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Abstract 

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. 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 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. 

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 of 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 the microbial catalyzed contaminant removal processes which in turn can potentially 
change the groundwater quality.  

This work 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, Germany. 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. 

Materials and Methods 

Chemicals : Benzotriazole (BT), Acesulfame(AC) , Sulfamethoxazole (SMX), and 4-formyl-
aminoantipyrine(FAA) were purchased from Sigma-Aldrich (Germany). 

Laboratory Experiments 

Batch Experiments 

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. After adding 
the pre-determined concentration of micropollutants in the prepared batch bottles, the bottles were incubated at 12°C 
under dark conditions. 

 

Figure 1: Batch experiment set-up with biological triplicates of one micropollutant representative is 
depicted with respective references devoid of micropollutants 



 

Table 1: Micropollutant concentration ranges (μg/L) in batch experiments 

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. 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. 

 

Figure 2: Experimental Set-up of Indoor Aquifer (Adapted from Herzyk et al., 2017) 

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. The concentrations were similar to the low concentrations in batch 
experiments. 

Sampling and Analysis 

The first sampling was performed on the start day (day 0) of both batch and indoor aquifer 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. In the indoor aquifer, 3 of the longitudinal sampling points (B, D 
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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. During each sampling, both water and sediment 
samples were collected to analysis the microbial activity. Microbial activity was determined by measuring total ATP 
concentrations (mol/L) in water and sediment samples following the procedure described by Herzyk et al., 2017. 
DOC (mg/L), major ions, dissolved oxygen (mg/L O2), pH, EC (μS/cm), temperature (°C) was monitored in the 
water samples periodically in indoor aquifer system.  

Conceptual Model and Numerical Simulations 

The conceptual model was setup for the indoor aquifer system at the Institute of Groundwater Ecology, 
HelmholtzZentrum-München. 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 indoor 
aquifer experiment section in figure 2.   

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 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 2.  Reactive transport of the micropollutant in 
the aquifer system was simulated considering linear adsorption, defined by distribution co-efficient.  

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  

Table 2:Properties of the indoor aquifer system (Herzyk et al; 2017) 

Results 

Batch Experiments 

Analysis of total ATP concentration (mol/L) in water sample of batch set-up with all the 4 micropollutants followed 
a similar trend. There was no significant variation observed in the ATP concentrations indicative of no change in the 
microbial activity due to microbial activity.  Increase in the micropollutant concentration showed to be insignificant 
in influencing microbial activity in water samples (figure 3).  ATP concentrations (mol/L) in sediment samples also 
showed insignificant changes indicating no change in microbial activities caused by varying concentrations of 
micropollutants. Variation in the ATP concentrations of sediments samples are as depicted in figure 4. 

Indoor Aquifer Experiments 

Although close observation of the total ATP concentrations in water samples from 3 longitudinal transects at 3 
depths, 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 (figure 5). The ATP 
concentration in sediment samples 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 (figure 6). 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. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Variations in the total ATP concentration (mol/L) in water samples of batch experiments with 3 
different concentration ranges. 
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Figure 4: Variations in the ATP concentration (mol/L) in sediment samples of batch experiments with 3 
different concentration ranges. 

 

 

 

 

 

 

 

 

Figure 5: Modifications in total ATP concentrations (mol/L) in the indoor aquifer system along the depth 

 

 

 

 

 

 

 

 

Figure 6: Variation in ATP concentrations (mol/L wet sediment) with time at transects B and E with time 

Conceptual Model 

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 bottom of aquifer system were defined as no 
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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 7: Conceptual sketch of the experimental set-up and boundary conditions of the artificial aquifer 
system 

Numerical Simulations 

Micropollutant spread in the aquifer system on day 5 is as depicted in the figure 8. 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 4), 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 8.  

 

Figure 8: Conservative transport of benzotriazole in the indoor aquifer system depicting the spread of 
contaminants and the breakthrough curve. 

Discussion 

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.  

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. 

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. 



Conclusion: 

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. 

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.  The inhibitory effect does not change with increase in the 
concentration of micropollutants under static conditions and also increase in time. Conceptual model 
and numerical simulations performed provided preliminary information about the behavior of 
micropollutants in the artificial aquifer system. 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. 

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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