
1 

Multicomponent statistical analysis to identify flow and transport 

processes in a highly-complex environment 

Christian Moeck1, Dirk Radny1, Paul Borer1, Judith Rothardt1, Adrian Auckenthaler2, Michael 

Berg1, Mario Schirmer1,3 

Contact: Christian.moeck@eawag.ch 

1 Eawag, Swiss Federal Institute of Aquatic Science and Technology, Dübendorf, Switzerland 

2 Office of Environmental Protection and Energy, Canton Basel-Country, Switzerland 

3 Centre of Hydrogeology and Geothermics (CHYN), University of Neuchâtel, Neuchâtel, 

Switzerland 

Keywords: Hydrochemistry, Groundwater, Multicomponent statistical analysis, Stable water 

isotopes, Organic micropollutants, Artificial infiltration  

This document is the accepted manuscript version of the following article: 
Moeck, C., Radny, D., Borer, P., Rothardt, J., Auckenthaler, A., Berg, M., & Schirmer, M. (2016). 
Multicomponent statistical analysis to identify flow and transport processes in a highly-complex 
environment. Journal of Hydrology, 542, 437-449. https://doi.org/10.1016/j.jhydrol.2016.09.023

This manuscript version is made available under the CC-BY-NC-ND 4.0
license http://creativecommons.org/licenses/by-nc-nd/4.0/



2 
 

Abstract 

A combined approach of multivariate statistical analysis, namely factor analysis (FA) and 

hierarchical cluster analysis (HCA), interpretation of geochemical processes, stable water 

isotope data and organic micropollutants enabling to assess spatial patterns of water types was 

performed for a study area in Switzerland, where drinking water production is close to different 

potential input pathways for contamination. To avoid drinking water contamination, artificial 

groundwater recharge with surface water into an aquifer is used to create a hydraulic barrier 

between potential intake pathways for contamination and drinking water extraction wells. Inter-

aquifer mixing in the subsurface is identified, where a high amount of artificial infiltrated 

surface water is mixed with a lesser amount of water originating from the regional flow pathway 

in the vicinity of drinking water extraction wells. The spatial distribution of different water 

types can be estimated and a conceptual system understanding is developed. Results of the 

multivariate statistical analysis are comparable with gained information from isotopic data and 

organic micropollutants analyses. The integrated approach using different kinds of observations 

can be easily transferred to a variety of hydrological settings to synthesise and evaluate large 

hydrochemical datasets. The combination of additional data with different information content 

is conceivable and enabled effective interpretation of hydrological processes. Using the applied 

approach leads to more sound conceptual system understanding acting as the very basis to 

develop improved water resources management practices in a sustainable way.  

1. Introduction 

Drinking water supply in urban areas is challenging due to different kinds of water use and 

potential groundwater contamination and is recognised as a very complex issue including 

different spatial and temporal scales (Diamond and Hodge, 2007). Historical contaminated sites 

are often the major concern for a variety of different pollutions in groundwater (Schirmer et al., 

2013). These contaminations are problematic especially in the vicinity of drinking water 
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production sites due to potential risk for human health and the environment. To protect drinking 

water production sites in an effective and sustainable way, knowledge about flow and transport 

processes in the heterogeneous subsurface is crucial. It is of vital importance to understand the 

presence, movement and persistence of contaminations in aquifers to develop adequate 

groundwater protection plans (Levison et al., 2012). However, studying these processes can be 

difficult due to their complexity (Atchley et al., 2014; Hunt et al., 2007; Koltermann and 

Gorelick, 1996; Loague et al., 1998; McCallum et al., 2015; Serrano, 2003, among others) and 

therefore strategies to protect drinking water production sites are often based on limited data 

and system knowledge (Mackay et al., 1985).  

As a first and basic step for understanding flow and transport processes, a conceptual 

understanding for the underlying subsurface heterogeneity and the resulting hydraulic flow field 

has to be developed. Frequently, spatial patterns of water types have to be identified in order to 

develop a conceptual model for transport and water mixing processes. Hydrochemistry data are 

used as a tool to evolve such a model (Dilsiz, 2006; Suk and Lee, 1999; Thyne et al., 2004). 

Mostly, those hydrochemistry patterns have been identified with graphical methods. However, 

these graphical methods lack clarity when large datasets are considered (Güler et al., 2002; 

Moya et al., 2015). The interpretation of these graphical methods is typically subjective. To 

overcome this limitation the use of multivariate statistical analysis, namely factor analysis (FA) 

and hierarchical cluster analysis (HCA) can be applied. Multivariate statistical analysis has been 

successfully applied in numerous studies dealing with a wide range of environmental issues 

(Cloutier et al., 2008; Daughney et al., 2012; Güler et al., 2002; King et al., 2014; Koh et al., 

2009; Montcoudiol et al., 2015; Morgenstern et al., 2015; Obeidat et al., 2013; Panda et al., 

2006). Cloutier et al. (2008) and Montcoudiol et al. (2015) applied multivariate statistical 

analysis to investigate the groundwater hydrochemistry of a regional study area to identify the 

primary processes responsible for groundwater quality and to develop a conceptual model for 

groundwater flow and geochemical evolution. Daughney et al. (2012) show the application of 
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multivariate statistical analysis as a means of assessing the representativeness of a groundwater 

quality monitoring network. A recently published study (Morgenstern et al., 2015) combined 

multivariate statistical analysis with age dating to understand sources of nutrient contamination 

for a study site. Hynds et al. (2014) applied HCA to determine clusters based on physico-

chemical data to link with the prevalence of bacteria in domestic wells. Selle et al. (2013) 

studied the spatial and temporal pattern of FA scores to improve the understanding of processes 

leading to changing groundwater quality in a catchment.  

Many past studies have analysed the chemical composition of groundwater to identify 

hydrochemical processes by applying multivariate statistical analysis in isolation. The 

validation of the obtained results and adjustment based on other data such as trace components 

which can have different information content is deficient. Complete 3D information about flow 

and transport processes are never obtainable (Koltermann and Gorelick, 1996; Moeck et al., 

2015) but adequate knowledge about these processes is required for a sustainable water 

resources management. Remediation strategies as well as mathematical models used to make 

predictions to evaluate the potential risk of contaminant breakthrough at water supply systems 

depend heavily on the conceptual process understanding at the investigated site. Once a 

conceptual model has been constructed according to certain information, it cannot be used to 

quantify the limitations (Doherty and Simmons, 2013).  

Therefore, conceptual process understanding should not rely on a limited data set only, but 

should rather take a combined approach of different sets of data which are independent to each 

other to produce the most credible description of flow and transport processes.  

Thus, in this study we use a combined approach of multivariate statistical analysis, 

interpretation of geochemical processes, stable water isotope and organic micropollutants to 

develop a credible conceptual process understanding, which should be a basis for further field 

surveys and numerical modelling experiments. Since the composition of stable water isotopes 

is not altered in the aquifer by water-rock interactions, this provides us with an additional tool 
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to understand mechanisms of groundwater circulation such as mixing between different aquifer 

systems (Chen et al., 2011; Demlie et al., 2007). Furthermore, organic micropollutants were 

used to estimate specific water pathways (Huntscha et al., 2013; Schirmer et al., 2011; Van 

Stempvoort et al., 2011) and were applied as a tracer to identify spatial distribution and 

spreading of different water types (Scheurer et al., 2011).  

The objective of this study was to compare and combine obtained information from different 

data types and sources to develop a consistent conceptual process understanding. The benefit 

of having such a high-quality and quantity data set is demonstrated for a study area in 

Switzerland, where drinking water production is close to different former landfills and 

industrial areas. The study site is characterized by a highly-complex geological and tectonical 

setting with a partly-connected gravel and karst aquifer. To avoid drinking water contamination, 

artificial groundwater recharge with surface water into the gravel aquifer is used to create a 

hydraulic barrier between contaminated sites and drinking water extraction wells. Nevertheless, 

a range of organic micropollutants, which nowadays lack in the surface water, can be measured 

in the abstracted groundwater. Therefore, it is important to understand the subsurface 

heterogeneity and processes to ensure the utmost security for drinking water production 

although most of the micropollutents detected are below drinking water thresholds in 

Switzerland. More specifically, the following research questions and tasks are addressed: 

I. The spatial distribution of hydrochemical data is systematically assessed based on a 

multivariate statistical analysis. 

II. How geochemical processes can be linked to the spatial distribution of 

hydrochemistry data and present geological information is assessed to evaluate the 

influence of groundwater recharge, inter-aquifer mixing and fault induced aquifer 

connectivity along the flow paths.  

III. The obtained results of the multivariate statistical analysis are compared to the 

observed concentration patterns of stable isotopes and organic micropollutants  
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IV. The origin of water at the drinking water pumping gallery which will ensure the 

utmost security for drinking water under actual water management strategies is 

determined. 

2. Study Area 

The study area Hardwald is located in north-western Switzerland with an area of approximately 

10 km2 (Fig.1). Two main aquifers exist namely the Quaternary Rhine gravel and the underlying 

karstified Upper Muschelkalk limestone aquifer (see section 2.1). The Quaternary gravel 

aquifer is primarily used for drinking water production combined with an artificial groundwater 

recharge system. The infiltration system was designed in order to maintain a hydraulic gradient 

towards areas of potential risk which are highlighted in Figure 1. Furthermore, large quantities 

of groundwater are abstracted for industrial purpose east of the study site.  

Figure 1: Top panel: Study area in north-west Switzerland with land use, groundwater 

sampling locations and Rhine and Birs rivers. Elevations range from south to north from 

around 290 meters above sea level (masl) to 250 masl in the vicinity of the Rhine. The northern 

boundary of the Hardwald is the river Rhine, urban areas and river Birs in the west, railways 

and industrial areas in the south as well as industrial areas in the east. A highway passes 

directly through the Hardwald from west to east. Yellow circles show piezometers, red triangles 

extraction wells. Urban settlements surrounding the study site in the west and the south are 

illustrated as grey shaded areas. Artificial infiltration channels and ponds are shown in light-

blue. The piezometric heads are shown as black dashed lines.  Bottom panel: Simplified 

geological bedrock map of the study area including the rivers Rhine and Birs. Artificial 
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infiltration channels and ponds are shown in light-blue. A simplified cross section is shown in 

the supporting information (Figure S1).  

2.1 Geological Setting of the Study Area  

The geological structure in the study area can be subdivided into different components from 

west to east (Fig. 1 lower panel and Figure S1, supporting information). The western part is 

situated to the south eastern shoulder of the Upper Rhine Graben, the so called  Rhine Valley 

flexure zone (Fig. 1), an intense structurally deformed area. Further east the Hardgraben is 

located. The Rhine Valley flexure zone as well as the occurring Horst and Graben structures 

show a NE-SW orientation (Gürler et al., 1987).  

The bedrock are assigned to Triassic strata, which dip slightly to the southeast. The Middle 

Muschelkalk is subdivided into the Sulfate and Dolomite zone (Spottke et al., 2005). The 

Sulfate zone is considered to be impermeable (Gürler et al., 1987; Nagra, 2002) although a 

gypsum karst unit between a salt and an anhydrite layer was observed and might transport water 

into the salt layer (Aegerter and Bosshard, 1999). The Upper Muschelkalk, consisting mainly 

of limestone with a thickness of 50-60 m. The Dolomite zone and the limestone of the 

Muschelkalk represent an important highly fractured and karstified aquifer with a mean 

hydraulic conductivity of 1.3*10-4 m/s (Gürler et al., 1987, Spottke et al., 2005) but within a 

range between 1*10-3 m/s and 2*10-6 m/s (Affolter et al., 2010; Huggenberger et al., 2009) 

depending on the location. 

The overlying Jurassic strata are made of 20-40 m thick porous limestone (Lias) and of an 80-

100 m thick clay layer (Opalinuston). These units represent an aquiclude due to their low 

hydraulic conductivity between 1.3*10-14 to 1.3*10-7 m/s (Nagra, 2002). In the study area, the 

Jurassic strata is present only in the Hardgraben whilst eroded in the surrounding study area. 
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The fluvio-glacial deposits, mainly gravels from Quaternary strata appear with a varying 

thickness of 5 to 50 m on top of the bedrock. The thickness close to the main drinking water 

extraction wells (i. e. the pumping well gallery, Fig. 1) is around 20 to 40 m. The average 

hydraulic conductivity is 3.1*10-3 m/s (Spottke et al., 2005). A funnel shaped depression of the 

surface can be found in the western part of the study area. These features are interpreted as karst 

sinkholes replenished by gravel deposits (MBN, 2008).  

The hydraulic conductivity of the aforementioned fracture zones is unknown and might be 

variable spatially. It may act as an additional flow path due to increasing permeability and 

therefore support vertical exchange of groundwater although an aquitard exist (Gürler et al., 

1987) or it is filled with fine sediments and builds a hydraulic barrier. Furthermore, the Sulfate 

zone with its low hydraulic conductivity can lead to upwelling of for instance Muschelkalk 

groundwater into the sand gravel aquifer (Spottke et al., 2005). Using a 3D groundwater flow 

model in the same study area Spottke et al. (2005) speculated that the abstracted water used by 

large-scale industrial pumping in the western part of the study area must contain water fractions 

from the deeper Muschelkalk aquifer. They noticed that the productivity of industrial pumping 

wells can only be supported by groundwater recharge from adjacent horsts inducing a circular 

flow pattern or upwelling. Therefore, knowledge of the connectivity and interaction between 

different aquifer systems are fundamental for understanding the ongoing processes in the study 

area. A more detailed description of the geology and tectonics in the study area and its 

surrounding is given in Spottke et al. (2005).  

2.2 Hydrogeology and Historical Context of the Study Area 

The highly-complex environment Hardwald in terms of artificial infiltration, pumping water 

abstraction for both, drinking water supply and industrial proposes combined with a complex 

geology has changing flow boundary conditions in the last decades. The natural groundwater 

flow is influenced by two changing boundary conditions. Until 1958 the natural groundwater 



9 
 

flow was from south to north in the direction of the river Rhine (Figure S2a, supporting 

information). The other river Birs is located in the western part of the study area. The influence 

on the flow field at the study area is likely low due to the distance between Hardwald and Birs 

river. Due to the installation of a hydropower plant downstream of the study area, the flow 

direction changed. The hereafter established flow was altering from southeast towards 

northwest (Figure S2b, supporting information).  

Increasing water demand of the growing population and industry led to the installation of an 

artificial groundwater recharge system in 1958. Here, Rhine water is pumped to an excavated 

system of channels and seven infiltration ponds to replenish the aquifer (Fig 1). Currently, the 

infiltrated volume averages 100,000 m3/d. Apart from water quantity issues, the quality is also 

influenced by the recharge amount. Due to the immediate vicinity to former landfills and 

industrial sites, this artificial recharge is used to minimise the risk of drinking water 

contamination. This is accomplished by recharging twice as much water as abstracted. This 

approach of artificial infiltration leads to an elevated local groundwater mound, which serves 

as a barrier preventing natural inflow of potentially contaminated water coming from adjacent 

areas (Figure S2c) (Auckenthaler et al., 2010). However, trace levels of some contaminants can 

be found in the groundwater. Note that all concentrations of detected contaminants at the 

pumping wells are very low and mostly far below the limits of relevant drinking water 

regulations. In addition, activated carbon treatment of the abstracted water ensures that 

contaminants are removed to the most possible extent (Gabriel and Meier, 2014). To provide 

furthermore water for industrial use a pumping well south of the Hardwald, beneath a landfill 

is operated since 1957. This industrial water use avoids to a great extent the spreading of 

contaminated water from the landfill nearby.  

Different potential sources of contamination in the extracted water were taken into 

consideration. A common hypothesis is that the present observed concentrations of 
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Tetrachloroethylene (PCE) and Trichloroethylene (TCE) were released from adjacent former 

landfills south from the pumping water gallery (Auckenthaler et al., 2010). The bedrock at these 

former landfills consists mainly of limestone from the fractured Muschelkalk formation, which 

is the basis of the landfills. According to Levison and Novakowski (2012) fractured bedrock 

aquifers with minimum or without overburden cover are highly vulnerable to contamination. It 

is assumed that the VOCs (Volatile Organic Compounds) were transported towards the river 

Rhine before artificial infiltration of surface water was established and contaminated the aquifer 

down to a depth of 100 m where they still can be found in groundwater samples (Auckenthaler 

et al., 2010).  

A hypothesis for the origin of Tetrachlorbutadiene (TeCBD) and Hexachlorbutadiene (HeCBD) 

in the groundwater is that they are remobilized from the quaternary Rhine sediments. Until the 

1980s, the Rhine water used for artificial groundwater recharge was not as clean as nowadays 

and present contamination patterns might be related to remobilisation effects. Stieglitz et al. 

(1976) reported 4.58 µg/l of 1,1,4,4 Tetrachlorbutadiene isomer (TeCBD) in Rhine water of the 

mid-1970s. This TeCBD concentration was higher than TeCBD concentrations ever found 

during our investigation in the study area. The current highest measured concentration in 

groundwater is 0.22 µg/l.  

The study focusses on the contaminants which are nowadays most frequently found at the 

groundwater extraction wells. These are i) Tetrachloroethylene (PCE) and Trichloroethylene 

(TCE), two of the most widely used cleaning and degreasing solvents in Switzerland and in 

many parts of the world (Doherty, 2000) and ii) Hexachlorbutadiene (HeCBD) and 1,1,4,4 

Tetrachlorbutadiene (TeCBD), by-products of the manufacture of chlorinated solvents (Fields, 

2004). The isomer 1,1,4,4 TeCBD can further be produced as a result of HeCBD dechlorination 

(Bosma et al., 1994). All these compounds have a higher density than water (ρ > ρwater) and 

percolation into the subsurface can occur. Further information on the above mentioned 
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components can be found in the listed references (Avon and Bredehoeft, 1989; Bosma et al., 

1994; Fields, 2004; Gandhi et al., 2002a; Gandhi et al., 2002b; Mayer et al., 2001; Messier et 

al., 2012; Murphy et al., 2011; Ninomiya et al., 1994; Poulsen and Kueper, 1992, among others).  

3. Methodology 

The location of the drinking water production area in the direct vicinity of former landfills and 

industrial sites has resulted in an extensive monitoring of the groundwater over several years 

and therefore a large amount of physico-chemical and chemical data is available. This large 

amount of data is unfortunately spatially and temporally inconsistent and makes a grouping and 

comparison of groundwater samples challenging. To incorporate a systematic investigation of 

the different data, a multivariate statistical analysis was chosen. Here, two well established 

multivariate methods were applied using the open source software ’R‘ (http://www.r-

project.org/): The factor analysis (FA) and the hierarchical cluster analysis (HCA). The results 

of these analyses were combined with gained information from stable water isotope and organic 

micropollutant analyses. This combination was furthermore used to identify processes 

controlling the groundwater quality in the study area. Overall, the relation between the 

groundwater chemistry and the spatial distribution of selected contaminants was assessed and 

its robustness further validated using the t-test. In the following section the hydrochemistry for 

the study area is described as well as the required data preparation for the FA and the HCA. 

Subsequently, the methodology of using FA and HCA is provided. 

3.1 Datasets and Sampling  

The sampling locations in the Hardwald are distributed over the whole study area and comprise 

43 piezometers, 6 multi-level wells, 34 extraction wells and 2 rivers namely Rhine and Birs 

(Figure 1). In total, 85 sampling locations were considered. The piezometer and well depths 

varies between 17 (absolute altitude 255 masl) and 80 m (absolute altitude 188 masl) and are 
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drilled mostly until the bedrock was reached (see Table S1, supporting information; 25 

sampling locations are screened in Quaternary formations, 58 wells are drilled in the bedrock 

and one is unknown). 

The statistically analysed hydrochemical data originates from two different sources. The first 

group of data was provided from the cantonal authorities. This group includes hydrochemistry 

data from 2005 to 2013 that covers 85 sampling locations. 

Additionally to these data, we conducted two sampling campaigns in the Hardwald in 

November 2014 and March 2015 with 37 and 43 groundwater sampling locations, respectively. 

The samples were collected (1) by using stainless steel submersible pumps (Grundfos, MP1), 

(2) directly from the tap in the well houses of the extraction wells or (3) as grab samples in the 

rivers. In the field, the physico-chemical parameters temperature, pH, electrical conductivity, 

and the oxidation-reduction-potential (ORP) as well as dissolved oxygen concentrations were 

measured using appropriate devices (HACH-LANGE, HQ40d). Sample collection was 

conducted after stabilization of the physico-chemical parameters. The water samples were 

analysed for major cations- and anions as well as trace elements and organic micropollutants 

(full list of organic micropollutants are given in Table S2, supporting information). In addition, 

samples for stable isotope (deuterium (δ 2H) and oxygen (δ 18O)) analysis were taken and 

analysed. The chemical analysis was performed using standard methods and devices for the 

major cat- and anions (Metrohm 761 Compact IC), the trace elements (Agilent ICP-MS 7500 

cx), organic micropollutants (Q-Exactive Plus) and the stable isotopes (Picarro L1102-I). All 

trace elements, stable isotopes, cat- and anions samples acquired during the two field campaigns 

were analysed at EAWAG labs. Triplicate measurements and blanks were used, but the results 

were very stable and no data drift was observed. The provided data from the cantonal authorities 

were analysed in the accredited cantonal lab 
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3.2 Data Preparation 

Only datasets with a charge balance error under 5% were used for the hydrochemistry analysis 

and interpretation (Note the majority of samples had a charge balance error of 1%). Güler et al. 

(2002) and van den Brink et al. (2007) stated that a calculated charge balance under 5% is an 

acceptable error. In case of multiple analyses for the same sampling location, the mean value 

of the analyses of a certain parameter/compound was calculated. This procedure is valid as 

temporal effects are negligible in the study area in comparison to the impact on the spatial 

variability in hydrochemistry data (see Table S3, supporting information). 

Cloutier et al. (2008) pointed out that a certain number of parameters should be excluded in the 

multicomponent statistical analysis for the following reasons: Parameters with additive 

characteristics such as TDS (Total Dissolved Solids) and EC (Electrical Conductivity), 

parameters with an elevated number of samples below the detection limit and most trace 

constituents and parameters missing or not analysed for a large number of sampling sites. 

Therefore, the resulting multivariate method was applied on a robust subgroup of the 

groundwater hydrochemical dataset (without the two rivers), including 83 sampling locations 

and 12 parameters. The selected parameters in this study comprise Na+, K+, Mg2+, Ca2+, HCO3
-

, Cl-, NO3
-, SO4

2- as well as the trace elements Sr2+, As3+, U6+, and Li-. 

The descriptive statistics of the data matrix is given in Table S4 (supporting information). Most 

parameters are positive skewed and therefore a log transformation was required (Güler et al., 

2002; Montcoudiol et al., 2015). Subsequently all parameters were scaled to obtain new values 

which have zero mean and measured in standard deviation units (Davis, 1986). Using this 

procedure all chemical parameters have equal weights for the multivariate statistical analysis to 

account for the different order of magnitude between major ions (mg/l) and trace elements 

(µg/l).  
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The processed standardized dataset was used in a first step for the factor analysis (FA) to deduce 

interrelationships between parameters. For the FA the commonly applied rotation method 

“varimax” was used, which seeks to maximize the variance of the squared loading for each 

factor. The calculated eigenvalues and eigenvectors illustrate which parameters are showing the 

same trend. The choice of the total amount of factors to describe the variance of the dataset is 

uncertain. Typically factors with an eigenvalue greater than one are retained. These factors 

explain most of the variance and eigenvalues and can be considered as the dominate parameters 

for differences in the hydrochemistry. Those less important were discarded (Davis, 1986). For 

our dataset only the first three factors were further investigated since they account for more 

than two-thirds of the explained variance.  

In a second step the standardized dataset was used to estimate groups of samples with 

similarities using a linkage rule for the HCA. There is a wide range of HCA approaches but a 

common methodology to obtain distance measures with linkage rules is the Euclidian distance 

together with the Ward’s method (Daughney et al., 2012; Montcoudiol et al., 2015; Panda et 

al., 2006; Singh et al., 2008). Acording to Güler et al. (2002) this approach gives the most 

distinctive groups. The resulting dendrogram displays the linkage between the samples 

according to their similarities (Davis 1986). We determined the number of clusters based on the 

proposed approach of Hothorn and Everitt (2009) where the number of clusters are chosen and 

estimated on a graphical decision. In order to ensure a reliable dendogram we further applied 

multiscale bootstrap resampling (Suzuki and Shimodaira, 2006). This multiscale bootstrap 

resampling implemented in the R software environment helps for assessing uncertainty in 

hierarchical cluster analysis. Calculated probability values (p-values) between 0 and 1 for each 

cluster indicate finally how strong the cluster is supported by the available data. Only cluster 

which seem to be reliable were used for further analysis and interpretation. 
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4. Results and Discussion 

In the following section observed concentration patterns and ranges for chosen contaminations 

are described. Then the results of the multivariate statistical analysis, namely FA and HCA are 

discussed. These results are linked to hydrochemical processes in the subsurface, such as 

dilution and mixing, using patterns of major ions as well as stable isotope and organic 

micropollutants data. Subsequently obtained information from the aforementioned data source 

was related to the observed contamination patterns.  

4.1 Patterns 

The observed concentration range for TCE and PCE in the groundwater is between 0.14 to 20 

µg/l and 0.14 to 54 µg/l, respectively (Figure 2). The highest concentrations can be found south 

and at the western edge of the study area. The lowest concentrations can be found between the 

artificial infiltration system and the extraction wells with values smaller than 0.30 µg/l. A quite 

similar distribution can be found for HeCBD. Highest concentrations are located south with 

around 3 µg/l whereas the concentration tends to 0.01 µg/l between the artificial infiltration 

system and the extraction wells. Slightly higher concentrations appear at the western edge of 

the study area, especially in the northern part. The spatial distribution of TeCBD shows visually 

the same trend as observed for HeCBD but with smaller concentration ranges between 0.01 and 

0.14 µg/l. The only contrast in the spatial distribution of HeCBD and TeCBD is noticed in the 

south-west, where low concentrations of TeCBD can be found as opposed to higher 

concentrations of HeCBD. Note that a smaller number of analyses exist for TCE (N=71) 

compared to the remaining compounds (N=82-83), especially at the western edge of the study 

area. Independent of their spatial distribution, at the Multi-level wells we can observe that with 

increasing depth the concentrations of all contaminants increase, although the differences are 

relatively small (Figure S3-S6, supporting information).  
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Figure 2: Spatial linear interpolation of (log) concentration (µg/l) for PCE, TCE, HeCBD, and 

TeCBD. In case of multiple analyses for the same sampling location, the mean value was used. 

Red colours indicate higher concentrations, whereas blue colours lower concentrations. Note 

that the colour scale is different for all compounds. Gray lines show the concentration contours. 

The solid thick white lines indicate the location of the infiltration channels and ponds, whereas 

the blue solid line shows the position of the river Rhine.  

Correlations were observed between PCE, TCE, HeCBD and TeCBD for all groundwater 

sampling locations (Figure S6, supporting information). A high correlation can be found for 

PCE and TCE with a value of 0.84. Also PCE shows a good correlation with HeCBD with 0.67. 

Differences in the correlation might be attributed to different properties of these compounds, 

which can lead to slightly different concentration patterns and therefore smaller correlation. 

The strongest correlation can be found for HeCBD and TeCBD of 0.88. This strong correlation 

might indicate degradation from HeCBD to TeCBD as demonstrated by Bosma et al. (1994) or 

indicate similar transport processes. However, which process leads to the observed 

concentrations cannot be fully clarified with our data and analysis. 

4.2 Multivariate Statistical Analysis 

In Table 1 the first three factors are shown describing more than two-thirds of the explained 

variance. The first factor is characterized by high load of Na+, Cl- and Li+ whereas factor two 

shows a high load in Ca2+, HCO3
- and NO3

-. Factor three, with a smaller contribution to the 

variance indicates a high load in Sr2+ and SO4
2-. 
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Table 1: First three factors with associated load of the cations and anions of the factor analysis. 1 

These three factors describe 69.2% of the data set variance.  2 

Element Factor1 Factor2 Factor3 

Na+ 0.96 0.17 0.20 

K+ 0.56 0.00 0.46 

Mg2+ 0.36 0.68 0.33 

Ca2+ 0.21 0.94 0.22 

HCO3
- 0.32 0.86 0.06 

Cl- 0.85 0.35 0.27 

NO3
- 0.00 0.78 -0.12 

SO4
2- 0.43 0.49 0.67 

Li- 0.81 0.20 0.32 

Sr2+ 0.34 0.02 0.94 

As3+ -0.17 -0.08 0.02 

U6+ -0.11 -0.16 0.02 

Explained variance 3.2 2.7 2.4 

Explained variance (%) 26.9 22.4 19.9 

Cumulative variance (%) 26.9 49.3 69.2 

 3 

Figure S8 (supporting information) illustrates the position of the factor loads of the chemical 4 

parameters defined by the axes of factor one and two. Because of the high load of Na+, Li+, Cl- 5 

in factor one; the y-axis is defined as the salinity in reference to NaCl. Factor two with high 6 



18 
 

loads of Ca2+,Mg2+ and HCO3
- can be referred to the hardness term. The NaCl distribution 7 

shows the spreading of artificial infiltration and changes in the geological units (Figure S9, 8 

supporting information). Low values can be observed where the fraction of artificial infiltration 9 

with Rhine water is high, whereas higher values occur at the borders of the study area. In these 10 

areas it is likely that the water is older than the young infiltrated Rhine water in the vicinity of 11 

the water extraction well gallery. The high load of NO3- in factor two show the influence of the 12 

differences between the geology, especially in the northern part. In the northwest the Sulfate 13 

zone is located and can be identified with low NO3
- values (Figure S9, supporting information). 14 

The high load of Ca2+ and HCO3
- in factor two is likely related to the Muschelkalk unit in the 15 

southern part of the study area (Figure S9, supporting information). Processes leading to their 16 

loads are discussed in the following sections.  17 

The results of the HCA are displayed as a dendrogram (Figure 3a) and reveal some level of 18 

similarity between clusters. Six different groups were defined based on the so-called phenon 19 

line. Cluster 1 to 3 (C1-C3) are quite different from clusters 4 to 6 (C4-C6) due to a higher 20 

linkage distance, indicating a distinct different hydrochemical composition. A relatively small 21 

linkage distance exists between C2 and C3 as well as between C4 and C6. Note that C4 is just 22 

one sample location situated in the vicinity of the Rhine Valley Flexure zone (Fig. 1 and 4), and 23 

must be interpreted carefully. This cluster differs compared to the other clusters in terms of high 24 

concentrations of Na+ ,K+, Ca2+, Mg2+, HCO3
-, SO4

2- and Cl-. It might be an indication of vertical 25 

exchange and upwelling of waters originating from the salt and gypsum layer (see Section 2.1). 26 

Calculated bicarbonate equilibrium using PHREEQC (Parkhurst and Appelo, 1999) for all 27 

samples for the November sampling campaign shows again the well-defined separated cluster 28 

group, but also indicate that C4 has a distinct different Ca2+- CO2 pressure relationship 29 

compared to all other clusters which further validate C4 as an exception (Figure S10, supporting 30 

information). Furthermore, C4 shows the highest standard deviation based on the temporal 31 
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analyses of major cations and anions (Table S3, supporting information). We assume that the 32 

vertical exchange might just be temporally activated, depending on the hydraulic conditions 33 

within the fracture network and variable artificial infiltration rates at the western channels and 34 

ponds. 35 

To describe the mean hydrochemistry of the clusters, Stiff diagrams were used (Figure 3b). The 36 

Stiff diagrams show the major ion concentrations (as milli-equivalents per litre) and differences, 37 

similarities of main cat- and anions can be withdrawn from the clusters. Thus, the 38 

hydrochemistry of C1 and C2 is quite similar to that of the Rhine river water. Clusters 1 and 2 39 

represent groundwater from the Quaternary aquifer, that is: Artificially infiltrated Rhine water 40 

in the Quaternary aquifer. In contrast, clusters C4-C6 show higher concentrations in major ions 41 

compared to C1-C2, and the Rhine river water, especially with regard to Ca2+ and HCO3
-. 42 

Therefore, C6 most likely represents water originating from the Muschelkalk and C4 and C5 43 

represent a mixed groundwater. Also the hydrochemistry of C3 could potentially indicate a 44 

mixing between “Quaternary water” from C1-C2 and to a lesser extent Muschelkalk water from 45 

C6, and will be further discussed in the following sections. The hydrochemistry of the Birs river 46 

seems to be not correlated with all estimated cluster groups. 47 

Figure 3:a) Dendrogram of the HCA for 83 groundwater sampling locations with six different 48 

clusters (C1-C6) based on the linkage distance (for clarity, sample names are not displayed). 49 

Note that the two rivers were not included. b) Stiff diagram of major ions, concentration as 50 

milli-equivalents per litre, for the estimated six different clusters and the two rivers Birs and 51 

Rhine. 52 

The spatial distribution of the six clusters shows a distinct trend (Figure 4). C1 and C2 are 53 

located close to the artificial infiltration. C3 can be found mainly at the northern west edge of 54 

the study area where the effect of the artificial infiltration is decreasing and partly within the 55 

pumping gallery. C6 is found in the south close to a former landfill (Muschelkalk limestone 56 
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area), and clusters C4 and C5 at the western edge most likely follow the regional flow path from 57 

C6.  58 

The origin of water at the pumping gallery is of most interest related to drinking water 59 

production. Most extraction wells belong to Cluster C1 and C2 (Artificial infiltrated Rhine 60 

water from the Quaternary aquifer). Only four wells, belonging to cluster 3, show a different 61 

hydrochemistry compared to C1 and C2 (Figure 4 and Figure S11, supporting information) and 62 

as shown in Section 4.6 can be linked to slightly higher observed concentrations of e.g. PCE 63 

compared to concentration values for C1 and C2 . 64 

Figure 4: Spatial distribution of clusters according to the HCA. The green circles indicate the 65 

four extraction wells that belong to Cluster C3.  66 

4.3 Interpretation of geochemical processes  67 

Enrichment in Ca2+ and HCO3
- can be observed from cluster C1 to C6 (Figure 5). It is assumed 68 

that Ca-rich mineral dissolution is the primary cause leading to the observed trend. Due to the 69 

present Muschelkalk limestone in the study area, calcite dissolution is the most likely process. 70 

This assumption is further supported by assigning the theoretical HCO3
-:Ca2+ line in Figure 5, 71 

where data have a slope close to 2:1. Furthermore, C1 and C2 show a quite similar trend as 72 

observed for the Rhine river water. Again a strong influence of artificial infiltration on the 73 

hydrochemistry can be observed. Here once more, the hydrochemistry of C5 could indicate a 74 

mixing between “Quaternary water” from C1-C2 and Muschelkalk water from C6. To a much 75 

lesser extent this also could potentially be a process for the observed pattern in C3. Similar well 76 

defined patterns as observed for Ca2+ and HCO3
- can be identified also for the Ca+ and SO4

2- 77 

relationship (Figure S12, supporting information) 78 

Figure 5: Plot of HCO3
- and Ca2+ [mmol/l]. The Birs and Rhine surface water concentrations 79 

are displayed separately with yellow and blue colours, respectively.  80 
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4.4 Validation of the multicomponent statistical analysis with isotope data 81 

Stable water isotopes (δ18O and δ2H) ranged from -11.33 to -8.68‰ and -81.52 to -63.97‰, 82 

respectively (Figure 6a). The isotope compositions follow the local meteoric water line 83 

(LMWL: straight dashed line in blue). The water isotopes reproduced again the well-defined 84 

cluster groups derived from HCA. C2 and most of the sampling points of C3 shows a strong 85 

link with the Rhine river water whereas cluster C5 and C6 have an enriched isotope 86 

composition, indicating different water origins and possible ages. Cluster C5 and partly C3 87 

represent most likely mixtures of at least two water types, which could be C6 and C2. Although 88 

the water isotopes from the Birs river show values between the clusters group C1-3 to C5-6, it 89 

is unlikely that the Birs river has a strong impact on the flow field or hydrochemistry of the 90 

study area. We observed already that the hydrochemistry in cat- and anions is different and not 91 

comparable to any other sampling location.  92 

The interrelationship between δ18O- HCO3
- shows a high correlation of 0.84 (Figure 6b). High 93 

values for the HCO3
- can be found for C6 associated with relatively enriched values for δ18O 94 

whereas the low concentration of HCO3
- can be found for C2 related with relatively depleted 95 

isotopic values. The clusters with high HCO3
- have relatively enriched values for δ18O and are 96 

likely to be older than the clusters with low concentration of HCO3
- which are similar to young 97 

Rhine water. As stated for the FA analysis the high HCO3
- can be found in the south and western 98 

part of the study area. These areas are less influenced by artificial infiltration. Here, the water 99 

is very likely older than the young infiltrated Rhine water in the vicinity of the water extraction 100 

well gallery. 101 

Figure 6:a) δ18O - δ2H [‰] diagram for the study area with the acquired data during the 102 

November 2014 sampling campaign. Note that for this campaign only 37 samples were taken 103 

and were used for the isotope analysis. In these 37 sampling locations cluster 1 was not present. 104 

The black line shows the Global Meteoric Water Line (GMWL) and the dark blue the Local 105 
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Meteoric Water Line (LMWL). A different colour indicates the cluster groups. The Birs and 106 

Rhine surface water ratio is displayed separately with yellow and blue colours, respectively. 107 

The range of Rhine water isotopes is between -11.4 to -10.3 ‰ for δ18O and -81.8 to -74.1 ‰ 108 

for δ2H, respectively. The range of variations for Birs water is -10.1 to -10.14 ‰ for δ18O and 109 

-70.8 to -70.52 ‰ for δ2H, respectively b) δ18O [‰] - HCO3
- [mg/l] plot with the six different 110 

cluster groups and Birs and Rhine river waters.  111 

4.5 Validation of the multicomponent statistical analysis with organic micropollutants 112 

To further constrain the ongoing processes, persistent organic micropollutants were analysed 113 

as a tracer to validate the findings from the aforementioned analysis. We identify the 114 

distribution of artificial infiltration compared to the regional groundwater flow in more detail. 115 

The use of indicator substances allows to estimate specific pathways (Schirmer et al., 2011; 116 

Van Stempvoort et al., 2011). As an example we choose two compounds, namely benzotriazole 117 

and sucralose to validate the aforementioned findings and to identify the distribution of artificial 118 

infiltration compared to the regional groundwater flow. However, the following described trend 119 

for benzotriazole and sucralose is identical for all analysed trace compounds (see also Table 120 

S2, supporting information). 121 

According to Giger et al. (2006), benzotriazole is commonly used as a corrosion inhibitor 122 

(Sease, 1978), that is fairly water soluble with a limited sorption tendency and shows either no 123 

or only slight degradability in ground- and surface water. High benzotriazole concentrations 124 

can be found typically in effluent dominated river water, and thus can be used as a tracer for 125 

waste water impacted surface water (Moschet et al., 2014; Scheurer et al., 2011). The second 126 

compound, sucralose, has been shown to be widespread in the aquatic environment, including 127 

waste-, ground- and surface water (Mawhinney et al., 2011). Similar to benzotriazole, sucralose 128 

concentrations are typically higher in surface waters than in groundwater.  129 
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Both compounds showed a well-defined distribution of their concentration within the clusters 130 

(Figure 7). Sampling locations of Cluster C2 close to the infiltration channels and ponds show 131 

quite similar concentrations to the concentrations in the river Rhine. The variations in C2 are 132 

strongly depending on the distance between the infiltration and sampling location. Sampling 133 

locations further away from the infiltration system show smaller concentrations whereas 134 

sampling locations directly at the infiltration channels show the highest concentrations. 135 

Furthermore, a decreasing trend can be observed also from south-east to north-west along the 136 

infiltration channels indicating the channel and pond locations with highest infiltration rates 137 

(Figure S13, supporting information). Subsequently, the concentration decreases with 138 

increasing cluster number indicating a lesser amount of artificial infiltrated Rhine water. The 139 

concentrations of Cluster 6 tend towards the detection limit (benzotriazole 6 ng/l and sucralose 140 

9 ng/l, respectively) for the specific organic micropollutants, indicating that no mixing with 141 

surface water occurs.  142 

Figure 7: Trace compound concentration patterns for a) benzotriazole and b) sucralose for 143 

Rhine water (input concentration; dark blue square) and the different clusters. Data were 144 

acquired during the March 2015 sampling campaign. Note that for this campaign only 43 145 

samples were taken and were used for the analysis. In these 43 sampling locations cluster 1 146 

was not present. 147 

4.6 Link between clusters and PCE 148 

In this section, the contamination pattern is related to obtained information about the 149 

hydrochemistry for PCE, used as a proxy for most other analysed organic micropollutants. 150 

There is a link between the defined cluster numbers associated with different water types and 151 

origin and concentration levels for PCE (Figure 8). Here, only small concentrations within a 152 

small variability can be found for clusters C1-C3 whereas higher concentrations and a wider 153 

variability are displayed for C6. Generally, the mean concentrations increase with increasing 154 
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cluster number whereas the increase in cluster number is associated also with higher Ca2+ and 155 

HCO3- concentrations (see also Figure 5 and 6b).  156 

Figure 8: Boxplot of measured mean concentrations for PCE [µg/l] for all estimated clusters 157 

based on the HCA and zoom in for the extraction wells (C1, C2 and C3). N indicates the number 158 

of groundwater sampling locations. The coloured filled box shows the lower and upper quartile 159 

and the horizontal black line is the median. The whiskers indicate the min and max value 160 

without outliers, whereas the circles shows the outliers which are defined as 1.5 times the 161 

interquartile range above the upper quartile or below the lower quartile. To validate the 162 

robustness of the aforementioned link between the water type and origin with PCE p-values of 163 

the t-test between the clusters were calculated to examine whether two clusters are different or 164 

not (Table 2). The p-values between C1 and C2 indicate that these clusters are quite similar. 165 

The probability is 42%, whereas the probability between C1 and C2 to C3 decreases to 9% and 166 

15%, respectively. The probability that C1 is similar to C5 and C6 within the data set decreases 167 

clearly to 2% and 3%, respectively. 168 

Table 2: Calculated p-values of the t-test for different clusters estimated with HCA. A p-value 169 

of 1 between clusters indicates that the data sets are 100% equal, whereas a p-value of 0% 170 

shows that the data sets are completely different. 171 

p-value Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5 Cluster 6 

Cluster 1 1.00      

Cluster 2 0.42 1.00     

Cluster 3 0.09 0.15 1.00    

Cluster 4  -  -  - 1.00  -  - 

Cluster 5 0.02 0.03 0.11  - 1.00  

Cluster 6 0.03 0.09 0.29  - 0.36 1.00 

 172 
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Apart from the general trend, the concentrations at the extraction wells show a quite similar 173 

trend for PCE. Three different clusters exist (C1, C2 and C3) for the extraction wells. These 174 

wells of C3 cluster show slightly higher concentrations for all investigated compounds (Figure 175 

8, smaller panel). However, the compounds can be measured in all wells, although for C1 and 176 

C2 the concentrations were lower than for C3. 177 

6. Summary and Conclusions 178 

In this study, a combined approach of multivariate statistical analysis, namely factor analysis 179 

(FA) and hierarchical cluster analysis (HCA), interpretation of geochemical process, isotope 180 

data and organic micropollutants was used to develop a sound conceptual process understanding 181 

for flow and transport. This conceptual process understanding for flow and transport can be 182 

used as a tool to ensure the utmost security for drinking water. For the specific study site the 183 

following conclusions can be drawn.  184 

Multivariate statistical analysis helps to identify the spatial distribution of different water types. 185 

Inter-aquifer mixing in the subsurface is spatially identified, where a higher amount of artificial 186 

infiltrated surface water is mixed with water originating from the regional flow pathway in the 187 

vicinity of the extraction wells. The mixing signal can be found also in a few specific extraction 188 

wells in the western part of the study area which might be linked to fault induced aquifer 189 

connectivity. In addition the analysis indicates geochemical dissolution processes in the vicinity 190 

of the pumping well gallery where some sampling points show a small difference in the isotope 191 

ratios compared to Rhine water. The obtained results of the multivariate statistical analysis are 192 

strongly supported by the gained information from isotopic data and organic micropollutant 193 

analyses.  194 

Generally, highest concentrations of most contaminants can be found in the south and west 195 

whereas a decreasing trend is observed north where the influence of the artificial infiltration 196 
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increases. Small concentrations of contaminants such as PCE can be found for all extraction 197 

wells but slightly higher for cluster group C3. The highest potential risk is given for drinking 198 

water supply in the western part of the study area. Here, particular wells with a higher 199 

proportion of regional water coming most likely from the south should be further investigated 200 

and might be operated differently. Changing abstraction rates or adjusted pumping depths might 201 

decrease the contribution of regional water compared to artificial infiltrated Rhine water.  202 

In this study, it was demonstrated that systematically combining a comprehensive data set can 203 

help to determine the origin of extracted drinking water. Overall, our integrated approach using 204 

different kinds of observations in combination with multicomponent statistical analysis, isotope 205 

and micropollutant data can be easily transferred to a variety of hydrological settings to 206 

synthesise and evaluate large hydrochemical datasets. It is conceivable that the combination 207 

with additional data with different information content enables effective interpretation of 208 

hydrological processes. Using the applied integrated approach leads to more sound conceptual 209 

models which are acting as the very basis to develop improved water resources management 210 

practices in a sustainable way.  211 
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