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ABSTRACT 

Exfiltration of wastewater from sewer networks in urban areas contaminates aquifers with nutrients and emerging 
contaminants. In order to protect urban aquifers and optimise monitoring systems, further understanding of 
spatiotemporal distributions of sewer-borne contaminants and dimensions of the contamination plumes within 
groundwater is needed. Therefore, we analysed the relation between the spatial distribution of sewer networks 
(represented as line sources of pollution) and the evolution of contaminant plumes in aquifers. This was done by a 
simplified approach considering a long-term contaminant transport in an aquifer. Numerical modelling and 
geospatial analysis tools were used to evaluate the effect of the shape of the sewer network on the spreading of 
sewer-borne contaminants. The scenarios considered real sewer networks shapes, typical leakage rates and 
different groundwater flow directions. The scenarios were developed in Python script language assuming 
conservative solute transport. Results suggest that the knowledge on the shape of sewer network and on 
groundwater flow could facilitate the identification and localisation of areas with high risk of pollution. This study 
shows for the first time how the shape of the sewer network can be useful to predict highly polluted areas within 
urban aquifers. This is a first step towards proposing or optimising existing, point-based monitoring networks. 
Hence, groundwater management in urban environments could be improved. 
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1 INTRODUCTION 
Globally, groundwater is an essential resource to overcome the current problems related to water availability. The 
rapid urbanization process affects groundwater quality and quantity (Schirmer et al., 2013). For instance, exfiltration 
of wastewater from sewer networks in urban areas affects groundwater quality. Among the sewer-borne 
contaminants resulting from the exfiltration of wastewater, pathogens increase water-related health risks (Ellis and 
Revitt, 2002; Held et al., 2007; Reynolds and Barrett, 2003) and nutrients affect groundwater-dependent 
ecosystems (Erostate et al., 2018; Haßler et al., 2018). In addition, emerging contaminants such as 
pharmaceutically active compounds, drugs of abuse, personal care products and disinfection by-products are found 
in aquifers as a result of sewer exfiltration, especially in urban shallow aquifers (Jurado et al., 2012; Lee et al., 
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2015; Roehrdanz et al., 2017). Emerging contaminants are typically highly persistent and have potentially harmful 
effects on ecosystems and human health. For instance, endocrine disruptor compounds may affect reproduction in 
both humans and wildlife (Jurado et al., 2012), while antibiotics can contribute to the evolution and dissemination 
of antibiotic resistance genes (Liu et al., 2018; Pamplona-Silva et al., 2018). Additionally, the combination of the 
components of the contaminants, may trigger a synergistic effect increasing their negative impacts even at very 
low concentrations (Barouki, 2017; Pamplona-Silva et al., 2018).  
Over the years, two approaches have been developed to face groundwater contamination challenges due to the 
exfiltration of wastewater from leaky sewer networks. The first approach is focused on management and detection 
of leakages (Apperl et al., 2017; Candelieri et al., 2014; Eggimann et al., 2017). Here, the objective is to avoid 
pollution of aquifers. In contrast, the second approach aims to protect human health and ecosystems against 
polluted groundwater. Hence, this second approach consists on: I) installation or optimisation of monitoring systems 
(Prakash and Datta, 2016), II) risk assessments (Ribeiro et al., 2016) and III) remediation of polluted aquifers or 
groundwater treatment (Gutiérrez-Zapata et al., 2017). The urban groundwater monitoring systems face, as a main 
challenge, the spatial heterogeneity of the concentration of contaminants. Contaminant concentration and water 
flow have a high variability in time and space. Thus, point-monitoring might have a questionable representativity of 
the samples (Schirmer et al., 2013). Additionally, the correct interpretation of the data and the differentiation among 
sources of contamination remains a challenge (Stigter et al., 2011). 

In order to protect urban aquifers and optimise monitoring systems, further understanding of spatiotemporal 
distributions of sewer-borne contaminants and dimensions of the contamination plumes within groundwater is 
needed. In this study we hypothesised that the sewer network geometry (e.g., length and location of pollution 
sources) may influence the spreading of contaminants in the saturated zone.  
Therefore, we analysed the relation between the spatial distribution of sewer networks (represented as line sources 
of pollution) and the evolution of contaminant plumes in aquifers. This was done by a simplified approach 
considering a long-term contaminant transport in an aquifer.  Since sewer networks typically have a linear shape, 
we assume that multiple sewer point-pollution sources overlap with each other through the vadose zone under 
long-term conditions and large spatial scales, forming a horizontal line of pollution source (HLS) in the groundwater. 
 
2 MATERIALS AND METHODS 
The spreading of contaminants within aquifers originating from leaky sewer networks includes contaminant 
transport through the material surrounding the pipe (bedding), the unsaturated and saturated zone (Figure 1). In 
this study, only the spreading of the contaminants in the saturated zone was evaluated and thus, the model domain 
was the saturated zone of the aquifer system.  
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Figure 1. Spreading of contaminant plumes from sewer networks 

Numerical modelling (MODFLOW and MT3D) and geospatial analysis tools (QGIS) were used to evaluate the effect 
of the shape of the sewer network on the spreading of sewer-borne contaminants. For this, we performed 
conservative solute transport simulations assuming an unconfined and homogeneous shallow aquifer of one layer 
(Table 1) for steady state flow conditions. The values of horizontal hydraulic conductivity and porosity were 
assumed considering sand as porous medium (Bear and Cheng, 2010). The contaminant transport model was 
setup using in MT3DMS, assuming conservative transport (advection, dispersion and diffusion). The transversal 
dispersivity was assumed to be 10% of the longitudinal dispersivity (1 m). The diffusion coefficient was assumed 
equal to 5x10-10 m s-2 considering typical values for solute transport (Bear and Cheng, 2010). Additionally, the 
discretisation of the grid of the model was regular, with a mesh grid equal to 5m x 5m. One time period was 
simulated, with a length of ten years. The selected simulation period represents a long-term analysis. Longer 
simulation periods would require higher computation times and therefore, were not selected. Additionally, a previous 
analysis showed that in the long-term the shape of the contaminant plume, generated by the HLS, remains constant, 
whilst the size of the plume increases proportionally with time. Since the focus of the analysis is the shape of the 
plume, it was not necessary to evaluate longer simulation periods.  

Table 1. Characteristics of the simulated aquifer 

Parameter Value 

Length - x-direction (m) 4000 
Length - y-direction (m) 4000 
Number of layers 1 
Type of layer convertible 
Aquifer top (m) 10 
Aquifer bottom (m) 0 
Horizontal hydraulic conductivity – KH (m s-1) 10-4 
Vertical hydraulic conductivity  KH/10 
Effective porosity (n) 0.3 
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The scenarios comprised different HLS shapes, typical leakage rates (e.g., 1x10-7 m3 s-1 m-1) (Karpf and Krebs., 
2011; Peche et al., 2017) and different groundwater flow directions (Table 2). In sum 284 scenarios were simulated. 
The leaky sewer networks were represented in a simplified approach by a series of injection wells located along 
one or more lines (see Figure 2). The contaminant plume was characterised considering total area and geometrical 
centroid, whilst the HLS were defined by different connection angles, lengths and geometrical centroids. 

Table 2. Summary of the evaluated scenarios considering two options  

Scenario 1 2 

Different HLS shapes Variation of level of complexity 
number of secondary pipes and tertiary pipes  
position of secondary pipes and tertiary pipes 
Total evaluated geometries: 80  

Angle of connection 90° 45° 

Leakage rate - LR Constant 
(1x10-7 m3 s-1 m-1)  

Variable for each type of pipe: 
Main (1x10-8) 
Secondary (1x10-7) 
Tertiary(1x10-6) 

Groundwater flow direction - GWD West to east North to south 
1: first type of scenario, 2: second type of scenario 

 

 

Figure 2. Exemplification of HLS characteristics and contaminant plumes derived from HLS 

A systematic analysis of the impact of sewer network geometries was done by evaluating different scenarios using 
the Python script language (see Figure 3). The FloPy package (Bakker et al., 2016) was used for creating model 
input files and running simulations, whilst the post-processing of modelling results was done in QGIS. Furthermore, 
none of the scenarios considered the influence of natural recharge. In urban areas, groundwater recharge from 
precipitation might occur through parks, gardens and edges of roads (Barrett et al., 1999). This recharge can 
represent around 8% of the precipitation (Balwant et al., 2018). However, the artificial urban groundwater recharge 
due to leakages from the stormwater system, water supply and sewer networks might be more significant (Balwant 
et al., 2018; Barrett et al., 1999; Lerner, 2002). Considering that usually cities have more impermeable areas than 
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permeable areas, no natural recharge was included in the simulations. Then the groundwater flow was driven by 
the difference on constant heads. 

 

Figure 3. Scripts developed to analyse systematically the influence of HLS on the spreading of contaminants 

 

3 RESULTS AND DISCUSSION 

3.1 RELATION BETWEEN THE SHAPE OF THE SEWER NETWORK AND THE CONTAMINANT PLUME 
An analysis of variance (ANOVA) was carried out to identify the factors with significant influence on the spreading 
of the contaminants. The multiple regression showed that the combination of factors: I) level of complexity, II) total 

length of HLS (L), III) area covered by HLS (AHLS), IV) connection angle between pipes (α), V) position of connection 

of the secondary pipe to the main pipe (PS) and VI) the groundwater flow direction (GWD) explain 89% of the 
variance of the area of the plume with a confidence level of 95%. The analysis of variance demonstrates that all 
the previous mentioned factors, have a significant effect on the total area of the plume (p-value < 0.05). In contrast, 
the leakage rate (LR) has no influence on the spreading of the contaminants. This is explained by the insignificant 
effect of the injected flow from the leaky pipes on the distribution of the hydraulic heads in the aquifer (leakage 
represents maximum 6.5% of the total water budget after ten years of simulation). Figure 4 presents the mean 
values of the relative area of the contaminant plume obtained for each scenario. Results suggest that among the 
HLS characteristics, the total length of the HLS has the strongest influence on the spreading of the contaminants, 
with a difference in means equal to 52%. Hence, the knowledge about the HLS characteristics and the groundwater 
flow direction is important to predict the total area of the spread of the contaminant plume within an urban aquifer. 
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LR1: constant leakage rate, LR2: variable leakage rate, GWD1: groundwater direction eastwards, GWD2: groundwater direction southwards, PS: position of 
connection of secondary pipe to main pipe, LC: Level of complexity of artificial sewer network, α: angle of connection of secondary pipe, L: total length of 
HLS,  Ap: total area of the plume, SC: scenario, BSC: base case scenario. PS 123: secondary pipes connected to position 1, 2 and 3. PS 13: secondary pipes 
connected to position 1 and 3. PS 12: secondary pipes connected to position 1 and 2. PS 1/ PS 2/PS 3: secondary pipe connected to position 1 / 2 / 3 
respectively. 

Figure 4. Mean values of the relative area of contaminant plume generated by each scenario 

 

3.2 APPLICATION OF A NEW APPROACH TO IDENTIFY AREAS WITH HIGH RISK OF POLLUTION 
Each part of a sewer network can be simulated as an individual HLS. Under the same groundwater flow direction, 
each HLS generates a contaminant plume with a different shape. Considering steady-state flow conditions and a 
long-term contaminant transport, these contaminant plumes may overlap. The overlapping of the plumes would 
generate areas with high concentration of the contaminant. Areas with high risk of pollution could be identified by 
intersecting all the plumes generated by each HLS. This simplified approach was tested using real shapes of sewer 
networks to identify highly polluted areas within urban aquifers. Hence, real shapes of the stormwater system of 
the urban observatory in Dresden were used. This network has a total length of 2907 m. The simulated scenarios 
analysed different HLS combinations with a constant leakage rate of 1x10-7 m3 s-1 per m (Karpf and Krebs, 2011). 
Additionally, the groundwater flow direction was assumed to be from the west to the east. No real hydrogeological 
conditions were considered. Then, the aquifer characteristics were assumed to be as the base case scenario (Table 
1). Considering the number of intersected plumes, areas with high risk of pollution were identified (Figure 5). The 
areas were classified into four groups of pollution risk depending on the number of plumes that were intersected: I) 
very high (5 to 6 plumes), high (3 to 4 plumes), medium (1 to 2 plumes) and low (no intersections). Since the plume 
from the HLS type 7 comprises all other contaminant plumes, it was not included for the analysis. The region with 
very high risk of pollution represents around 39% of the total contaminant area. This region expands towards the 
flow gradient.  
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Figure 5. Areas with high risk of pollution due to intersection of contaminant plumes 

As shown in Figure 5, all the centroids of the contaminant plumes are in areas with high or very high risk of pollution, 
considering the shape of the storm water system of the urban observatory in Dresden. Hence, the coordinates of 
the centroids of the plumes can be used as a first reference for selecting possible observation points for long-term 
groundwater quality monitoring. This would facilitate the identification of micropollutants, within the aquifer, 
associated to leaky sewer networks, because at those points the probability to detect the contaminants might be 
higher.  

Other methodologies used to predict areas, within aquifers, with high probability of pollution due to leaky sewer 
networks are focused on sewer network structural conditions (Lee et al., 2015; Roehrdanz et al., 2017). For 
instance, Lee et al. (2015) considered exfiltration probabilities of pipes, difference between water pipe and 
groundwater and wastewater indicators. In contrast, the methodology developed in this study facilitates the 
identification of regions with high pollution risk, for a given sewer network, without prior knowledge of leakage 
locations (point sources of pollution), leakage rates or structural conditions of the sewer network. It requires 
analysing the HLS geometry (e.g. location and length) and groundwater flow direction. However, since it was 
assumed that the contaminants were already in the saturated zone, the transport of contaminants throught the 
vadose zone was not evaluated. Hence the influence of the clogging layer on the spreading of the contaminants 
was neglected. The transport of the contaminants througth the vadose zone might affect the geometric 
characteristics of the HLS representing the leakage from the sewer network within the aquifer. Therefore, further 
studies are needed to transform a multiple sewer-borne point source into a horizontal line source (HLS). 

A validation of the developed method is necessary. Hence, simulations of groundwater flow and contaminant 
transport considering real aquifer characteristics and hydrogeological conditions should be carried out. Calibration 
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of the models should be done before predicting the highly polluted areas. Moreover, groundwater quality sampling 
of the study area would be useful to validate the results. 

4 CONCLUSIONS  
The sewer network geometry influences the spreading of the contaminant plume within aquifers. Specially the 
length and distribution of pollution sources, represented as horizontal line sources (HLS), are important factors that 
affect the total spreading area. This influence was observed under constant hydrogeological characteristics of the 
aquifer. The influence of the leakage rate on the spreading of the contaminant plume is not statistically significant. 
Hence, simplified approaches can be applied to facilitate understanding the spatial relation between the distribution 
of the leaky sewer pipelines and potential areas of pollution.  

The developed methodology to delineate contaminant plumes and to identify areas with high risk of pollution within 
urban aquifers is based on Python scripts. Therefore, the methodology is flexible, allows systematic evaluation and 
automatization. It can be easily adapted to other hydrogeological conditions and HLS characteristics (e.g., length, 
spatial distribution). However, the methodology should be validated considering real hydrogeological conditions 
and hence, it requires further optimization techniques. The knowledge on the shape of sewer network and on 
groundwater flow could facilitate the identification and localisation of areas with high risk of pollution. This is a first 
step towards proposing or optimising existing, point-based monitoring networks.  
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