosseder 2020,

2022; Theel et al. 2020; Zosseder et al. 2022; Bottcher and
Zosseder 2022).

In this study, different methods were applied in order
to characterise the groundwater chemistry in the most
suitable way. It was found that the integration of descrip-
tive and multivariate statistical techniques with 3D geo-
logical modelling gave the most satisfying outcome. The
methods used posed different lines of evidence and were
complementary to one another. The presented workflow of
dealing with inhomogeneous data sets and the methodol-
ogy of quality assurance demonstrate the importance of
adequate data management. Presented procedures can be
(after adaptation) implemented elsewhere.

Three water types were classified according to their
hydrogeochemical composition and location in the 3D
geological system. It was recognized that deeper aquifer
systems are characterised by the most separate hydroge-
ochemical signature of the Na-HCO; water type. Also,
a transition from deeper (alkaline) to shallow (alkaline-
earth) groundwater was observed, as well as an anthro-
pogenic impact on water quality in the shallow aquifers.

The outcomes of this study improve understanding of
the regional hydrogeology. The results can be utilised
as a stimulus to other studies (in particular the geologi-
cal 3D model and the derived architectural model) for
improved groundwater management and sustainable usage
of geopotentials.

This study has, as usual, some limitations resulting, for
instance, from selected methodologies. First of all, the
goal of this work was to capture the spatial variability
of hydrogeochemical facies. Therefore, from the available
analyses, only one fulfilling the defined criteria (actuality
and number of analysed parameters) was selected for each
well. Investigation of the temporal variability of physio-
chemical parameters can be an interesting possibility for
future research.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10040-023-02761-z.
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