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Resumo 
Micropututantes surgiram como uma preocupação global devido à sua presença 

onipresente nos sistemas hidrológicos. A importância dos micropoluentes na 

determinação da qualidade da água é bem entendida nas águas superficiais, em 

contraste com as águas subterrâneas. 

 

As comunidades microbianas de aqüíferos são de primordial importância no controle 

da qualidade das águas subterrâneas, devido ao seu papel na remoção de 

contaminantes em subsuperfície. Ao refletir o significado das comunidades 

microbianas do aquífero e a ocorrência freqüente de baixas concentrações de 

micropoluentes nas águas subterrâneas, é essencial que se tenha uma melhor 

percepção sobre sua influência nas comunidades microbianas. 

 

Neste estudo, o destino e a influência de 4 micropoluentes orgânicos no aquífero 

microbialmente ativo foram monitorados em sistemas aqüíferos de lotes e 

mesocosmos. Além disso, o fluxo e o transporte de baixa concentração de 

micropoluentes foram conceituados e simulados com mínima complexidade 

considerando o transporte conservador e o papel da advecção, dispersão e sorção 

linear durante o transporte dos micropoluentes selecionados através do sistema 

aqüífero artificial. Os resultados mostram que baixas concentrações de 

micropoluentes, na faixa de vários meses (112 dias), não causam alterações 

significativas na atividade microbiana do aqüífero sob condições estáticas e de fluxo. 

Simulações realizadas considerando os processos de transporte sugerem influência 

da dispersão e sorção na dispersão dos micropoluentes retardando seu transporte. 

No entanto, é necessário monitorar os sistemas experimentais por um período mais 

longo e aumentar a complexidade do modelo de transporte reativo, considerando a 

cinética de degradação, facilitando conclusões aprimoradas e aprofundadas. 
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Global changes such as increase in industrialization, population and urbanization has 
led to over-exploitation of water resources and deteriorated water quality. With 
increase in usage of groundwater for drinking purposes, it is crucial to monitor 
groundwater quality. Micropollutants have emerged as a global concern due to their 
ubiquitous presence in the hydrological systems. Significance of micropollutants in 
determining the water quality is well understood in surface water in contrast to 
groundwater. 

Possible removal of micropollutants by the aquifer microbial communities has been 
receiving focus in the recent years. Aquifer microbial communities are of prime 
importance in governing groundwater quality due to their role in removal of 
contaminants in subsurface. Majority of the investigations that showed pollutant 
biodegradation in groundwater applied considerably high concentrations due to the 
experimental complexities. However, micropollutant concentrations in the 
environment range between ng/L to μg/L. Upon reflecting the significance of aquifer 
microbial communities and frequent occurrence of low concentrations of 
micropollutants in groundwater, a better insight about their influence on microbial 
communities is vital. 

In this study, fate and influence of 4 organic micropollutants in microbially active 
aquifer was monitored in batch and mesocosm aquifer systems. Moreover, flow and 
transport of low concentration of micropollutants were conceptualized and simulated 
with minimum complexity. The models applied considered conservative transport and 
the role of advection, dispersion and linear sorption during transport of the selected 
micropollutants through the artificial aquifer system. The results show that low 
concentrations of micropollutants, in the range of several months (112 days), does 
not cause any significant changes to aquifer microbial activity under static and flow 
through conditions. Simulations performed considering transport processes suggest 
influence of dispersion and sorption on spreading of the micropollutants delaying 
their transport. However, it is necessary to monitor the experimental systems for a 
longer period and increase the complexity of the reactive transport model considering 
degradation kinetics facilitating improved and in-depth conclusions. 
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Abstrakt 

Globale Veränderungen wie der Anstieg der Industrialisierung, der Bevölkerung und der 
Urbanisierung haben zu einer Übernutzung von Wasserressourcen geführt, die die 
Wasserqualität verschlechtert haben. Mit zunehmender Nutzung von Grundwasser zu 
Trinkzwecken ist es wichtig, die Grundwasserqualität zu überwachen. Mikroverunreinigungen 
haben sich aufgrund ihrer allgegenwärtigen Präsenz in den hydrologischen Systemen als 
globales Problem herausgestellt. Die Bedeutung von Mikroverunreinigungen für die 
Wasserqualität von Oberflächengewässern ist im Vergleich zum Grundwasser gut bekannt. 

Mikrobielle Lebensgemeinschaften von Grundwasserleitern sind aufgrund ihrer Rolle bei der 
Entfernung von Schadstoffen im Untergrund von grundlegender Bedeutung für die Steuerung 
der Grundwasserqualität. Die Entfernung von Mikroverunreinigungen durch die mikrobiellen 
Gemeinschaften der Grundwasserleiter hat daher in den letzten Jahren den Schwerpunkt der 
Forschung dargestellt. Die Mehrzahl der Untersuchungen zur Untersuchung von 
Mikroverunreinigungen im Grundwasser berücksichtigt aufgrund der experimentellen 
Komplexitäten höhere Konzentrationen. Die Konzentrationen an Mikroverunreinigungen in 
der Umgebung liegen jedoch nur zwischen ng/L bis μg/L. Wenn man die Bedeutung 
mikrobieller Gemeinschaften in Grundwasserleitern und das häufige Auftreten geringer 
Konzentrationen von Mikroverunreinigungen im Grundwasser berücksichtigt, ist ein besseres 
Verständnis ihres Einflusses auf mikrobielle Gemeinschaften von entscheidender 
Bedeutung. 

In dieser Studie wurde der Einfluss von vier organischen Mikroverunreinigungen auf die 
mikrobiellen Biomasseaktivitäten mit Hilfe von künstlichen Aquifersystem untersucht. 
Strömung und Transport geringer Konzentration von Mikroverunreinigungen wurden 
konzeptualisiert und mit minimaler Komplexität simuliert. Die Modelle betrachteten den 
konservativen Transport und die Rolle der Advektion, der Dispersion und der linearen 
Sorption auf dem Fluss und dem Transport der Mikropollutanten des künstlichen 
Grundwasserleitersystems. Die Ergebnisse zeigen, dass geringe Konzentrationen von 
Mikroverunreinigungen über einen Zeitraum von 112 Tagen in Batchversuchen und in 
Gerinnerexperimenten keine Veränderung der mikrobiellen Biomasse des 
Grundwasserleiters verursachen. Simulationen, die unter Berücksichtigung von 
Transportprozessen durchgeführt wurden, legen den Einfluß von Dispersion und Sorption auf 
die Ausbreitung von Mikroverunreinigungen und deren Transportverzögerung nahe. Es ist 
jedoch notwendig, experimentelle Systeme über einen längeren Zeitraum zu überwachen 
und die Komplexität des reaktiven Transportmodells unter Berücksichtigung der Abbaukinetik 
zu erhöhen, um verlässliche Schlussfolgerungen zu ermöglichen. 
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1.1 Introduction 

Increased urbanization, industrialization and global population has subjected all water 

resources to numerous changes in recent times i.e. both quantitative and qualitative. 

According to the UN World Water Development (2018) report, water quality is expected 

to further deteriorate in the coming years affecting human health and environment 

negatively on a global scale. Inadequacy of surface water to meet the water demand has 

promoted the users to opt for groundwater as primary water source for domestic and 

agriculture in many regions of the world (Li et al., 2017).  However, anthropogenic 

activities along with the global changes and poor management of groundwater resources 

have led to deterioration of groundwater quality (Giri & Singh, 2015; Li et al., 2017).  

Macro and micropollutants threaten groundwater quality while the fate and behavior of 

macropollutants are well demonstrated in comparison with micropollutants. 

Advancements in analytical methods have enabled to obtain a better insight about 

micropollutants in recent years (Richardson & Tarnes; 2017). Micropollutants are 

comprised of pharmaceuticals, life-style compounds, pesticides, industrial additives and 

by-products, and food additives (Lapworth et al., 2012; Sorenson et al., 2015) and 

commonly derived from municipal, agricultural and industrial sources. Micropollutants or 

emerging contaminants, present in low concentrations (ng/L to fewer μg/L) is a growing 

concern in aquatic systems and their presence in groundwater has drawn attention in 

recent years (Lapworth et al., 2012; Stuart et al., 2012). Of all the studies investigating 

the fate of micropollutants in groundwater most of them applied the contaminants in 

much higher concentrations than their occurrence in the environment for experimental 

convenience (Hart et al., 2013). In order to obtain a better insight about the behaviour sof 

micropollutants in aquifer, it is necessary to conduct studies with environmentally 

relevant concentrations (Sui et al., 2015; Lapworth et al., 2012). 

Microbial communities in the subsurface influence groundwater quality, in the best case 

via degradation of pollutants, contaminants on the other hand may negatively impact the 

native microbes. Hence, it is important to understand the influence of micropollutants on 

the microbial communities and vice versa. There have been very few studies conducted 

to investigate the influence of contaminants on the microbial communities. Out of all the 

studies conducted, majority of the focus on determining biodegradation kinetics. Any 

change in the microbial communities may change the microbial ecology of the site in a 

long-term and in consequence microbial ecosystem services. Therefore, interfering with 
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the microbial catalysed contaminant removal processes which in turn can potentially 

change the groundwater quality.  

This thesis aims to investigate the impact of low concentrations of micropollutants on the 

natural microbial communities and their flow and transport in aquifers. Micropollutants for 

the study were chosen based on the observations at a riverbank infiltration site at river 

Main at Würzburg. Experiments in batches and in an artificial aquifer system were 

carried out to observe changes in the microbial activity caused by individual 

micropollutants and in mixture. The experiment in the artificial aquifer system also 

provided information about the flow and transport of micropollutants in low-

concentrations through a sandy alluvial aquifer. Numerical modeling tools were 

employed to simulate the flow and solute transport in the artificial aquifer system. The 

simulations represent the basic flow and consider the solute transport with reduced 

complexity, i.e. leaving possible biodegradation unconsidered. 

1.2  Structure of the Thesis 

This document is structured in 5 parts. Part 1 provides general introduction, discusses 

theory and background summarising current understanding about the topic, motivation 

for this study, the hypothesis to be testes and the objectives. Part 2 presents the 

methodology, results for the batch and indoor artificial aquifer experiment performed to 

test the hypothesis along with the conclusions drawn from the observations. Statistical 

analysis performed to test the observations of the laboratory experiments are discussed 

in part 3. The conceptual model and numerical simulations for the flow and transport of 

micropollutants in the indoor artificial aquifer are discussed in part 4. Finally, part 5 

presents a discussion of the work, summarizing comments, conclusions and an outlook. 

1.3 Theory and Background 

Micropollutants in aquifers 

 

In the last few decades, occurrence of micropollutants in aquatic systems has become a 

concern globally. Behaviour and fate of micropollutants in surface water and wastewater 

has been well understood in comparison with groundwater. In the last two decades, 

assessment of micropollutants in groundwater has grown due to the development of 

rapid and efficient screening techniques for micropollutants. In a review by Lapworth et 
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al., 2012, sources and pathways for groundwater pollution by micropollutants were 

discussed. The review also considers the fate of micropollutants in subsurface. 

 

Point sources of micropollutants to aquifers includes municipal sewage treatment plants, 

waste disposal sites and industrial effluents (Watanabe et al., 2008; Lapworth et al., 

2012; Heberer, 2002; Rabiet et al., 2006). Nonpoint source pollution occurs on a large 

geographical scale due to urban runoff, and leakage in the urban sewer system. 

Compounds such as pesticides are spatially applied and are transported with the 

seepage water into shallow aquifers. Micropollutants in aquifers due to point-sources 

usually occur in high concentrations and hence are easy to detect (Clarke and Smith, 

2011). Transport and fate of micropollutants in the subsurface depends upon the 

physicochemical properties of the contaminant, water flow and residence time, 

temperature and redox conditions (Wells, 2006; Oppel et al, 2004; Lapworth et al., 

2012). Hydraulic and geological properties, both influence the transport of contaminants 

in subsurface. 

 

Processes that influence the transport of micropollutants to and in aquifers are 

adsorption and biodegradation. Sorption on to soil matrix and geological materials is an 

important process in attenuation of micropollutants in the subsurface. However, sorption 

capacity of contaminant varies depending on the properties and composition of the soil 

matrix and geological materials. For example, Chefetz et al., (2008) demonstrated the 

sorption-desorption behaviour of 3 pharmaceuticals in soil layers and significant 

influence of soil organic matter on the processes i.e. the compounds demonstrated 

increased mobility in soil layers with poor organic matter. Cornelissen (1997) studied the 

influence of temperature on the sorption and desorption of micropollutants to sediments. 

The observations demonstrated increase in the rate of slow-desorption at an elevated 

temperature. Osenbruck et al., (2007) studied the transport of 3 micropollutants with 

groundwater in a shallow aquifer in Halle, Germany. Their observations show that 2 of 

the contaminants were attenuated during the transport, attributed it to the higher organic 

content and higher transit times of the respective flow paths.  

 

Meffe and Bustamante (2014) reviewed the occurrence of 161 micropollutants in Italian 

surface and groundwater. According to their review, pesticides being persistent can 

travel long distances and infiltrate into aquifer without being attenuated. They are 

attributing the significantly less studies regarding the occurrences of micropollutants in 

groundwater to be due to the elaborate sampling.  A 2013 survey of Iowa groundwater 

by the Iowa Geological and Water Survey (2015) screened 66 public supply wells for 
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emerging contaminants and/or micropollutants. The observations of the study underlined 

that pesticides were the most commonly observed contaminants. In addition to the 

discussed literature, there have also been few studies investigating the presence of 

micropollutants in groundwater in Spain, France, Africa, England, Wales (Manamsa et 

al., 2016; Jarudo et al., 2012; Lopez et al., 2015; Sorensen et al., 2015). 

 

 

Aquifer microbial communities  
 

Groundwater quality and sediment properties are greatly influenced by the 

microorganisms in subsurface (Griebler & Avramov, 2015). Microbial activities catalyse 

reactions in subsurface like oxidation of organic matter to carbon dioxide, dissolution and 

precipitation of inorganic components. Aquifer microbial communities also degrade toxic 

compounds in the subsurface hence, playing a critical role in determining the quality of 

groundwater. 

 

Since 1980s there have been a lot of studies carried out as an attempt to understand the 

aquifer microbial communities, their ecological significance and distribution. Slowly, with 

the evolution of sampling techniques and procedures of analysis a better picture about 

the microbial ecology in the aquifer has been obtained. A review about the Microbial 

diversity in groundwater ecosystems by Griebler and Leuders (2009), discusses the 

distribution of microorganisms in aquifers with most of the microorganisms being 

attached to sediments thereby aiding them to thrive in an environment poor with carbon 

and nutrients (Griebler and Leuders; 2009). Spatio-temporal variability and the 

components causing interference to the aquifer influence the microbial community in 

terms of composition an activity. Any disturbance caused to the microorganisms in the 

aquifers will also affect the microbially catalysed biogeochemical reactions thereby 

influencing the groundwater quality. 

 

Sulfamethoxazole in groundwater 

 

Sulfamethoxazole (SMX) is a sulfonamide antibiotic inhibiting the folic acid synthesis 

required for bacterial growth. It is typically combined with trimethoprim and commonly 

known by trade names Bactrim and Gantanol. SMX is analogous to para-aminobenzoic 

acid (PABA) involved in the production of folic acid in bacteria. SMX competes with 

PABA inhibiting the production of a precursor of folic acid (US FDA, 2008). After 
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absorption into the human body, approximately 30% of SMX is excreted in its original 

form along with two metabolites. 

 

Increased production and consumption of SMX has led to its frequent occurrence in 

aquatic systems as ubiquitous contaminant. In a study conducted by the USGS 

throughout the nation in 2007 demonstrated that 23% of the samples had SMX at an 

average concentration of 1.11μg/L (Barnes et al., 2008). In another study conducted by 

Underwood et al.(2011),  the authors observed that sub-therapeutic concentrations of 

SMX alters the composition of enriched nitrate-reducing microcosms by inhibiting 

expression of the nitrification gene. Hence, SMX may co-occur with NO3- contamination 

in the subsurface and alters the ecosystem in subsurface. SMX leads to the 

development of bacterial resistance in aquatic systems (Larcher and Yargeau, 2012) and 

because of it resistance to natural attenuation processes it has also been used as a 

tracer for subsurface contamination (Barber et al., 2008). SMX is photodegradable with a 

half-life of 19 days in the presence of sunlight. Observations of a study conducted by 

Avisar et al. (2009) indicates the ability of SMX to penetrate to deep subsurface (~1.3 

Km) in saturated porous media. 

 

SMX can also be biodegraded, anaerobic degradation rates for SMX are significantly 

lower than those measured under aerobic conditions in soil (Lin and Gan, 2011). At low 

concentrations (<1 μg/L) the degradation was observed to be slow with a half-life of 49 

days, while at higher concentrations (>1 μg/L) it was 16 days (Baumgarten et al., 

2011).On the other hand, there are studies reporting no removal of SMX in a pilot scale 

riverbank filtration system or in biological filters (Benotti et al., 2012; Zearley and 

Summers, 2012). 

 

Acesulfame in groundwater 

 

Acesulfame (AC) is an artificial sweetener widely and commercially used as potassium 

salt known as acesulfame-K. AC is 180 times sweeter than sugar but also has a bitter 

aftertaste. The consumption of AC per capita in different European countries ranges from 

4.9 mg/d to 17.6 mg/d. AC passes the human body unaffected thus quantitatively 

reaching the waste water and aquatic systems (Lange et al., 2012)  

 

A study monitoring artificial sweeteners in a shallow urban aquifer for 6 years determined 

that 27.5% of the screened wells were contaminated with AC. Spatial distribution of the 

compound was found to be highly relevant to the pipeline leakages (Wolf et al., 2012). 
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Several studies have reported the presence of ACE in groundwater (Buerge et al., 2009; 

Scheurer et al., 2009). Half-life of AC in soil was determined to range between 17-19 

days and its presence in groundwater is mainly due to the infiltration of waste-water 

contaminated surface water (Buerge et al., 2011). 

 

AC is a present as an anion in the aquatic environment with pKa ≤2 thus, favouring a 

strong mobility of AC in sediments. AC is rather persistent to degradation hence it is 

used as a tracer to detect contamination of aquifers by wastewater. Storck et al., (2016) 

reported low sorption of AC to soils even with high content of organic carbon. They also 

demonstrated persistence of AC without degradation unless oligotrophic nutrient 

conditions were applied. Effects of acesulfame on microbial communities in subsurface 

are not well understood. 

 

Benzotriazole in groundwater 

 

Benzotriazole (BT or 1H-Benzotriazole) is used as corrosion inhibitor in cooling systems 

and as additive to dishwashing detergents. Major source of BT in the environment is 

treated municipal wastewater. BT is also employed in anti-freeze and de-icing fluids. BTs 

are classified as toxic and cause long-term adverse effects to the aquatic environment. 

BT is readily soluble in water and has low adsorption tendency to organic matter in 

comparison to other micropollutants (Giger et al., 2006). 

 

Aerobic biodegradation of BT follows a first order reaction with a half-life of 43 days. 72% 

of BT in water was observed to be degraded under aerobic conditions while, it reduced 

to 65% in anaerobic environment. Addition of Fe (III) is predicted to enhance the 

anaerobic biodegradation of BT (Liu et al., 2012). Cancilla et al., (2003) discussed the 

contamination of groundwater and soil by BT (used in aircraft deicing and anti-icing 

fluids) of an air force base. At the Oslo airport, 20 top soil samples collected beside the 

runway was found to be contaminated with BT (Breedveld et al.,2002). In the same 

study, concentration of BT in groundwater was determined to range between 0.001 

mg/m3 and 1100 mg/m3. 

 

In a survey throughout Europe conducted by Loos et al. (2010), 53% of the groundwater 

samples analysed was found to have BT. BT was also detected in four out of six 

groundwater pumping stations in a densely populated area in Zurich, Switzerland (Kahle 

et al., 2009). The range of concentrations of BTs as reported in literature are 10-1 to 104 

(μg/kg d.w) in soils and sediments, and 1 to 10-6 mg/L in surface and groundwater 
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(Careghini et al., 2015). Jia et al.,(2006) studied the influence of BT on the microbial 

community in the unsaturated zone. They found that BT concentrations of 10 mg/L 

retarded the microbial degradation of toluene in the subsoil of 1-2m depth. Additionally, 

there was severe reduction in the growth yields. 

 

4-formyl-aminoantipyrine in groundwater 

 

4-formyl-aminoantipyrine (FAA) is a metabolite of metamizole which is a non-steroidal 

anti-inflammatory drug. Hydrolytic cleavage of metamizole results in the primary 

metabolite 4-methyl-aminophenazone which is further metabolized in the human body to 

aminoantipyrine, 4-acetylaminoantipyrine and FAA (Feldmann et al., 2008). Among the 

four metabolites of metamizole, FAA remains persistent during the sewage treatment.  

The presence of FAA in groundwater has been reported by a few studies, however, the 

fate and behaviour has not been well understood. Candela et al., 2013 reported 96ng/L 

of FAA in the monitoring wells samples near an artificial aquifer recharge site in 

Barcelona, Spain. During a 7 year study conducted by Dimikic et al., 2017, the detection 

frequency of FAA in groundwater was determined to be 25%, the authors also described 

distribution co-efficient (Kd) as 0.86 L/Kg. 

  
Property Acesulfame-K 

(AC) 
Sulfamethoxazole 
(SMX) 

Benzotriazole 
(BT) 

4-Formyl-
aminoantipyrine 
(FAA) 

Use Artificial 
sweetener, non-
nutritive 
sweetener 

Antibacterial drug.  
Mainly used in 
treatment of acute 
urinary tract infections  

Corrosion inhibitor, 
deicing and 
defogging agent, 
used in cooling 
systems and 
dishwashing 
detergents for metal 
protection. 

Metabolite of 
metamizole (non-
steroidal anti-
inflammatory drug) 
used as analgesic and 
antipyretic drug. 

Alternative names Acesulfame-
potassium 
Acetosulfame- 

Sulfamethoxazol 
3-(para-
Aminophenylsulfonami
do)-5-methylisoxazole 
5-methyl-3-
sulfanilamidoisoxazole 

1,2-
Aminozophenylene 
Azimidobenzene 
1H-Benzotriazole 
Benzisotriazole 

4-Formamidoantipyrine 
 

CAS-No. 55589-62-3 723-46-6 95-14-7 1672-58-8 

Molecular formula C4H4KNO4S C10H11N3O3S C6H5N3 C12H13N3O2 
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Structure 
 

 
 
(Source: 
pubchem.ncbi.nlm.ni
h.gov) 

 

 
(Source: 
pubchem.ncbi.nlm.nih.gov
) 

 
 

 
(Source: 
pubchem.ncbi.nlm.nih.g
ov) 

 
(Source: 
pubchem.ncbi.nlm.nih.gov) 

Molecular weight 
(g/mol) 

201.237  253.28 119.13 231.251 

Water solubility Readily soluble 610 mg/L at 37°C 1-5g/L at 23.7°C - 

Half-life  17-19 days in 
loamy arable soil 
(Buerge et al., 
2011) 

9-11.4 days in non-
sterile soil (Lin and 
Gan 2011) 
 

29±2 days in non-
sterile columns with 
anaerobic sediment 
(Alotaibi et al., 2015) 

≈420 days sediment 
(Dimkic et al., 2017) 

Concentration in 
groundwater 

4.7μg/L  
(Buerge et al., 
2009) 

1.1 μg/L  
(Barnes et al., 2008) 

0.016–0.0777μg/L   
(Kahle et al., 2009) 

96ng/L (Candela et al., 
2016) 

Sorption Co-
efficient (Kd) 

- 0.77 L/Kg in sandy 
loam 
(Srinivasan et al., 
2010) 

0.26 L/Kg in 
anaerobic sediment 
 

0.86 L/Kg  
(Dimkic et al., 2017) 

Degradation 
kinetics 

- 0.0766 ± 0.0115 d-1 

(Lin and Gan 2011) 
- - 

 

Table 1.1: Physical and Chemical properties of the four micropollutants studied 

 

From the literature, it is evident that there is less literature available focusing on the 

study of the above discussed micropollutants in groundwater in comparison with surface 

water. Also, most of the studies carried out to study the transport of micropollutants were 

found to have used higher concentrations in the mg/L range. However, environmental 

concentrations are typically in μg/L or ng/L concentrations (Sui et al; 2015). Additionally, 

there have been very few studies focusing on the effect of the environmental 

concentrations of micropollutants on the natural microbial community. 

 

 

Numerical Modeling for flow and transport of Micropollutants 

Mathematical modeling is a useful tool to bring processes together, have them visualised 

and use the model results for predictions. Modeling may further help to get a better 

understanding about the interacting processes and factors influencing the transport and 

fate of micropollutants in porous media. Chen et al., (2013) simulated the fate of 
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diclofenac along with 8 other pharmaceuticals and personal care products (PPCPs) in 

soil receiving reclaimed water using HYDRUS-1D. Their observations suggested a 

leaching of 1.36% of diclofenac sodium over a 10 year period at 90 cm depth of the soil 

profile thereby PPCPs leach below 90 cm depth in extreme scenarios when distribution 

co-efficient, Kd is extremely weak. Escales and Vila (2016) conceptualized the fate of 

SMX in groundwater under different redox conditions (denitrifying and iron-reducing) and 

proposed a mathematical model. The model developed was based three experimental 

observations. The proposed mathematical model was demonstrated to reproduce the 

experimental observations successfully. 

 

1.4 Motivation 

 

Studies investigating the micropollutants in groundwater mostly focus on evaluating a 

remediation measure where the concentrations of micropollutants varying in mg/L range, 

while the environmental concentrations of micropollutants range between ng/L to μg/L. 

Aquifer microbial biomass plays an important role in determining the groundwater quality 

due to their role in contaminant degradation processes. However, the changes caused 

by the micropollutants on the aquifer microbial activity at environmental concentrations 

are not well demonstrated and understood. The lack of concrete understanding 

regarding changes caused by the low concentration of micropollutants on natural aquifer 

microbial biomass and the processes influencing flow and transport of micropollutants at 

these concentrations were motivation for this study 

 

1.5  Hypotheses 

 Also low concentration of potentially toxic micropollutants inhibits microbial 

communities in aquifers. 

 An increase in micropollutant concentration increases their inhibitory effect on the 

microbial community. 

 A small inhibitory effect from low concentration of micropollutants increases with 

time (chronic effect). 

 Transport of micropollutants in low concentrations is restricted due to sorption and 

dispersion in the porous aquifer. 
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1.6 Objectives 

The four working hypotheses for this work can be tested by 3 different approaches: 

1. By batch experiments in order to evaluate the fate and impact of varying 

concentrations of micropollutants on the microbial communities. This approach 

investigates the individual behaviour of micropollutants and microbes under 

static conditions. Changes in the micropollutant concentration will also provide 

information about the sorption and degradation processes. 

2. By an experiment in an indoor aquifer system supplied with low concentrations 

of micropollutants in order to evaluate their fate and behaviour under 

continuous flow conditions. This approach will provide information about the 

transport of micropollutants and also their fate and influence on the microbial 

community. 

3. Conceptualizing and performing numerical simulations for the indoor aquifer 

system. Observation from the flow, non-reactive transport model and reactive 

transport model considering advection-dispersion and sorption will provide 

information about significance of advection, dispersion and sorption of 

individual micropollutants at low concentrations. 
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Chapter 2  Laboratory Studies
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2.1  Motivation  

 Laboratory experiments were performed in order to observe the influence of 

micropollutants on the microbial biomass activity. All the laboratory experiments were 

performed at Institute of Groundwater Ecology, HelmholtzZentrum München. These 

experiments also provide information about significance of sorption in transport of low 

concentration micropollutants. Two laboratory experiments were conducted for this 

purpose. Firstly, batch experiments with micropollutants in 3 different concentrations 

under static conditions with occasional mixing to aerate. Finally, experiments were 

conducted in an artificial indoor aquifer system with continuous injection of low 

concentration of micropollutants.  

Batch experiments were performed by mixing known concentration of micropollutant 

solution with known mass of soil and maintaining them in contact with each other for a 

given period of time. The solution and sediment from the batches were then separated 

and analysed for the changes. While, mesocosm experiment was performed in an 

artificial aquifer system considers the influence of hydraulic and sediment properties on 

the micropollutants. The artificial aquifer system is constituted in an inert boundary and is 

devoid of sunlight in order to provide conditions close to the field scenario. 

The purpose of batch experiments was to observe the changes in microbial biomass 

activity due to the variation in the micropollutant concentration over time. Batch 

experiments were conducted at three different concentrations in order to determine the 

importance of micropollutant concentration in stimulating changes in microbial biomass 

activity and sorption and degradation processes. On the other hand, experiments in the 

artificial aquifer system were performed to obtain two important observations. (i) 

Influence of micropollutant on the microbial biomass activity (ii) to evaluate the spreading 

of contaminant to the non-contaminated regions in the aquifer system.  

2.2 Materials and Methods 

Chemicals 

Benzotriazole, Acesulfame, Sulfamethoxazole, and 4-formylaminoantipyrine were 

purchased from Sigma-Aldrich (Germany). 
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2.2.1 Batch experiment 

Batch experiments were setup in 100ml sterile culture flasks. 40 ml of wet sediment with 

grain size of 0.063 to 2mm were collected from the stored and saturated gravel pit 

samples. To this 40ml of the groundwater collected was added. As nearly 20% of the wet 

sediment is composed of water, 40ml of wet sediment used for the batch experiments, 

approximately contribute to 8ml of water.  

Batch experiments were performed individually for all the four micropollutants with 3 

concentration ranges with biological triplicates. The concentration ranges of 

micropollutants were determined based on the field observations in the experiments 

conducted at a riverbank infiltration study along river Main in Würzburg, Germany. 

Concentration ranges for the batch experiments are as described in the table 2.1.After 

adding the pre-determined concentration of micropollutants in the prepared batch bottles, 

the bottles were incubate at 12°C under dark conditions. 

 

 

 

 

 

 

 

 

 

 

Figure 2.1: Batch Experiment Set-up: (a) Composition of each batch bottle (b) 

Experimental set-up for batch experiment with one micropollutant 
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Sampling in batch experiment 

The aim of the experiment is to determine the long-term impact of the compounds; 

therefore, the delay in the last sampling is favourable for the observations of the study. 

All the batch experiments were sampled in an exponential pattern. The first sampling 

was performed on the start day (day 0) of the experiment in order to observe the 

instantaneous changes caused by the micropollutants. Further samplings were 

performed on days 1, 7, 28, 63 and 112 after the start of the experiment. Final sampling 

was planned to be delayed as long as 1 year in order to evaluate the long-term effects 

caused by the micropollutants on the microbial biomass activity. 

During each sampling, both sediment and water samples were collected in sterile 

Eppendorf tubes. All the batches were gently mixed every day in order to aerate the 

bottles and allow uniform mixing of the micropollutant between water and sediment 

phase. However, care was taken to avoid mixing of the two phase prior to the sampling 

to avoid the influence of finer sediment in the water samples.  

1ml of water samples were collected each for measurement of ATP, total cell counts and 

micropollutant analysis. In case of batch experiments with low micropollutant 

concentrations, after distributing water sample for measurement of total ATP and total 

Table 2.1 Concentration ranges for the batch experiments 

Compounds Acesulfame 

(AC)   

 

Sulfamethoxazole 

(SMX) 

Benzotriazole (BT) 4-Formyl-

aminoantip

yrine (FAA) 

High 

Concentration 

(mg/L) 

10                           10     10                           10  

Moderate 

Concentration 

( μg/L) 

100                         10   100                        100 

Low 

Concentration 

(ng/L) 

1000                      50    1000                      500  
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cell counts the batches were destroyed by extracting the complete water phase for the 

micropollutant analysis. Similar to the water samples, approximately 1g of sediment 

samples were aseptically collected from all the batches for measuring total ATP, total cell 

counts.  

2.2.2 Indoor Aquifer Experiment 

The experiment was conducted in an indoor artificial aquifer system with 4.8m length, 

0.8m width and 0.7m long filled with homogenous natural sediment of grain size between 

0.63mm to 2mm. The indoor aquifer was saturated with a water level difference of 9cm 

along 4.8 m flow length. The indoor aquifer was organized in 5 transects (A, B, D, C, E) 

in a longitudinal direction, each with 10 sampling ports and oxygen sensors oriented in 

the vertical direction. For the current experiment, 3 of the longitudinal sampling points (B, 

D and E) and 3 depths each (25cm, 45cm, 60cm) were chosen for sampling. Samples 

were collected through a stainless steel capillary connected to a fluran tubing and 

peristaltic pump. The aquifer was constantly maintained before and during the 

experiment. Water flux, oxygen concentration and temperature at the inlet and outlet 

were monitored every week.  

The container with the artificial aquifer is of 5m length when 10cm on both the ends acts 

as inlet and outlet chambers. At the inlet, the aquifer can be supplied in 4 sections 

however; this separation is restricted to this chamber and does not extend throughout 

the length of the aquifer. Design of the artificial aquifer experiment is as demonstrated in 

figure 2.2 

 

 

 

 

 

 

Figure 2.2: Experimental Set-up of Indoor Aquifer (Adapted from Herzyk et al., 2017) 
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Micropollutant Injection and Sampling in Artificial Aquifer 

Concentration of micropollutants were determined based on observations of the 

riverbank infiltration study along river Main in Würzburg . A 5 L reservoir of micropollutant 

mixture was prepared in sterile water, tightly sealed and covered to avoid sunlight. The 

reservoir was connected to the peristaltic pump with two stainless steel capillaries and 

two fluran tubings in line. After the peristaltic pump, the mixture of the micropollutants 

was continuously injected to the two lower inlet chambers at a flow rate of 0.12 L day-1. 

Table 2.2: Final concentration of micropollutants in the groundwater supplied to the two 

lower inlet sections artificial aquifer system (see Figure 2.2) 

Compound                                      Concentration  

Sulfamethoxazole                              50 ng/L 

Acesulfame                                         1 μg/L 

Benzotriazole                                      1 μg/L 

4-Formyl-aminoantipyrine                   500 ng/L 

 

 In order to examine the changes in the artificial aquifer, both sediment and water 

samples were collected. Samples were collected at the following positions: 

 Sampling Point 1- Micropollutant mixture source before the peristaltic pump 

 Sampling Point 2- After the peristaltic pump-In order to observe if there was      

sorption to the plastic tubing of the pump. 

 Sampling Point 3- All the four inlet chambers  

 Sampling Point 4- At transects B, D and E of the aquifer system at depths 25cm, 

45cm and 60cm. 

Sampling was done at points 1 and 2 on day 0 for the micropollutant analysis. On day 1, 

samples were collected form points 2 and 3. While on during days 7, 28, and 56 samples 

were collected from all the sampling points. As one of the objectives of the aquifer 
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experiment was to observe the long-term effect of micropollutants, the experiment is 

expected to be performed for duration of 1 year.  

Sampling ports in the aquifer are made of stainless steel and is sampled at three 

different depths using two stainless steel capillaries connected by a peristaltic pump. In 

order to avoid the disturbances caused by pumping, water samples from the transect E 

(farthest from the inlet) were collected first during all the samplings. During each 

sampling, 100 ml water samples were collected in a sterile Schott bottles for measuring 

total ATP concentration, external ATP concentration, total organic carbon, total cell 

counts, major cations and major anions throughout the selected sapling ports in the 

aquifer. Additionally, 100 ml of water was collected separately for micropollutant analysis 

at all the sampling ports (in the aquifer and at the selected points along the path 

connecting micropollutant mixture to aquifer system). Also, 1.5 to 2 L of water samples 

were collected at two distant sampling depths of sampling transects B, D and E for the 

purpose of molecular analysis. Sediment sampling in the artificial aquifer was performed 

on day 7 and 28 at all the three transects and three selected depths and were analysed 

for total ATP concentrations,  

2.3 Analysis performed  

Estimation of viable microbial activity by ATP analysis 

Microbial activity can be estimated via adenosine tri-phosphate (ATP) measurements in 

water and microbial biomass (Eydal and Pederson; 2007) (Hammes et al., 2010). 

Furthermore, ATP measurements can also be performed with sediment samples. 

ATP concentrations were determined using the BacTiter-Glo™ Microbial cell viability 

assay (Promega). 10 fold serial dilutions of 16.5nM/L ATP stock solution were prepared 

from (1.65nM/L to 16.5x10-14mol/L). BacTiter-Glo™ and 1ml ATP serial dilutions were 

warmed to 38°C in Thermomixer for 2 minutes. In order to obtain the background 

luminescence, 50 μL of BacTiter-Glo™ reagent was added to 1ml of ATP free MQ water 

and incubated in the Thermomixer for 1 minute and measured for the luminescence in 

luminometer (Glumax 20/20, Promega) with 10 seconds integration time. The 

background concentration was measured repeatedly with different ATP-free MQ water 

until the luminescence measured as relative light units (RLU) is below 2000. Further, 50 
μL of BacTiter-Glo™ reagent was added to the warmed serially diluted ATP serial 

dilutions, incubated for 1 minute on Thermomixer and measured for luminescence.  
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Total ATP concentrations in the water samples were measured by warming 1ml of 

samples and BacTiter-Glo™ reagent for 2 minutes. Followed by addition of 50 μL 

BacTiter-Glo™ reagent to the warmed samples, incubated for 1 minute and measured 

for luminescence. 

Standard curve for the determination of ATP concentrations in sediment samples were 

estimated in the autoclaved sediment samples assuming the samples are devoid of free 

ATP. The sediment samples for the determination of standard curve were same as the 

sediment used in batch experiments and packed in the artificial aquifer. 200mg of 

sediment samples were added to 2ml sterile Eppendorf tubes, to with serial dilutions of 

the ATP stock solution ranging from 16.5nM/L to 16.5 x 10-13 mol/L concentrations were 

prepared. The sediment and ATP mixture was warmed to 30°C for 2 minutes. BacTiter- 

Glo™ reagent was also warmed for 2 minutes after which 200μl of BacTiter reagent was 

added to the sediment-ATP mixture. The tubes were incubated on a Thermomixer at 

30°C for 1.5 minutes. The final mixture was centrifuged briefly at 12000 x g for 30 

seconds and 200μl of supernatant was transferred to sterile Eppendorf tubes and 

measured for luminescence in luminometer with integration time of 10 seconds.  

For sediment samples, 200mg of sediment samples were suspended in 100μl of 

phosphate buffer (pH 7) and warmed to 30°C for 3 minutes. Subsequently, 200μl 

BacTiter-Glo™ Assay reagent was added to the sediment-buffer mixture and incubated 

at 30°C for 1.5 minutes. Samples were centrifuged at 12000 x g for 30 seconds and 

200μl was transferred into a sterile tube to measure luminescence under conditions 

mention in Herzyk et al. 2017.  

Micropollutant analysis 

100 ml Schott bottles were sterilized, rolled with 1ml of methanol and dried until 

methanol evaporated, and then used to prepare the collected water samples for 

micropollutant analysis. In case of both batch and artificial aquifer experiment, while the 

expected concentration was in the range of fewer ng/L to μg/L samples were analysed 

for micropollutant without dilution. However, when the expected micropollutant 

concentration was above 100μg/L, the water samples were diluted as appropriate using 

sterile contaminant free water. Micropollutants in water samples were analysed by LC-

MS.  
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Dissolved Organic Carbon (DOC) Analysis 

Water samples collected from the artificial aquifer were analysed for the dissolved 

organic carbon. 7ml of water samples were filtered through 0.45μm syringe filters and 

collected into clean dry glass tubes. To the filtered water samples a drop of concentrated 

HCl was added before placing them into the TOC analyser (TOC-VCPH; SHIMADZU). All 

the samples were processed in analytical triplicates. Before and after the water samples 

DOC standard solutions and MQ water were measured for DOC.  

Parameters monitored 

In order to monitor the changes in major ion composition during the experiment water 

samples were collect for analysis major cation and anion composition along with each 

sampling event. Samples were analysed for major cations and anions by ICP-MS.  

2.4 Results and discussion  

2.4.1 Batch experiment  

 2.4.1a. Microbial activity in water samples 

Microbial activities in all the batch experiment samples were evaluated by measuring the 

total ATP concentrations.  Concentration of ATP is expected to be high the microbial 

biomass is metabolically active and/or abundant. Hence, a decline in the ATP 

concentration occurs upon decrease in activity and biomass, as well as cell death. 

Considering the sensitivity of the assay, all samples collected were stored at 4°C and 

processed within 48 hours of sampling.  

All the samples were collected as planned in the beginning of the experiment i.e. on 

day0, 1,7, 28 and 112, but day 58 sampling was postponed to day 63. However, water 

samples from the batches with all the four micropollutants at 3 varying concentrations 

along with the respective reference were analysed. As the reference samples for all the 

three concentrations were devoid of the micropollutant and upon analysis, ATP 

concentrations were approximately same. Therefore, mean ATP concentration for 

reference samples are used to evaluate the observation in the graphs described further 

in this section.  
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Luminescence measured during the ATP assay as RLU has been converted to the ATP 

concentration in mol/L using the standard curve prepared by measuring the 

luminescence of then known ATP concentration. Standard curve depicted in the figure 

below was used for the determination of ATP concentrations of all the water samples 

(both batch and aquifer experiment). 

 

 

 

 

 

 

 

Figure 2.3: Calibration curve used to determine the ATP concentration in water samples 

 

In the experiments conducted with SMX,  all the batches including reference showed 

similar trend in ATP concentrations with time Figure 2.4.  There was a drop in the ATP 

concentrations of all the batch from day 0 to day1 which raised slightly from 5 E-10 to 

1.1E-9 mol/L. In further sampling time there was a gradual decline in the ATP 

concentration.  SMX is an antibacterial drug and shift in the microbial communities 

caused by the drug has been evaluated recently (Rudrashetti et al., 2017) . However, in 

this work  ATP concentrations in the batches with SMX in different concentrations were 

similar to that of the reference batches especially on the day 63, and 112 where ATP 

concentrations showed high similarity. Overall, there was no significant variation in the 

ATP concentrations thereby in microbial activity with time and also among treatment with 

different concentrations of SMX. However on day 7 sampling, batches with low SMX 

concentration was estimated to have relatively high ATP concentrations.  
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Figure 2.4: Effect of SMX on the total ATP concentrations (mol/L) in batch experiment 

ATP concentrations indicating the viable microbial biomass was observed to reduce 

slightly with time in the batches with AC. Observations of the ATP concentrations in the 

AC samples are graphically represented in the figure 2.5. Unlike SMX, batch samples 

with AC vary faintly from the references. The variations between the different 

concentrations were marginally noticeable on day 0 and day 28. However, similar to the 

observations of the SMX batch experiments, on day 112 ATP concentrations in samples 

containing all three varying AC concentrations were observed to be very close to the 

reference samples.  

AC has been studied as a tracer compound in few studies, as they remained unaffected 

in natural environments (Van Stempvoort et al., 2011). It is to be noted that experiments 

in activated sludge also shows the degradation of AC is possible under suitable 

conditions (Falas et al., 2016)). The lack of significant change in the microbial biomass 

can be supported by two factors. First, the concentration of AC was low and might not 

induce any change in a short period of time. However, this explanation holds good only 

in case of batch samples with medium and low micropollutant concentrations and not 

when the AC concentration is 10mg/L. Second, as studies by Van Stempvoort et al., 

2011 suggest, being non-reactive AC will not induce or inhibit microbial activity in natural 

environments. As explained in the previously, there are no significant variations 

observed in all the samples from day 0 to day 112. 
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Figure 2.5: Variations in the total ATP concentrations (mol/L) in batches with AC 

BT batch samples were also analysed for the total ATP concentrations over time in order 

to observe the changes in the viable microbial biomass. The total ATP concentrations 

measured in the BT batch experiments over time are as seen represented in figure 2.6 

However, there is marginal variation in the ATP concentrations in batch conducted with 

low concentration of BT. BT used widely as a coolant and used in de-icing and anti-icing 

fluids was determined to inhibit the soil microbial activity in a study conducted by Jia et 

al., (2006). These experiments were conducted in higher concentrations of BT ranging 

from 2mg/L to 200mg/L. However, environmental concentrations are not too high except 

in sites like airports where application of BT as de-icing agent is rigorous (Cancilla et al., 

1998).  

Also, according to the observations of the riverbank infiltration site experiments used for 

determining the micropollutant concentration for the experiments does not suggest 

higher concentrations. The slight increase in the ATP concentration can be used to 

predict a probable onset in microbial biomass growth. However, considering the number 

of cells that BT would contribute when provided as carbon source (discussed in Aquifer 

experiment section), the batch experiments with low BT concentration is not sufficient to 

bring about any significant change in the number of cells i.e. microbial biomass. Hence, if 

there would be any slight increase in the microbial activity due to BT, it would only be 

noticeable in batch experiments conducted with 10mg/L of BT. 
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Figure 2.6: Variations in total ATP concentrations (mol/L) in BT batches. 

Batch experiments performed to study the impact of FAA (metabolite of an antipyretic 

drug, metamizole) on microbial biomass activity was monitored for viable microbial 

biomass by measuring total ATP concentrations (mol/L) over time. Among all the batch 

experiments conducted; overall, a slightly noticeable increase in the total ATP 

concentrations were observed over time. Batches with high concentration (10mg/L) were 

observed to slightly increase the microbial biomass in comparison to the batches with 

moderate (100μg/L) and low (500 ng/L) FAA concentrations.  

FAA is considered to be biodegradable and any increase in the microbial biomass in a 

long term can be attributed to the increase in the microbial communities degrading FAA. 

However, from the observation obtained in this work there was no noticeable change in 

the ATP concentrations, thus no change in the microbial biomass activity. Analysing the 

trend in a shorter time frame helped to test the probability of the faint increase and 

variations in measured ATP concentration (mol/L) along the sampling time being a 

change caused by the FAA and not an analytical error. The observations of the trend 

analysis are discussed as a separate section.  
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Figure 2.7: Effect of FAA on total ATP concentrations (mol/L) in batch experiment 

Overall, total ATP concentrations determined in the batch experiments indicated that 

there is no significant variation induced by the 4 micropollutants in comparison with the 

reference. However, there are faint variations observed in few of the samples. In order to 

avoid over-interpretation of the observations, the variations in ATP concentrations due to 

sampling and sample analysis were analysed by collecting frequently samples in a 

shorter period of time. The results obtained and the statistical analyses performed are 

discussed as a separate section.  

2.3.1b. Microbial activity in sediments  

99% of the microbial biomass is attached to the sediments (Griebler et al., 2001; Griebler 

& Lueders, 2009). Thus, observing the variations in biomass in the sediment samples 

can facilitate a better understanding about the impact of micropollutants. ATP (mol/L) in 

sediment samples were determined using the standard curve prepared using the known 

concentration of ATP (mol/L). 
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Figure 2.8 : ATP standard curve determined in sediment samples 

ATP concentrations in the sediment samples were to vary faintly in the batches treated 

with different concentrations of SMX. The observations are as depicted by the graph in 

figure 2.9. Even though the variations in the ATP observed were less in all the samples, 

concentration of ATP (mol/L) in the reference samples increase slightly. Also, batch 

samples with high SMX concentration i.e. 10mg/L were observed to contain low ATP 

concentration in comparison with the other batches with same micropollutant. However, 

similar to the ATP concentrations in the water samples, the variations observed are not 

significant enough to cause and impact in the microbial biomass.  

 

 

 

 

 

Figure 2.9:  Variation in the ATP concentration (mol/L) in the batch samples with SMX in 

3 different concentrations along with the reference. 

ATP concentrations in the sediment samples collected from batch experiments treated 
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the usage AC as a tracer in groundwater due to their non-reactive behaviour of the 

compound (ii) Sediment have a higher microbial biomass and the AC concentrations 

used in this study is not large enough to cause growth or inhibition of microbial biomass. 

 

 

 

 

 

 

Figure 2.10:  Observation of ATP concentration in the batch experiments treated with AC 

Sediment ATP concentrations observed in the batch experiments are described in the 

figure 2.11. The batches treated with high BT concentration (10 mg/L) were observed to 

contain lower ATP concentration in comparison with all the other batches including 

reference. However, faint increase in the ATP concentrations may not be interpreted as 

the influence of BT on the sediment microbial biomass as a similar trend is followed by 

the reference samples devoid of BT. 

 

 

 

 

 

 

Figure 2.11: Variations in ATP concentrations in the batch experiments performed with 

BT 
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Changes in the sediment ATP concentration (mol/L) of batches with FAA is as seen in 

the figure 2.12.  The ATP concentration in the sediment samples was observed to be 10-

fold higher than in the water samples. Also, the reference samples without micropollutant 

were observed to have high ATP concentrations indicating high microbial biomass. 

Ideally, higher microbial biomass in reference samples would indicate the inhibition of 

viable biomass in the presence of FAA. However, this explanation holds good under the 

following assumptions: (1) There was no analytical error in ATP measurements (2) a 

slight increase in ATP concentration can be interpreted as a significant change in the 

microbial biomass. These assumptions may lead to over-interpretation of the 

observations. Although, it is true that continuing the batch experiment and sampling after 

a longer period of time may give a better understanding about the influence of FAA on 

viable microbial biomass. 

 

 

 

 

 

 

Figure 2.12: Sediment ATP concentration (mol/L) variations in the FAA batch 

experiments over time. 

2.4.1c. Micropollutant Analysis 

Water samples in all the batch experiments were planned to be analysed for the 

presence of micropollutants by LC-MS. However, within the time-frame of the current 

experiment the variations in micropollutant concentrations of all the batch experiments 

could not be determined. Determination of sorption and degradation parameters with 

micropollutant concentrations in a single time step would lead to a false interpretation of 

the observations. Hence, the variation in micropollutant concentrations according to the 

available data is discussed in the appendix IV. 
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2.4.2 Indoor Aquifer Experiment  

During the artificial aquifer experiment pH, electrical conductivity, major cations and 

major anions are determined in order to evaluate the changes. Also, oxygen 

concentrations and temperature are monitored every week using oxygen sensors. The 

observations of the parameters monitored are discussed in appendix. 

2.4.2a. Estimation of microbial activity in aquifer sediments 

In the indoor aquifer, microbial activity was estimated by observing the changes in the 

ATP concentrations (mol/L). Unlike the batch experiment, a mixture of 4 compounds at 

low concentrations is introduced into two lower inlet chambers of the indoor aquifer. 

There is a continuous input of the micropollutants along with groundwater flowing 

through the system.  

Standard curve applied for determining total ATP concentrations in the batch 

experiments is used for the estimations in the artificial aquifer samples. The variation in 

the ATP concentration along the artificial aquifer (at transects B,D and E) at three depths 

i.e. 25cm, 45cm and 60 cm from the top. The depths chosen were to determine the 

difference in the microbial biomass in the contaminated and uncontaminated regions 

within the aquifer system.  

At transect B, closest to the inlets variations in ATP concentrations are as observed in 

the figure 2.13 The depth profiles of ATP concentrations at transect B over time indicates 

that there is no pronounced variations in the ATP concentration. The ATP concentrations 

measured on day 7, 28 and 56 fall in the same range as the pristine samples collected 

prior to the injection of contaminants to the aquifer system.  The faint difference relatively 

obvious in the graph is the slight increase in ATP concentrations with depth on day 28 

and contradicting decrease in ATP concentrations with depth in day 56 samples. 

However, these minute variations observed can be a result of analytical error, trend in 

the ATP concentrations were measured over a shorter period of time in order to 

determine the importance of the variability in the data. Also, transect B being closest to 

the inlet, it was expected that the influence on microbial biomass will be first noticed in 

these observation sites. 

Depth profiles of ATP concentrations at transect D and E in the aquifer system is 

depicted in figures 2.14 and 2.15 Similar to the observations in transect B, no significant 
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variations were observed in the ATP concentrations. Although close observation of the 

total ATP concentrations across the aquifer indicates a slight increase from transect B to 

E along the entire depth. As the variations in not only observed at depths 45cm and 

60cm where the micropollutants are injected, ATP concentration at 25cm also increases 

indicating the changes observed cannot be concluded as the effect of micropollutants. 

Critical analysis of the data indicated that although there are minute changes in the ATP 

concentrations it is necessary to understand if these indicate any modifications in the 

microbial biomass. In order to determine the contribution of effect of micropollutants on 

the microbial biomass, the amount of cells contributed by each micropollutant at the 

concentrations studied is estimated.  

 

 

 

 

 

Figure 2.13: Depth profile of the total ATP concentrations in water (mol/L) at transects B 

over 112 days. 

 

 

 

 

 

Figure 2.14: Variations in Total ATP concentrations in water (mol/L) at transect D along 

the depth (m bs) 
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Figure 2.15: Modifications in total ATP concentrations (mol/L) at transect E in aquifer 

system along the depth 

 

Estimation of microbial activity on the aquifer sediments 
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from all the three transects is in the range of 10-8 mol/g of wet sediment. Samples 

estimated from the pristine aquifer system (prior to the experiment) and day 28 indicates 

there is no significant variation caused by the micropollutants on the living biomass. The 

sediment samples collected on day 7 indicates a faint increase in the ATP concentration. 

However, the changes observed can be due to the analytical variations. Also, ATP 

concentrations do not demonstrate noticeable changes along the depth.  
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(iii) Transect-E 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.16: Variation in ATP concentrations (mol/g wet sediment) with time at transects 

(i) B (ii) D and (iii) E. 
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(i) Transect-B 

(ii) Transect-D 

DOC Analysis 

DOC is a measure indicating the total amount of dissolved organic carbon in the water. 

In this study, DOC measurements revealed the amount of DOC in day 28 water samples 

is observed to be low at all transects while samples collected on day 56 did not follow an 

extremely decreasing trend. The variations observed during day 28 samples are due to 

the analytical deviation related to the instrument. Hence, the any variation in day 28 

samples may not be considered significant until the trend continues in further sampling 

periods. Along the three transects chosen for observations, DOC is observed to 

decrease from 0.6 mg/L in the pristine samples to 0.4 mg/L in day 56 samples. From the 

observations, increase in DOC at transects D and E over time is evident. Dissolved 

organic carbon did not vary significantly with depth. The range in the DOC concentration 

in the samples analysed is 0.4-1.0 mg/L, which is somewhat similar to earlier 

observations (Herzyk et al., 2017) and literature observations ranging from 0.4 to 0.8 

mg/L (Zhang et al. 2015). 
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Figure 2.17:  TOC (mg/L) monitored along the artificial aquifer system at transects (i) B 

(ii) D and (iii) E 

Micropollutant Analysis 

The water samples collected during the artificial aquifer experiment have not been 

analysed except one sampling time point. Hence, it would neither be possible to analyse 

the trend in the micropollutant concentrations nor determine the sorption and 

degradation parameters from the experimental data. Hence, micropollutant concentration 

observations available have been discussed in the appendix section.  
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would contribute is estimated considering these compounds as the sole carbon source.  

In case of SMX, number of new cells in the water due to the addition of 50ng/L 

(concentration used in the aquifer experiment) is to be estimated. Fraction of carbon in 1 

molecule of SMX (Molecular weight: 253 g/mol; Molecular formula: C10H11N3O3S) is 

120:253 i.e. 47% C. 
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In the current experiment, 50ng/L of SMX is introduced to the aquifer system of which 

47% is carbon. Hence, 23.5 ng C/L is introduced to the artificial aquifer system during 

this study. Assuming a carbon use efficiency of 50% i.e. half of the compound degraded 

is converted into new cells hence, 11.75 ng C/L contributes to the new cells. 

Considering, 1 living cell contains 20 fg carbon (Griebler et al., 2002); 11.75 ng carbon 

contributes to 5.87 x 105 cell/L. Every day, 250L of water flows through the indoor aquifer 

and half of it i.e. 120L carries contaminants. Hence, 7.04 x 107 cells are contributed by 

SMX per day, while, number of cells entering the flume along with the groundwater is 

approximately, 1 x107 to 1 x108 cells/L. Therefore, contribution of SMX to the cell import 

would thus be only marginal. 

The fraction of carbon in 1 molecule of AC is 24% C (Molecular weight 201.24 g/mol, 

C4H4 KNO4S). 1μg/L of AC added to the artificial aquifer system contains 240ng/L 

carbon. Assuming a carbon use efficiency of 50% and 1 living cell contains 20fg carbon, 

AC conversion would contribute 6 x 106 cells/L i.e. 7.2 x108 cells per 120L of 

contaminants entering the flume.  Similarly, BT and FAA contribute 16.5 x 106 cells/L and 

7.8 x106 cells/L, respectively. 

Groundwater consists of 107 to 108 cells/L and an increase in 106 cells/L upon addition of 

low concentration micropollutants would increase the biomass by approximately 1 to 

10% which will hardly be noticeable in a short time frame and by the analysis performed. 

This clearly explains the absence of significant variation in the microbial biomass 

observed in the aquifer experiment until day 112. Moreover, the calculations performed 

are in water samples which consist of 1% of the microbial biomass, while 99% of them 

remain attached to the sediments. Hence contribution of the micropollutants at low 

concentrations will not contribute to a significant increase in the sediment microbial 

biomass. 

2.5 Summary and Outlook 

Batch and aquifer experiments were successfully set-up to evaluate the impact of 

micropollutants on the microbial biomass. 7 samplings were also performed in both the 

experiments and analysed the microbial activity. There are three possible changes in the 

microbial biomass that can be caused upon addition of micropollutant. (i) Increase in the 

biomass, (ii) inhibit growth of the biomass (iii) cause no effect.  
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 There is no noticeable change in the microbial biomass in both the experiments 

conducted. As discussed in section 2.3.2c, low concentrations of micropollutants used in 

the experiments might not contribute to a significant increase in the microbial biomass. 

Any increase in biomass might only be evident in the batch experiments with 

micropollutant concentration in the mg/L range, but environmental concentrations of 

micropollutants are rarely in concentrations of mg/L. Inhibition of microbial biomass is 

caused by interference of micropollutants with metabolic processes. Inhibition of 

microbes leading to a decrease in microbial activity and/or biomass occurs when the 

micropollutant is toxic. From the observations, there is no inhibition of microbes by the 

micropollutants observed until day 112. However, further samplings will aid to analyse 

the long-term and thus chronic impact of micropollutants at low concentrations over long 

period of time. Also, analyses of micropollutant concentrations will facilitate the 

determination of sorption and degradation parameters.  
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Chapter 3 Statistical Analysis
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While analysing the variations in the ATP concentrations from both batch and artificial 

aquifer experiment faint changes in the concentrations were noticed. However, the 

variations in the ATP concentrations can be (i) caused by the micropollutants added (ii) 

analytical interruptions. In order to avoid misinterpretation of the observed variations, 

trends in the ATP concentrations were measured frequently i.e. for 3 consecutive days.  

3.1 Trend Analysis in Batch Experiments 

As a representative set, batch experiments contaminated with FAA was chosen. On days 

77, 78 and 79 water samples from the batches were collected and analysed for total ATP 

concentrations. The ATP concentrations are as listed in the table 3.1 

 Table 3.1 : ATP concentrations (mol/L) in FAA batches for trend analysis 

  26-06-2018  

Day 77 

27-06-2018  

Day 78 

28-06-2018  

Day 79 

High 1.70E-11 1.57E-10 2.38E-10 

Medium 2.50E-11 2.34E-10 2.80E-10 

Low 1.58E-11 3.77E-11 2.25E-10 

Reference 8.78E-11 1.84E-10 2.99E-10 

 In order to statistically test the significance of the variations, the data collected on 3 

consecutive days were compared to the observations recorded over a period of 112 

days.  

Comparison of observation range 

Range is the difference between the highest and lowest values recorded (i.e. ATP 

concentrations (mol/L) in this study) of a series of observations. ATP concentration 

ranges of the short-term (3 consecutive days) observations and the rest of the samples 

measured during the planned sampling periods are recorded in the table 3.2 
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By observing the range in both data sets, it is evident that ATP concentrations are in the 

range of 10-10 mol/L in both the data sets. Hence, the faint variations in ATP 

concentrations observed in the batch samples over time is a consequence of analytical 

variability and not a change caused by the addition of FAA. The same explanation holds 

true for other micropollutants as well. Also, it is to be noted that concentrations in the 

batches treated with FAA is in the same range as the reference further supporting the 

claim that there is no change induced by the compound. 

Student’s t-test 

In addition to the comparison of ranges, differences between the two data sets is also 

analysed by applying hypothesis testing. Student’s t-test, invented by W.S. Gosset 

(1876-1937) compares two means to determine if the difference between the two data 

sets is large in comparison to their standard deviation. Student’s t-test is applicable only 

if the data is normally distributed. Hence, both the data sets were first tested for normal 

distribution by the observation of skewness and kurtosis As the data sets are small to 

perform chi-square test, observing the skewness, kurtosis (Walliman, N. 2011). In data 

sets from the reference sample, skewness was close to 0 indicating a normal 

distribution. Student’s t-test is performed for the 2 data sets of the reference batch 

samples.  

H0 (Null hypothesis): There is no statistically significant difference between the two data 

sets 

Table 3.2 : Range of ATP Concentrations (mol/L) in the samples analysed throughout 

the experiment with samples of three consecutive days 

Data type High Moderate Low Reference 

Samples at planned 

time periods 

3.10E-10           2.53E-10         4.32E-10       1.98E-10 

Trend Analysis 

Samples 

2.21E-10           2.55E-10          2.09E-10      2.12E-10 
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 In order to test the null hypothesis, t-statistic (t-value) is estimated. 

   

      

t-statistic determined is compared to the t-critical value (p-value=0.05) determined from 
the t-table using the degrees of freedom for the data sets.  

 

 

In this study, Student’s t-test is performed with the aid of statistical function in a 
spreadsheet. The t-test for two samples assuming unequal variances was performed and 
t-statistic and t-critical value estimated was compared to test the null hypothesis. t-
statistic is less than t-critical value hence, null hypothesis cannot be rejected. Thus, is no 
statistically significant difference between the reference batches measured for ATP 
concentrations over sampling period of 112 days from those measured on 3 consecutive 
days. The statistical tests performed evidently explain that the variability in the ATP 
concentrations in the batch experiment is due to the analytical difference and not a 
consequence of micropollutant addition.  

 

3.2 Trend Analysis in Artificial Aquifer Experiment 

Interference of analytical variability in the ATP concentrations measured during artificial 

aquifer experiment was evaluated by observing trends in ATP concentrations. Water 

samples from transects B and E at depths 25cm and 60cm were analysed for total ATP 

concentrations on days 77, 78 and 79. Variations in ATP concentrations are depicted in 

table 3.3. 

Table 3.3: ATP concentrations (mol/L) measured during the artificial aquifer experiment 

for trend observations 

 26-06-2018  

Day 77 

27-06-2018     

Day 78 

28-06-2018    

Day 79 

Transect B-25cm 4.90E-11               5.44E-11                 3.56E-11 
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Transect B-60cm 4.19E-11               2.65E-11                 2.66E-11 

Transect E-25cm 1.11E-10              1.91E-10                  3.62E-11 

Transect E-60cm 2.10E-10              1.89E-11                  3.06E-11 

Comparison of observation range 

Upon analysing the range of the water samples collected on the planned sampling times 

and 3 consecutive days ATP concentrations, variations were observed between the two 

data sets (table 3.4). The total ATP concentrations in the trend analysis samples were 10 

to 100 times higher than other samples; hence, it was initially suspected that the 

variations seen may be an effect of micropollutants continuously injected in to the 

aquifers. A detailed view into the observations, it is evident that the increase in range of 

ATP concentrations is also observed at a depth of 25cm (from top). However, this depth 

corresponds to inlet 2 in the artificial aquifer system and there is no micropollutant 

injected at the depth. Ideally, if the variability in ATP concentration is caused by 

micropollutants then at the depth of 25cm there would not be any noticeable change. 

Hence, in order to efficiently analyse the interference of analytical variations statistical 

analysis of a larger data sets are suggested.  

Table 3.4: Comparison of the range in total ATP concentrations between samples 

analysed on the predetermined sampling times and 3 consecutive days  

 Transect   

B-25cm 

Transect   

B-60cm 

Transect   

E-25cm 

Transect                    

E-60cm 

Samples at 

planned 

time periods 

4.60E-12        2.15E-12      4.22E-12         3.55E-12 

Trend 

Analysis 

Samples 

1.88E-11       1.54E-11       1.55E-10        1.91E-10 
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Chapter 4 Conceptual Model and Numerical Simulations
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4.1 Conceptual Model for the Artificial Aquifer System 

4.1.1 Motivation 

Understanding subsurface processes like groundwater flow and transport are 

challenging and in and attempt to obtain concrete information about the subsurface 

domain, interpretation of the available data along with the fundamental knowledge about 

the possible processes plays a critical role. Conceptual models are widely used to tools 

for this purpose. Primary purpose of developing a conceptual model is to obtain 

adequate understanding about the subsurface processes and hydraulic factors affecting 

them. 

As defined in the Guidance document 26 of Water Framework Directive- ‘Conceptual 

Models are schematic representations of the important hydraulic, hydrochemical and 

biological processes in groundwater body.’ However, there is no single definition of 

conceptual model.  

Conceptual models are specific to a site and are developed to address a particular issue. 

First attempts to conceptual model are based on the fundamental understanding about 

the problem and assumptions thereby simplifying the model. As development of a 

conceptual model is an iterative process, it keeps changing with the availability of new 

qualitative and/or quantitative information.  

Uncertainty of the conceptual model lies in the fundamental knowledge on which the 

model is based along with the methods involved in the data interpretation. In order to 

reduce the associated uncertainty, conceptual models have to be tested and developed 

incorporating the necessary revisions.  

In this study, conceptual model is developed with a purpose to have a better 

understanding with regard to the processes influencing the flow and transport of 

contaminants in the artificial aquifer system. 

4.1.2 Background and conceptual model 

The aquifer for which the conceptual model has been setup is an indoor system at the 

Institute of Groundwater Ecology, HelmholtzZentrum München. Aquifer system is 

contained in an inert metal box of 5m length, 0.8m width and 0.7m height.  Out of the 5m 

length 10cm near the inlet and outlet are chambers for distribution and collection of water 
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respectively, hence the length of the aquifer system where the processes are studied is 

of 4.8m length. The set-up and properties of the indoor aquifer system are as described 

in Herzyk et al. 2017 with modifications. The set-up of the aquifer system as in the 

current experiment is described in the artificial aquifer experiment section in Chapter 2.  

Properties of the subsurface materials along with the physical, chemical and biological 

properties of the contaminant are two aspects that dictates the transport and fate of 

contaminants in subsurface. Transport processes influencing the fate of contaminant in 

subsurface can be hydrological, abiotic and/or biotic. Hydrological processes such as 

advection, dispersion and diffusion are the foremost vehicles for the transport of 

contaminant in subsurface (Knox et al.,1998).   Sorption is a physical process retarding 

the movement of contaminants hence is of significant importance. Extent of sorption 

depends on the characteristic of both subsurface material and contaminant. Hydrological 

processes and sorption does not necessarily breakdown the contaminants, unlike 

biodegradation. Biodegradation processes in subsurface lead to breakdown of 

contaminants into transformation products.   

From the literature, behaviour of all the four micropollutants in sub-surface was observed 

to be highly variable. Benzotriazole is demonstrated undergo both biodegradation and 

sorption processes (Liu et al., 2012; Reddy et al., 2000) while, acesulfame is degradable 

only in oligotrophic conditions and also shows low sorption (Storck et al., 2016).  

Sulfamethoxazole is influenced by the biodegradation process and shows very less 

sorption at the subsurface temperatures (Pan et al., 2012; Stein et al., 2008; Hou et al. 

2010).  

4.1.3 Development of the conceptual model 

As conceptual modeling is an iterative process, there has been a constant alteration to 

the primary set-up. With the start of the aquifer experiment and a better understanding 

about indoor aquifer system the conceptual model has undergone a series of 

modifications. The major changes during the development of conceptual model in this 

study until now are related to the experimental set-up and very less to the flow and 

transport processes.  

Current conceptual sketch considers the 4 inlet ports out of which micropollutant mixture 

is introduced through two lower ports. Two boundary conditions were applied depending 

on the experimental data available, hydraulic head at inlets and outlet. The top and 
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bottom of aquifer system were defined as no flow boundaries. The transport processes 

considered in the conceptual model were hydrological processes like advection and 

dispersion, sorption and biodegradation. The consideration of the processes were based 

on their significance in the transport of  micropollutants of study as observed form the 

literature and  availability of existing or newly acquired data.  

 

 

 

 

 

 

Figure 4.1:  Conceptual sketch of the experimental set-up and boundary conditions of the 

artificial aquifer system 

 

 

 

 

 

 

 

 

 



- 46 - 

 

4.2 Numerical Simulations 

4.2.1 Motivation 

Numerical modeling is an appropriate simplification of actuality based on the available 

analytical data and pre-existing understanding about the processes associated.  

Numerical models are valuable tools used to obtain insight about groundwater flow and 

transport.  In many circumstances it is challenging to obtain experimental data because 

of the time constraints and expenses associated in experimental investigations which 

can be overcome by numerical simulations. While using numerical models as tools, it is 

crucial to parameterize all the associate properties and processes. Models can be as 

simple as 1-dimensional or complex 3-dimensional depending on the purpose of 

simulations. The parameterized components are solved by governing groundwater flow 

and transport equations. Frequently used numerical groundwater flow model is 

MODFLOW, a 3-dimensional finite difference model by US-Geological Survey 

(McDonald and Harbaugh, 1988). There are various solute transport models such as 

FLONET, a 2-dimensional groundwater flow and contaminant transport model; MT3D; 3-

dimensional solute transport model (Zheng;1990). The choice of an appropriate 

modeling tool influences the observations of simulations, results and the decision taken 

based on the numerical modeling.  

In this study, flow and transport of the 4 micropollutants in artificial aquifer system were 

to be simulated. The numerical modeling tool was chosen depending on the supporting 

literature and current state of understanding as described by the conceptual model.  A 3-

dimensional platform was decided to be simulated considering the transport processes 

like dispersion and sorption along with the flow. Purpose of numerical modeling in this 

study is to observe the changes occurring during the transport of micropollutant mixture 

in the artificial aquifer system, to determine and quantify the processes influencing. The 

processes considered for simulation were based on the conceptual model.  

4.2.2 Model Set-up and Method 

A three dimensional numerical model of artificial aquifer system was setup using 

ModelMuse a graphical user interface (GUI) for the U.S. Geological Survey model 

MODFLOW-2005 The model included 4.8m long with a width of 0.8m and height 0.7m 

following the dimensions of artificial aquifer distributed over 20 layers.  Two boundary 

conditions were applied in the model: (i) inlet, Constant Head Boundary in four inlet 
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chambers (ii) Outlet, Constant Head Boundary. The top and bottom of the aquifer system 

are defined as no-flow boundaries. The hydraulic parameters defined in the set up are as 

explained in the table 4.1  

Table 4.1:Properties of the indoor aquifer system (Herzyk et al; 2017) 
Parameter                                                                       Value 

Dimensions of the aquifer sytem                4.8m length, 0.7m height and 0.8m width 
Hydraulic conductivity                                 3.375 x10-4 m.s-1 (±10%) 
Sediment information                                 Sandy Quarternery Sediment (calciferous 
                                                                 moraine sands from the Northern Alps)                
Grain size(mm)                                           0.063 to 2 
Head difference (cm)                                  9 
Hydraulic gradient, i                                   0.0185 
Effective porosity                                       29±1% 
Longitudinal Discpersivity (cm)                    2.18 
Transverse Dispersivity (cm)                       0.035  

 

Parameters defined in the MODFLOW and MT3DMS model are as follows: 

1. LPF (Layer property flow) package : To define flow under saturated conditions  

2. CHD (Time variant specified head) package: To define the constant hydraulic at 
the inlets and outlet. 

3. BTN (Basic transport) package: A package required for all MT3DMS simulation 
defining the initial concentration and the mobility of the chemical species. In the 
model defined for this study, the initial concentration was considered to be 0g. 

4. ADV (Advection) package: After trying all the advection solution options, standard 
finite difference method was chosen.  

5. DSP (Dispersion) package: To define longitudinal dispersivity of 2.18cm in the 
model set-up which was later modified in order to observe the sensitivity of the 
micropollutant transport to varying dispersion. 

6. SSM (Source and Sink Mixing) package: Continuous injection of 1μg/L 
concentration over a period of 31 days was described at the two lower inlets. 
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7. RCT (Chemical Reaction) package: This study aims to reduce the complexity of 
the model and as a first attempt to understand the influence of sorption on the 
transport of low concentration of micropollutants; linear sorption isotherm was 
defined in the model setup by describing distribution coefficient, Kd. 

Numerical simulations were performed for non-reactive and reactive flow and transport of 

micropollutants in the artificial aquifer system. Continuous injection of micropollutants 

with initial concentration of 0 was defined in both non-reactive and reactive transport 

scenarios.  Due to the availability of literature data regarding the sorption parameters of 

BT, inlet concentration was defined as 1μg/L (same as the concentration injected in the 

aquifer experiment). Similar to the artificial aquifer experiment conducted, concentrations 

through the two upper inlets were set 0. Observation points in the model set-up was 

defined same as the observation transect and depth in the artificial aquifer experiment 

(Transect B, D and E at 25cm, 45 cm and 60cm each).  From the observation of previous 

experiments conducted in the artificial aquifer system, mean residence time in the 

aquifer system is approximately 5 days. All the simulations were performed for 31 days 

in order to compare the results with the observations of the tracer experiment performed 

in the indoor aquifer (Hartmann & Stumpp; 2017). 

4.2.3 Simulation Results and discussions 

Groundwater Flow Model 

The first simulation performed is steady state groundwater flow in the artificial aquifer 

system with the defined boundary conditions. Hydraulic head distribution observed is as 

depicted in figure 4.2. The simulation observation was close to the observation in the 

aquifer system.  
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Figure 4.2: Top view of hydraulic head distribution in the artificial aquifer system in layer 

15  

Non-reactive Transport Scenario 

In order to evaluate the transport of micropollutants under conservative scenario, 

advection-dispersion is defined as transport processes. Along with the flow simulations in 

MODFLOW-2005, the non-reactive transport of micropollutant is simulated with 

MT3DMS by defining the advection and dispersion processes. Longitudinal dispersivity 

described in this scenario is 0.0218m, based on the observations in the previous 

experiments performed in the artificial aquifer system (Herzyk et al., 2014).   

Micropollutant spread in the aquifer system on day 5 is as depicted in the figure… 

Spread of micropollutant is observed only in the bottom layers (layer 10 to 20) as 

contaminant injection in the aquifer system is through two lower inlets (inlet 3 and inlet 

3), while the other two inlets are injected with micropollutants. However, there can be a 

spread of the micropollutant plume in the bottom of inlet 2 as observed in the figure 4.3. 
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Figure 4.3: Front view of micropollutant spread along the length of the artificial aquifer 

system on day 5 in layer 15 

A concentration-time curve at the observation points in the non-reactive scenario is 

plotted in the figure 4.4. From the graph it is evident that the contaminant plume does not 

spread to the top of the aquifer i.e.at 25cm depth along the length of the aquifer. 

Micropollutant is observed first at observation points at transect B close to the inlet 

followed by transect D (middle) and transect E (close to the outlet).  However, 

concentrations observed at depth 45cm and 60cm are observed to be similar in all the 

transects. The uniformity in observation times and concentrations are due to the non-

reactive nature of the simulation.  

 

 

 

 

 

 

Figure 4.4: Concentration-time curves at the observation points B, D and E for the non-

reactive transport 
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Reactive Transport Scenarios 

In order to have a better understanding about the transport processes influencing the 

fate of micropollutants in the aquifer system, reactive transport scenario is simulated. 

Linear adsorption is set up in the aquifer system by defining sorption coefficient (Kd) of 

1.86 x 10-7 m3/g for BT obtained from literature (Yu et al., 2009). Dispersion and 

advection remained same as the non-reactive transport set up. Figure 4.5 demonstrates 

the spread of contaminants on day 5 in layer 15 of the artificial aquifer.  

Observations of the reactive-transport simulation suggest retardation in the 

micropollutant transport. Upon consideration of linear adsorption, on day 5 the 

micropollutants would not be detected in the outlet. Also, the two peaks are observed for 

each concentration in the contaminated region along the inlets 3 and 4.  

 

 

 

 

 

 

Figure 4.5: Micropollutant spread in the aquifer system on day 5 (front view) considering 

linear sorption as a reactive process 

Concentration-time curves of the reactive transport scenario considering linear sorption 

is depicted in figure 4.6. The delay in the contaminant plume spreading is supported by 

the observation in concentration-time curves. However, the delay is evident in the curves 

of observation points at transect. Also, similar to the non-reactive transport simulations 

the observation at 45cm depth was very close to that of 60cm in all the three transects.  
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Figure 4.6: Concentration-time curves at the observation points B, D and E for the 

reactive transport simulation with linear sorption 

Variations in the Reactive-Transport scenario 

From the observations of non-reactive and reactive transport simulations it is evident that 

dispersion and sorption may impact the contaminant transport in the aquifer system. 

Reactive transport set-up is varied in order to visualise the sensitivity of low 

concentration micropollutant transport to dispersion and sorption. 

Variations in longitudinal dispersivity 

Longitudinal dispersivity is the spreading of micropollutant plume in the direction of flow. 

Three variations in the longitudinal dispersivity (2.18 x10-3 m) is simulated in order to 

evaluate its importance in contaminant spread in the aquifer system. (i) 10 times 

decrease in the longitudinal dispersivity  (ii) 10 times increase in longitudinal dispersivity 

(iii) Increase in longitudinal dispersivity by 102. In all these scenarios, linear sorption 

parameters are left unchanged. 

Increase in longitudinal dispersivity is observed to allow spreading of micropollutant to 

the upper inlets and thereby delaying their arrival at the observation points. There is no 

significant change seen in the concentration-time graph (figure 4.7) and reactive 

transport model domain upon decrease in longitudinal dispersivity to 2.18 x10-4 m.  
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Figure 4.7: Concentration-time curves for the reactive transport scenario with longitudinal 

dispersivity (2.18 x10-4 m) 

 

 

 

 

 

 

 

Figure 4.8: Reactive transport model domain with the micropollutant spread upon 

reduction in longitudinal dispersivity 

Increasing the longitudinal dispersivity to 2.18 x10-2 m in the simulation was observed to 

increase the concentrations of micropollutants at 25cm depth in all the three transects. 

Similar to their deeper counterparts, first micropollutant concentrations increases at 

transect B (close to the inlet) followed by D and E. However, the micropollutant 
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concentration at transect D and E are higher at the depth of 25cm indicating widening of 

plume with distance. Also, there was no pronounced difference in the contaminant arrival 

at 45cm and 60cm depth from the previous reactive transport scenario (figure 4.10). The 

micropollutant plume spread on day 5 visualised in ModelMuse supports the 

observations noted at the three transects. 

 

 

 

 

 

 

Figure 4.9: Concentration v/s time curve at the three transects in the reactive transport 

model when upon increase in longitudinal dispersivity  

 

  

 

 

 

 

Figure 4.10: Reactive transport model: Micropollutant plume spread to the inlet 2 upon 

increase in longitudinal dispersivity to 2.18 x10-2 m 
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(iii) Longitudinal dispersivity increased to 0.218m 

Micropollutant plume spreading was stronger upon further increase in the longitudinal 

dispersivity. Concentrations at 25cm were higher than the previous scenario, but the 

increase at transect E and D was great than transect B (figure 4.11). These observations 

suggest that the micropollutant plume is narrow close to the inlet and widens with 

distance. Also, the stronger spreading of the plume is the reason for decrease in the 

concentrations at 45cm depth at all transects. Contradictory to the observation points at 

25 cm depth, the concentrations are observed to decrease with distance from the inlet. 

Thereby, supporting previous explanation that plume widens with distance. It is to be 

noted that in all reactive transport scenarios with varied longitudinal dispersivity, the 

plume arrival was observed first at 60cm depth. 

  

 

 

 

 

Figure 4.11: Concentration v/s time curve for the reactive transport scenario with 100 

time increase in longitudinal dispersivity. 

 

 

 

 

 

Figure 4.12:  Micropollutant plume spread to the upper inlets upon 100 time increase in 

longitudinal dispersivity 
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Variations in Linear sorption 

In order to evaluate the sensitivity of micropollutant transport to the sorption process, two 

difference scenarios were simulated by varying sorption parameter leaving the 

longitudinal dispersivity unchanged. The two variations defined in the reactive transport 

model are: (i) Increase in linear sorption coefficient (Kd) to 1.86 x10-6 m3/g (ii) applying 

the linear sorption coefficient for SMX obtained from literature 7.7 x10-7 m3/g (Srinivasan 

et al., 2010). 

(i) Increase in sorption co-efficient(Kd) 

Upon increase in the sorption co-efficient by a factor of 10, there is a significant 

difference in the micropollutant transport. In the concentration-time curves, delay in the 

arrival of contaminant plume at all transects are evident. Also, there was no spreading of 

the contaminant plume hence the concentrations at 25 cm depth was minimum. The 

concentrations at 45 and 60cm are similar this seen as overlapping points in the figure 

4.13. Micropollutant plume is seen to arrive at transect E on day 27 as the stress period 

of the simulation is 31 days, the increase in concentration at deeper layers of transect is 

not captured in the simulation. Figure 4.14 depicts restricted spreading of the 

micropollutant plume near the inlets. 

 

 

 

 

 

 

Figure 4.13: Concentration v/s time curve explaining the behaviour of micropollutant 

plume upon strong sorption 
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Figure 4.14 Reactive transport model: Restricted spreading of micropollutant plume upon 

increase in Kd 

(ii) Applying linear sorption co-efficient of SMX 

Linear sorption co-efficient (Kd) for SMX is evaluated for its behaviour in a reactive 

transport scenario. Kd in this model is defined as 7.7 x10-7 m3/g and the there is a delay 

in the arrival of micropollutant plume to the transect E but not as pronounced as 

observed in previous sorption scenario. There is no spreading of contaminant plume to 

the upper layers of the aquifer system (figures 4.15 and 4.16).  

 

 

 

 

 

 

 

Figure 4.15: Concentration-time curves for the reactive transport scenario upon 

consideration of a higher sorption co-efficient based on the observations from the 

literature.  
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Figure 4.16: Micropollutant plume spread in the aquifer system in a scenario considering 

the sorption co-efficient for SMX 

4.3 Summary, Conclusion and Outlook 

Three dimensional steady state model to observe the transport of contaminants in the 

artificial aquifer system was setup successfully using MOFLOW-2005 and MT3DMS. BY 

varying longitudinal dispersivity and linear sorption coefficient, sensitivity of the 

micropollutant transport to these processes were evaluated. Upon increase in 

longitudinal dispersivity spreading of micropollutant plume to the upper layers were 

observed also delaying their arrival at the outlet. While increase in sorption co-efficient 

retards the micropollutant transport, however the plume does not spread to the region 

above the micropollutant inlets.  

The simulations performed aided in obtaining an insight about the behaviour of 

micropollutant in the aquifer system under reactive and non-reactive conditions. Although 

the bandwidth of longitudinal dispersivity and Kd could be determined in the simulations, 

the observations could not be compared entirely with the previous studies conducted in 

artificial aquifer system due to the difference in the experimental set-up. The set-up 

provides a platform to increase complexity based on the experimental observations.  

Upon introduction of non-linear sorption isotherm, and biodegradation processes the set 

up simulated can be brought closer to the observations in the experiment.  
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Chapter 5 Discussion, Conclusions and Outlook
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5.1 Discussion 

All investigations performed in this project testing the 4 hypotheses have been discussed 

individually in the different chapters. This section now focuses to combine the 

observations in an attempt to address existing knowledge and research gaps and 

provide a consolidated understanding about the behaviour of micropollutants in aquifers 

and their impact on the aquifer microbial communities. The choice of micropollutants and 

the concentrations to be studied in the experiments was made based on the mean 

concentrations of the same micropollutants observed in a field study conducted at the 

riverbank infiltration site at Würzburg, Germany. Batch and the aquifer mesocosm 

system were chosen for the investigations in order to test the hypotheses at different 

scales and at steady versus flow conditions. 

In both, batch and indoor aquifer experiments conducted with the 4 selected organic 

micropollutants (SMX, AC, BT and FAA), no significant variation in the microbial activity 

was observed during the 112 days. In the batch experiments, even in the presence of a 

high concentration of micropollutants (10 mg/L; highest among all the experiments) 

microbial activity was similar to the reference batches devoid of micropollutants. The 

small changes observed in batch tests when analysed for the trend statistically, were 

evaluated to be most likely due to the analytical method. Hence, the variations in the 

microbial activity should not be misinterpreted as a change caused by exposure to 

micropollutants. The scenario in the indoor aquifer experiment was slightly different when 

compared to batch tests. Unlike batch experiments, a mixture of low concentration 

micropollutants was continuously injected. The measurement of ATP concentrations 

along the length of aquifer at 3 different depths also demonstrated that injection of 

micropollutants at low concentrations may not influence the microbial communities.  

The potential yield of microbial cell biomass that could have been produced when all 

micropollutants were used as carbon source was calculated. Considering, conversion of 

all 4 compounds, micropollutant degradation contributed 106 new cells/L upon 

considering 50% carbon use efficiency. In groundwater, 107 to 108 cells/L are present 

under natural conditions (Griebler and Lueders; 2008) hence addition of 106 new cells/L 

could not have caused a distinct increase in microbial biomass and consequently in 

activtiy. Moreover, the aqueous phase contributes to only 1% of the total microbial 

biomass in aquifers, while 99% of the microbes are attached to the sediment. Hence, 

noticeable variation in the microbial biomass and activity in sediment samples is 

expected to take longer time.  
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On the other hand, an inhibitory effect from the potentially toxic micropollutants could 

have indeed led to a decrease of microbial activity and biomass. Our experiments did not 

provide any conclusive evidence for such negative effects. The ATP concentrations were 

observed to be slightly higher in the indoor aquifer than the batch experiments indicating 

higher microbial activity. Microbial biomass requires an energy source to be 

metabolically active. In the batch experiment, naturally dissolved organic carbons (DOC) 

as well as the micropollutant substrates are added only once hence, with time there is 

depletion in available energy. However, in the indoor aquifer being a flow-through 

system, there is continuous input of organic carbon. This might be the explanation why 

ATP concentration indicative of microbial activity, is observed to be relatively higher in 

flow-through system than in the batches (Grösbacher et al; 2018). In the indoor aquifer 

system, in case micropollutants act as carbon source upon entering the flume it is 

expected to be controlled by the microbial activity near the inflow leading to accumulation 

of the biomass near the inlet over a long term. However, even the faint increase in the 

ATP concentrations observed in this study were higher in transect closer to the outlet.  

The aquifer mesocosm experiment being a flow through system best resembles the 

conditions in the environment and in an attempt to understand the processes influencing 

spread of micropollutant plumes in aquifer numerical simulations were performed. Non-

reactive and reactive transport set-up was simulated considering BT as a representative 

micropollutant. Sensitivity of plume transport to dispersion and sorption processes were 

evaluated. From the simulation results it was evident that the when longitudinal 

dispersivity was increased to 0.0218m and 0.218m widening of plume was observed 

because of contaminant spreading to regions without contamination. Linear adsorption 

simulated in the set-up using the Kd for BT and SMX from the literature (Yu et al., 2009) 

(Srinivasan et al., 2010) indicated there is a delay in the arrival of SMX in comparison 

with BT. However, the reactive transport scenarios were performed assuming there was 

no biodegradation and defining the linear sorption isotherm in order to reduce the model 

complexity. The observation of the numerical simulations is a critical step in 

understanding the flow and transport of micropollutants in the aquifers.  

According to the literature, all the 4 organic micropollutants have demonstrated weak 

sorption and no or weak degradation in aquifers under natural conditions (Larcher and 

Yargeau 2012; Avisar et al. 2009; Baumgarten et al. 2011; Storck et al. 2016; Jia et al. 

2006). Hence, upon considering the observations in the literature low concentrations of 

micropollutants can get transported in aquifers without being transformed or delayed. 

When increasing the complexity of the numerical simulations the processes affecting the 
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transport of micropollutant can be predicted with precision. Observations of numerical 

simulations will be helpful in increasing the efficiency of the experimental design in order 

to capture alterations occurring to the micropollutant in the aquifer system. However, 

performing numerical simulation integrating micropollutant transport with the microbial 

community dynamics may help in predicting the significance of low concentrations of 

these compounds on the aquifer microbial communities. 
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5.2 Conclusion and Outlook  

This study was set out to evaluate the influence of low concentrations of micropollutants 
on aquifer microbial activity due to their significance in biogeochemical processes and 
groundwater quality. The role of 4 organic micropollutants at three varying 
concentrations on the microbial activity under static and flow-through conditions over a 
span of 112 days has been investigated. Also, the conceptual model and further 
numerical simulation has provided insight with regard to the 2 processes influential in the 
transport of micropollutants.  Observations of this study attempts to address if the 
micropollutants in low concentrations can inhibit the microbial activity, and the 
significance of time and concentrations on the inhibitory effect. This work also sought to 
inspect the role of sorption and dispersion in the transport of micropollutants at low 
concentration in aquifers. The main findings drawn from the laboratory experiments and 
numerical simulations are discussed in detail in the respective chapters. In this part, all 
the observations are integrated in order to address the hypotheses of the study.  

  Low concentration of micropollutants on microbial biomass activity: From the 
observations of the batch experiments and the experiments conducted in indoor artificial 
aquifer system, it is evident that low concentration of micropollutants does not cause 
inhibitory effect on the microbial biomass activity in 112 days.  Also, low concentration of 
micropollutants in the range of 50-103 ng/L is not sufficient to increase the microbial 
activity even when the carbon use efficiency of 50% is assumed. Statistical analysis of 
the trends in microbial activity suggests that slight variations in the activities are due the 
analytical variability thus avoiding over-interpretation of the observations. Hence, in both 
static and flow through conditions, low concentrations of micropollutants does not 
influence the natural microbial activity over a span of 112 days. 

 Micropollutant concentration on the microbial activity: Increase in the 
concentration of micropollutants in batch experiments does not influence microbial 
biomass activity. The maximum micropollutant concentration in the batch experiments 
are 10mg/L, notable higher than the environmental concentrations of micropollutants. 
However, continuous injection of high concentration of micropollutant into the indoor 
aquifer system might influence the natural microbial activity due to the influence of flow 
and transport processes.  

 Duration of the experiment on the microbial activity:  The impact of micropollutants 
on the microbial activity remains unaffected by the time span of the experiment until 112 
days. However, from estimations of carbon yield by each micropollutant in the flow 
through experiment, it is evident that increase in microbial activity due to the 
micropollutant will require a longer incubation time.  

 Transport of low concentration micropollutants: Conceptual model and numerical 
simulations performed provided preliminary information about the behavior of 
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micropollutants in the artificial aquifer system. This study aimed to set-up the first 
simulation depicting flow and transport of micropollutants with reduced complexity, 
hence, the transport processes simulated were dispersion and linear sorption. From the 
observations of the simulations, it can be described that the transport of the 
micropollutant along the length of the aquifer and spread of micropollutants plume to the 
non-contaminated region is influenced by the dispersion and sorption processes. Linear 
sorption defined with the sorption parameters determined from the literature 
demonstrated the delay in the transport of micropollutants in a flow-through system; 
however, as the sorption is weak the contaminants reach the outlet by day 12. Hence, 
high dispersion and weak sorption might lead to the spread of contaminants to non-
contaminated regions thus also widening the zone of natural microbial communities’ 
affected by micropollutants. 

Investigations suggested in order further study the impact of environmental 
concentrations of micropollutants on the natural microbial communities in the aquifer are 
as are comprehensively listed below: 

1. Monitoring the batch and indoor aquifer experiments for a longer period of time 
will provide insight about the impact of environmental concentrations of 
micropollutant on the microbial activity.  

2. Determination of micropollutant concentrations in the aqueous will aid in 
determination of sorption and degradation kinetics under the experimental 
conditions. 

3. Further molecular analysis of the samples collected will provide information about 
the changes in the composition of the microbial ecosystem in the aquifer system. 

4. Monitoring the flow and transport of micropollutants under varying hydraulic 
parameters in the artificial aquifer system will help in understanding their 
significance on the interaction between low concentration micropollutants and 
natural microbial communities. 

5. Investigations by increasing complexity of the numerical set-up is required to have 
a better understanding about the reactions and processes influencing the 
transport of micropollutants in the artificial aquifer system. The key processes to 
be considered for further numerical models are non-linear sorption isotherms, 
degradation kinetics and defining the transport parameters derived from the 
experimental observations.  

 

From the observations it can be explained that environmental concentrations of 
micropollutants does not inhibit the microbial communities in aquifers over a period of 
112 days. Also, there is no significant increase in the microbial activity suggesting that 
micropollutants are not degraded. Upon considering the weak sorption of all the 4 
micropollutants as observed in the literature, it can be concluded that the micropollutants 
remain in the water phase unchanged. This claim is supported by the observations of 
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micropollutant analysis. In summary, environmental concentrations of micropollutants 
may remain unchanged in groundwater for 112 days and hence has to be monitored and 
remediated prior to use in order to avoid negative effects on environmental and human 
health. 

However, further long term investigations are necessary to understand the chronic 
effects of micropollutants in aquifers. Also, upon increasing the complexity of numerical 
model by considering more transport processes will provide a platform to investigate the 
flow and transport of various low concentration solutes in the indoor aquifer system. 
Implementing numerical simulations to predict the impact of contaminants on the aquifer 
microbial communities will reduce the experimental tasks to a greater extent. Thus, 
laboratory microcosms and transitional scale investigations along with the numerical 
simulations complement the field studies to obtain comprehensive knowledge about the 
behavior of environmental concentration of micropollutants in aquifers and their 
significance in the structure and functioning of natural aquifer microbial communities. 
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Appendix 1 

Stock Solutions for the batch experiments are show in the table below. 

Stock solutions: 

Two stock solutions were prepared for each compound. The concentrations of stock 

solutions are as mentioned in the table below. 

Stock solution 2 was diluted from the stock solution 1 in all cases. All the stock solutions 

apart from the ones with sulfamethoxazole were prepared in MilliQ water. Before 

confirming the concentration of the compounds, solubility of the study compounds in 

water was collected from the literature. Sulfamethoxazole although said to be adequately 

soluble in water according to the literature was not soluble in MilliQ water even while the 

concentrations of stocks were decreased. On the other hand, preparing extremely low 

concentration would require addition of large volumes to the experiment bottles. 

Replacing a large volume of groundwater to MilliQ water was not favourable. Hence, the 

stock solution of Sulfamethoxazole with 45mg/L was prepared in groundwater. Also, the 

stock solution 2 which is diluted from the stock solution 1 was made up to the required 

volume using MilliQ thereby having a combination of both groundwater and MilliQ. 

Table 6.1: Micropollutant concentrations in the  stock solutions used for the batch 

experiments 

Compound Concentration of Stock solution 

1 

Concentration of stock 

solution 2 

Acesulfame 1000mg/L 10mg/L  

Sulfamethoxazole 45mg/L  450μg/L 

Benzotriazole 1000mg/L  500mg/L 

4-

formylaminoantipyrine 

10mg/L  5mg/L 
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Micropollutant Concentrations 

Water samples of batch samples with low concentration of micropollutants were 

analysed by GC-MS. From the observations, it was evident that the concentration of AC 

gradually increases with time (till day 28) while concentration of BT in the batch 

experiments decreases until day 7. In the batch cultures with SMX, initial concentration 

of 0.05μg/L was observed to increase until after which there was a decrease to 

0.047μg/L. However, in order to determine sorption and degradation parameters more 

data about the micropollutant concentration over time is necessary. 

Table 6.2: Variations in micropollutant concentrations in batch tests with low 

concentrations of BT, AC, and SMX. 

 

 

   

 

Parameters monitored in the artificial aquifer system 

Oxygen concentrations, pH, Electrical conductivity (μS/cm) measured in the artificial 

aquifer system before the introduction of micropollutants and in the last sampling time 

are described in following table. 

Table 6.3: Comparison of oxygen concentration (mg/L O2) of day 0 and 70 measured 

using oxygen sensors. 

 
Day 0 Day 70 

Transect B 25cm 9.5 9.71 
Transect B 45cm 9.54 9.64 
Transect B 60cm 9.65 9.66 
Transect D 25cm 9.42 9.87 
Transect D 45cm 9.1 9.78 
Transect D 60cm 9.46 9.84 
Transect E 25cm 8.2 8.48 
Transect E 45cm 8.14 8.7 
Transect E 60cm 8.33 8.75 

Appendix 2

 Benzotriazole 
(BT) 

Acesulfame 
(AC) 

Sulfamethoxazole 
(SMX) 

Sample Measured 
Concentration 

(μg/L) 

Measured 
Concentration 

(μg/L) 

Measured 
Concentration 

(μg/L) 
Day 0 1 0.65 0.04 
Day 1 0.65 0.67 0.14 
Day 7 0.4 0.81 0.16 

Day 28   0.77 0.047 
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Table 6.4: Comparison of pH and electrical conductivity (μS/cm) measured in the pristine 

aquifer and day 28  

 

 

 

 

 

 

  

Table 6.5: Major cations and anions (mg/L) in the water samples prior to the start of the  

indoor aquifer experiment  

 

 

 

Sampling date Pristine Day 28 

Sample name pH 

Electrical 
Conductivity 
(μS/cm) pH 

Electrical 
Conductivity 
(μS/cm) 

Well water 8.07 601 7.53 767 
Well water at Inlet 8.06 597 - - 
Transect B 25cm 7.68 658 7.46 711 
Transect B 45cm 7.64 606 7.51 620 
Transect B 60cm 7.77 607 7.59 620 
Transect D 25cm 7.98 594 7.63 599 
Transect D 45cm 7.93 596 7.61 618 
Transect D 60cm 8.15 590 7.56 620 
Transect E 25cm 8.16 598 7.61 586 
Transect E 45cm 8.15 599 7.54 619 
Transect E 60cm 8.16 600 7.54 618 

     Br- 
 

Ca2+ Cl- K+ Li+ Mg2+ NH4
+ NO2

- NO3
- Na+  PO4

3-  SO4
2- 

Groundwater 
Source 

0.0965 
 

83.7 29.5 1.79 0.000881 17.9 0.204 0.0894 6.69 15.8  0.0205  8.38 

Well water 
at Inlet 

0.0962 
 

84.8 29.2 1.91 0.000936 18.7 0.204 0.0898 6.18 15.6  0.0204  8.58 

B25 0.0958 
 

83.0 28.6 1.7 0.000826 17.5 0.203 0.0902 6.67 14.8  0.0203  8.37 
B45 0.0955 

 
82.6 28.5 1.72 0.000835 17.5 0.202 0.0906 6.57 14.7  0.0201  8.37 

B60 0.0951 
 

84.0 29.0 1.8 0.000885 18.1 0.201 0.0911 6.53 15.20  0.02  8.45 
D25 0.0948 

 
83.6 28.8 1.79 0.00087 18.3 0.201 0.0915 6.65 15.4  0.0338  8.56 

D45 0.0944 
 

83.8 28.7 1.75 0.000849 18 0.2 0.0919 6.5 15.3  0.0455  8.61 
D60 0.0941 

 
83.5 28.7 1.73 0.000845 17.9 0.199 0.0924 6.5 17.1  0.063  8.67 

E25 0.0938 
 

82 28.2 1.78 0.000884 18.3 0.199 0.0928 6.72 15.3  0.0411  8.52 
E45 0.0934 

 
85.8 29 1.76 0.000907 18.6 0.198 0.0933 6.46 15.1  0.0476  8.62 

E60 0.0931 
 

83.3 29.5 1.73 0.00086 18 0.197 0.0937 6.68 14.9  0.0416  8.63 
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Appendix 3 

Images of laboratory experiments 

 

 

 

 

 

 

 

Figure 6.1: Biological replicates of SMX batch experiments representative of the 

experimental set-up for batch experiments 

 

 

 

 

 

 

 

Figure 6.2: Experimental set-up of the indoor aquifer at IGOE, HelmholtzZentrum 

München, Germany. 
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