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Fine-grained deposits cover a large part of Kifissos, predominantly in the vicinity of the river network () 
(Koukis and Sabatakakis, 2000). They are characterized by moderate permeability, whereas local phreatic 
aquifers develop within the coarse-grained layers. An analysis of 192 geotechnical wells, drilled to a depth 
of 4 meters within the fine-grained deposits of the Kifissos basin, revealed that 70% of the unit is 
constituted of brown, sandy, stiff clay of low to medium plasticity and is classified as CL in the unified soil 
classification system (USCS) (Sabatakakis, 1991). Furthermore, the unit consists of clayey silts (CL-ML, 
1%), clayey sands (SC, 16%), silty sands (SM, 3%), and clayey-silt gravels (GM, GM-GC, 2%) according to the 
USCS classification. The maximum thickness of the fine-grained quaternary deposits reaches 30 m 
(Sabatakakis, 1991; Antoniou, 2003). 

The USCS, which divides soils into two general categories of fine and coarse grained,  is commonly used 
in engineering geology studies (Gaines and Frankenstein, 2015). In hydrologic applications and in particular 
vadose zone hydrology the  United States Department of Agriculture (USDA) classification system is the 
dominant soil classification system. The majority of Pedotransfer Functions (PTFs) have been developed 
from USDA classes to infer soil hydraulic properties, essential in unsaturated zone water flow modeling 
(Weynants et al., 2009; Vereecken et al., 2010; Tóth et al., 2015; Van Looy et al., 2017; Zhang and Schaap, 
2017). Generally, CL soil classification in USCS can be classified as either Loam, Clay Loam or Silty Clay 
Loam in USDA textural classification (Gaines and Frankenstein, 2015).  
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Figure 2 - Geological map of Athens Metropolitan area (Boronkay et al. 2021) 
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2.1.3. HYDROLOGICAL AND HYDROGEOLOGICAL SETTINGS 

The hydrological setting of the study area lies in the Kifissos River basin, a catchment area of approximately 
380 km2. The river main route is approximately 22 km long with an extensive network of currents throughout 
the plain (Figure 3). The river network is channelized for the most part of the plain while a natural stream 
only exists in a sub-catchment at the peri-urban area in the North (Koltsida & Kallioras, 2022). Although the 
Kifissos river has ephemeral flow, according to several studies, the water fluxes can reach up to 1400 m3/s 
during flood events since the river operates as a major drainage channel for an extended part of the basin 
(Diakakis, 2014, Zeri et al. 2021). The high water fluxes are exerbated since the oldest part of the drainage 
network in the city of Athens is a combined network with an area of approximately 1350 hectares that 
discharges to Kifissos river, causing phenomena of combined sewer overflows during extreme weather 
events (Kourtis et al. 2022). 

The hydrogeological setting of the Kifissos basin includes three basic units: 1) the unconsolidated 
formation of the quaternary deposits of Kifissos river, 2) the sedimentary formation (Neogene formation) 
and 3) several karstic formations formed in the marbles and limestones of the surrounding hilly area (Figure 
4).  

Unconsolidated formation  

A phreatic aquifer is formed in the alluvial deposits of the Athens plain. Quaternary deposits are an 
aquiferous shallow system, forming a phreatic aquifer of low to medium flow rate (Koumantakis et al. 1997) 
with a thickness of a few meters (Kounis & Kounis, 2010).  

Neogene formation  

The Neogene formation has a thickness of less than 100 meters (Kounis & Kounis, 2010), with lower flow 
rates compared to the quaternary formation, while the aquifer is formed in sandstone, conglomerates and 
marly limestone (Georgalas, 1996). The main inflow of both surface formations occurs through lateral 
recharge from the surrounding hilly areas (mainly from the limestone formations of Imittos at the east, 
Paritha at the West and the marble formation of Penteli) while natural recharge from precipitations is very 
limited due to highly urbanized areas covered with impermeable surfaces. Another significant inflow to the 
alluvial formations derives from anthropogenic activities in the Metropolitan area of Athens connected to 
leakages from the drainage and sewage network, as wells as from the water supply system, influencing 
both GW quality and quantity. The main outflow occurs naturally towards the Saronicos gulf, while the 
alluvial formations are exploited mainly for irrigation purposes for the green areas of Athens. The amount 
of GW pumped through wells and boreholes has not been recorded and is not considered significant 
compared to the capacity of the system. The general discharge axis is SW- NE towards the coast (Figure 
5). The shape of the contours suggests that there is lateral inflow from the surrounding hilly areas.  

Karstic formations  
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Several karstic aquifers are formed within the carbonate rocks of the study area. The Imittos karstic system 
is formed mainly in dolomitic marble and limestone. The formation is recharged naturally from rainfall with 
high recharge rates of up to 50% of the total precipitation (Christaki, 2017, Koumantakis, 1997). The karstic 
formation is divided into different aquifers (Northern and Southern parts) due to the occurrence of 
impermeable layers through the mountain (Kaisariani schist) with different hydrochemical characteristics 
mainly due to the hydraulic connection of the southern part to the sea (Christaki, 2017). At the northern 
part, GW occurs at an elevation of +50 m and is abstracted for drinking water supply of the university 
campus (National Technical University of Athens, and National and Kapodistrian University of Athens). The 
karstic aquifer of Penteli marbles is a large aquifer system of about 500 meters thickness. At the western 
part, the karstic aquifer is in contact with the sedimentary formation of the Athens basin and discharges 
laterally to the alluvial formations of the plain. The karstic system of the northern Parnitha mountain is in 
contact with Athens basin. Although hydrogeological research is limited in the area, the GW is considered 
to be of good quality. Yet at the northeast, the formation is in contact with the Egaleo karstic unit 
(Koumantakis et al. 1997); a karstic aquifer that is exploited from numerous of drills in the area anda holds 
GW of low quality due to seawater intrusion at the western side of the formation (Christaki, 2017).   

Although the Athens Schist is impermeable, the tectonic activity in the wider area has caused several 
faulting and in conjunction with the weathering mantle of the schist, numerous aquitards are generated in 
the matrix (Kounis & Kounis, 2010). In general, those aquitards allow weak flow with low transmissivity 
except for the parts where quaternary deposits overlie schist and water movement is enhanced (Kounis & 
Kounis, 2010).  
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Figure 4 - Hydrogeological map of Athens Metropolitan area (Modified after IGME, 2010).  
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2.1.4. CONCEPTUAL MODEL 

A GW flow model was constructed for the wider area of interest (Athens Metropolitan area). The conceptual 
model was designed taking into account the very complex stratigraphy of the Athens basin. To begin with, 
the Athens Schist unit was considered to form the impermeable base of the GW. The depth of the 
impermeable bedrock was retrieved from extended geotechnical research conducted in the area by 
Antoniou et al. (2008). The hydrological units were divided in two different layers. The first layer represents 
the Quaternary deposits of Kifissos river and the latter layer is formed by the Neogene formation. In order 
to simplify the complex stratigraphy of the plain, a different zonation was considered for several geological 
formations with different hydraulic characteristics. Both aquifer layers are convertible. The model extents 
spatially along the boundaries of the Neogene formation and the hilly areas at the east (Imittos mountain) 
and the west (Egaleo mountain) while at the south, the model is bounded by the coastline (at Saronicos 
gulf). The northern boundary was decided based on the tectonics of Athens plain and the existence of a 
fault zone with E-W trending extending from the northern point of Egaleo mountain (at the west) to the 
northern point of Imittos mountain (at the east) (Foumelis et al., 2013). The inflows and outflows of the 
system were decided based on hydrodynamic conditions in the plain (Figure 5). 
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Figure 6 - Conceptual groundwater model for the Athens case study. 
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Figure 7 - Groundwater model boundary conditions and zonation 

 

2.2.4. INITIAL CONDITIONS 

The initial conditions of the GW flow model were obtained from available field data. GW hydraulic heads 
measured during the end of the dry season in 2023 were utilized as initial heads. 
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2.2.6. MODEL CALIBRATION AND RESULTS 

A sensitivity analysis revealed the parameters that affect the model results the most. Css and pcc indices 
were utilized for the interpretation of the results of the sensitivity analysis. The higher values of css index 
suggest that model results are influenced by the parameters related to the second layer (). More 
specifically, the coastal formation (HK_COAST) is the most sensitive parameter since it influences GW 
movement and outflow near the coast. HK_SCHIST (hydraulic conductivity of the Schist formation) _and 
HK_LAY2 (hydraulic conductivity of the neogene formation) play also an important part in the simulation, 
defining the flow to a big extent in the active grid. Several General Head Boundary (GHB) conductance 
parameters were proved to be sensitive to the model results (GHB_East2, GHB_CHAID, GHB12) indicating 
the importance of GW inflows in several parts of the plain. Considering the correlation between the 
parameters, only four parameter sets revealed high correlation (, 10 and 11). The correlation between those 
parameters did not affect the calibration process since no correlated parameters were calculated 
independently. The combined sensitivity analysis and parameter estimation process led to the results 
presented to. Table 1 show the calibrated parameters were then implemented in the model.  

 

Table 1- Calibrated parameters for the Athens Groundwater flow model. 

Parameter Interpretation Parameter Value 

HK_Coast Horizontal Hydraulic Conductivity of coastal deposits 88.78 m/d 

HK_Lay2 Horizontal Hydraulic Conductivity of neogene formation 0.6097 m/d 

HK_Lay1 Horizontal Hydraulic Conductivity of quartenary formation 110.5 m/d 

Hk_Schist Horizontal Hydraulic Conductivity of schist formation 2.43 m/d 

HK_Sands Horizontal Hydraulic Conductivity of sandstone formation 0.092 m/d 

GHB_East2 Conductance of General head boundary (eastern) 11.18 m2/d 

GHB_Chaid Conductance of General head boundary (western) 38.8 m2/d 

GHB_East1 Conductance of General head boundary (eastern) 5.2 m2/d 
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Figure 8- Groundwater flow parameter importance based on css. 
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Figure 9 - Groundwater flow parameter correlation based on pcc. 
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Figure 10- Athens groundwater flow model: observed vs simulated hydraulic head. 
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Figure 11 - Athens Groundwater flow model results. 
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2.2.7. MASS TRANSPORT MODEL 

Model transport packages 

To simulate solute transport in GW, Groundwater Transport Process (GWT) of MODFLOW 6 was utilised 
(Langevin et al., 2022). Along with this process, advection (ADV) and dispersion packages (DSP) were 
activated which simulated the movement of the dissolved solute that is transported at GW flow velocity 
and the impact of molecular diffusion and mechanical dispersion for the fate of the solute in the aquifer, 
respectively. In addition, Mass Source Loading package (SRC) was activated to add the source of pollution 
along the river in the pilot area. Through SRC package, the coupling of the unsaturated flow and solute 
transport results was accomplished. Finally, Mobile Storage and Transfer (MST) Package was utilized to 
simulate solute storage, sorption, and decay on the mobile domain.  

Spatiotemporal discretization 

For the GW flow regional model, further spatial discretization was applied to the pilot area, targeting in a 
cell size at the mean width of the riverbed (approximately 8 m). The result of the spatial discretization with 
the DISV tool of MODFLOW 6 is presented in . 
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Figure 12- Domain discretization of the Athens groundwater model. 
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Transport model parameters 

Solute mass transport parameters for the GW model were obtained from existing research. For the 
properties of the soil medium a value of 0.165 was added to the bulk density (g/m3) and the value of 6.9 m 
was applied for the dispersivity, corresponding to the aquifer characteristics of the study area 
(Vanderborght and Vereecken, 2007). The diffusion coefficient of PFBS of 6.912 * 10 -5 m2/day was 
retrieved from Damião et al. (2023). Sorption process into the mobile phase of the solute was solved with 
the equilibrium-controlled linear approach where the Kd was set to 1.7* 10 -5 m3/kg (Aly et al., 2018). 

2.2.8. SOLUTE TRANSPORT SIMULATION RESULTS 

The concentrations of PFBS produced from Hydrus-1D and PHREEQC 3 at the depth of 10 m for the 
unsaturated zone profile were utilized as a source load in SRC package of MODFLOW 6. A GW solute 
transport model was then simulated for 14 stress periods, from September 2023 to October 2024, following 
the simulation period of the GW flow. The combined results of the advection, dispersion and sorption 
processes of PFBS are presented in . Considering continuous source load leaching from the riverbed and 
the unsaturated zone, the PFBS plume in GW extends in an area of approximately 1,029.280 m2, at the end 
of the simulation.  
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Figure 13 - Model results of the PFBS concentration in the Athens groundwater. 
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 ATHENS UNSATURATED ZONE FLOW MODEL  

2.3.1. HYDROLOGICAL AND HYDROGEOLOGICAL SETTINGS 

The pilot site developed upstream of the Kifissos River, in part of the natural riverbed, lies within the fine-
grained deposits of the research area (Figure 14). Conceptual information for the vadose zone in that part 
of the research area can be inferred from available geotechnical boreholes in the fine-grained deposits of 
another branch of the Kifissos river, and the extent of the unsaturated zone column can be estimated from 
available lithostratigraphic cross sections of boreholes downstream of the pilot site (). 

 

Figure 14 - Geotechnical units of the Kifissos basin (Data retrieved from: Sabatakakis, 1991; Koukis and 
Sabatakakis, 2000). The boundary of the pilot site is depicted in the map along with the locations of 

the river monitoring network. The locations of available geotechnical (Vardavakis, 2011) and 
lithostratigraphic (Vandarakis, 2013) boreholes are also shown. 
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After the detailed analysis of the data derived from the geotechnical cross sections (), in accordance with 
previous studies (Sabatakakis, 1991; Koukis and Sabatakakis, 2000), the majority of the fine-grained 
deposits were classified as CL class according to the USCS schema. The corresponding sand, silt, clay 
percentage in each depth was used to classify CL USCS classes in the USDA triangle ().  

 

Figure 19 - Soil texture classification triangle according to USDA. The red dots represent the depths of 
the geotechnical cross sections in which particle distribution analysis has been conducted. In the 

corresponding text the USCS class (CL) and the depth of each sample have been noted inside 
parentheses. 
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Figure 20 - Comparison of observed and simulated surface runoff using the Hydrus 1D model. 
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The infiltration flux from the top layer reaches the bottom node of the soil column following approximately 
100 time steps as it is observed from the infiltration at the end node of the soil column () and the soil 
volumetric water content [-] across the whole depth of the unsaturated zone at distinct time steps (). 

 

Figure 21 - Infiltration at the end node of soil column for the period of simulation. 
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Groundwater containing PFAS can serve as a pollution source to surface water or, conversely, become 
contaminated by surface water, depending on the prevailing flow direction (Tokranov et al., 2021; Pétré et 
al., 2022). The infiltration of PFAS-contaminated surface water poses a risk of introducing these 
compounds into GW aquifers (Eschauzier et al., 2010; Tokranov et al., 2021). Laboratory studies 
demonstrate that short-chain PFAS, consisting of six or fewer carbon atoms, are more likely to migrate 
from surface water to GW through water-saturated sand, such as flood banks, with minimal retardation 
compared to trace elements (Vierke et al., 2014). In contrast, the sorption of longer-chain PFAS can result 
in increased retardation during transport (Rasmusson & Fagerlund, 2024). 

Sorption of PFAS in the vadose zone can take place on the solid phase and the air-water interface of soil 
matrix (Sharifan et al., 2021). PFAS tend to be retained at the soil layers in the proximity of the soil surface 
and as a result leach to the GW for substantial time periods. High concentrations have also been 
documented in deeper layers of the unsaturated zone (Xiao et al., 2015; Rasmusson & Fagerlund, 2024). 
Furthermore, the movement of PFAS in the unsaturated zone is strongly correlated with the infiltration rate, 
with increasing mobility to be observed in conjunction with enhanced infiltration rates (Høisæter et al, 2019; 
Rasmusson & Fagerlund, 2024). However, in laboratory experiments of PFAS leachate in low and high 
permeability sandy soil columns, PFBS retardation has been reported inat high infiltration rates, while at 
low infiltration rates PFBS mobility was increased. Short-chain PFAS (Per-and polyfluoroalkyl substances, 
such as PFBS) are considered highly mobile in the unsaturated zone (Rasmusson and Fagerlund, 2024; 
Vahedian et al., 2024), compared to longer-chain PFAS, given that they have low potential to adsorb to the 
solid phase (Brendel et al., 2018) and the air-water interface (Brusseau, 2018; Brusseau et al., 2019, 2020; 
Høisæter et al., 2019; Wallis et al. 2022, Bigler et al., 2024) of the vadose zone.  

Considering the literature information for PFAS leaching from surface water bodies to GW and PFAS 
subsurface movement, PFBS infiltration from the Kifisos riverbed to the unsaturated zone has been 
simulated using the conventional convection dispersion equation of Hydrus 1D, with sorption to the solid 
phase of the soil matrix. Potential retardation of PFBS in the air-water interface within the pore space of 
the unsaturated zone has been examined through a PHREEQC 3 simulation. The PHREEQC 3 output was 
then utilized as Mass Source Loading along the river for the GW flow model.  

2.3.9. SOLUTE TRANSPORT SIMULATION RESULTS 

Solute transport simulation downstream of the pilot site has been conducted with a constant concentration 
at the upper boundary, modeling the infiltration water for the riverbed, according to the measured 
concentrations of the pretreated water of Kifissos river. At the bottom of the soil profile the boundary 
conditions were a zero-concentration gradient for PFBS transport. The simulations in Hydrus-1D were 
conducted in mmol/cm3 and in PHREEQC in mol/kgw, however for better interpretation of results the 
concentrations at the graphs are depicted in ng/L.  (Figure 23) 
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Figure 23: PFBS concentration profile in the soil at selected time steps (days). The results in this graph 
were derived from a Hydrus-1D solute transport model without solid sorption and Air-Water Interface 

(AWI) adsorption. 

 

The convection-dispersion simulation of PFBS within the unsaturated zone profile indicated that 500 days 
after the initialization of the simulation, the soil column reaches a uniform concentration of 500 ng/L, which 
corresponds to the incoming flux from river water. Without the integration of any sorption process in the 
simulation process PFBS is rapidly moved within the unsaturated zone. Furthermore, heterogeneity within 
the soil profile favors the mobility of PFAS and in particular PFBS.  
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The consideration of both solid sorption and AWI adsorption has been conducted within a PHREEQC 3 
simulation in which the output concentrations of Hydrus-1D have been updated automatically through an 
iterative python script. The integration of the sorption process within the simulation process revealed that 
the concentrations, at the three observation nodes, with and without the consideration of sorption in the 
solid phase and adsorption to the AWI are strongly correlated ( to ).  

 

 

Figure 24: At the left plot the concentrations of PFBS simulation with and without sorption processed are 
depicted and at the right plot the concentrations sorbed in the solid phase and the AWI of the pore spaces 
throughout the days of simulation are depicted in observation node at 101 cm.  

 

The observations derived from the coupled simulation of Hydrus-1D and PHREEQC 3 indicated that the 
integration of sorption processes does not significantly influence the movement of PFBS within the soil 
profile. Sorption in the solid phase of the unsaturated zone decreases with depth, which is predominantly 
due to the hysteresis in the arrival of the concentration flux from the top layer. 



D3.7 report on gw modelling tools, v 1, 10 January 2023  

 
 

p. 46 

 

Figure 25 At the left plot the concentrations of PFBS simulation with and without sorption processed are 
depicted and at the right plot the concentrations sorbed in the solid phase and the AWI of the pore 

spaces throughout the days of simulation are depicted in observation node at 1001 cm. 

 

AWI adsorption is negligible within the whole range of the unsaturated zone ( to ), in line with previous 
studies (Brusseau, 2018; Brusseau et al., 2019; Høisæter, Pfaff and Breedveld, 2019; Brusseau, Anderson 
and Guo, 2020; Wallis et al., 2022; Bigler et al., 2024) . However, sorption at the solid phase of the pore 
spaces is considerable within the soil column (Figures 24, 25, 26), making PFBS persistent in the soil profile. 
Given that, the introduction of longer-chain PFAS in the unsaturated zone causes their binding in the solid 
phase displacing the shorter ones and making them to leach (Rasmusson and Fagerlund, 2024), PFBS can 
be characterized as a threatening substance for GW due to its mobility, the minimal sorption at the AWI 
and the competitive displacement from solid surfaces with the introduction of longer-chain PFAS.  
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Figure 26 At the left plot the concentrations of PFBS simulation with and without sorption processed are 
depicted and at the right plot the concentrations sorbed in the solid phase and the AWI of the pore spaces 
throughout the days of simulation are depicted in observation node at 1001 cm.  

 

In line with a previous study (Vahedian et al., 2024) in which PFBS, based on laboratory experiments and 
simulations, was characterized as conservative tracer  the present study confirms the enhanced mobility 
of PFBS in field conditions. The cautious analysis, conceptualization and discretization of the unsaturated 
zone conditions of the study area provides the basis for a robust model downstream of the pilot site, 
simulating both infiltration and solute fluxes from the Kifisos river.  

Solute transport simulation downstream of the pilot site has been conducted with a constant concentration 
at the upper boundary, modeling the infiltration water for the riverbed, according to the measured 
concentrations of the pretreated water of Kifissos river. At the bottom of the soil profile the boundary 
conditions were a zero-concentration gradient for PFBS transport. The simulations in Hydrus-1D were 
conducted in mmol/cm3 and in PHREEQC in mol/kgw, however for better interpretation of results the 
concentrations at the graphs are depicted in ng/L.  
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Figure 27 - Barcelona metropolitan area, Besòs River delta. 
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Figure 28 - Geological map of Barcelona and surroundings. This geological map was generated considering 
previous and additional observations (ICGC-IDAEA  2016). 

. 
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Figure 29 - Sketch of geological cross sections 4 and 7. Bottom: plan view of the position of the cross 
sections (Vázquez et al. 2016). 
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The in-depth study and understanding of the geological formations present in the subsurface of the 
Barcelona area is challenging. This complexity arises from various factors: firstly, the intricate geological 
structure of the Barcelona subsurface, enclosed between the Collserola mountain range, the sea, and the 
more recent alluvial deposits of the Besòs River. Additionally, this region has been crossed by numerous 
streams and rivers, which have had a significant impact on the history of the cities and towns in the area, 
particularly in their urban development. 

Furthermore, the progressive urbanization of urban areas, accelerated during the 1960s and 1970s, has 
covered the so-called "Pla de Barcelona," Esplugues, Cornellà, Sant Joan Despí, El Delta del Besòs, 
Badalona, and parts of the Collserola and Marina Mountain ranges with buildings, transportation routes, 
and other infrastructure. This construction activity has obscured the rocky outcrops, making it impossible 
for observers to see them. Therefore, consulting or interpreting old geological maps from before the 1930s 
or 1940s is very valuable. It should be noted that geological research conducted before the 1940s or 1950s 
is scarce and was conducted with the techniques available at the time, which are not comparable to modern 
methods.  

While numerous subsurface exploration data exist for various purposes (structural, hydrogeological, 
geotechnical, etc.), their reliability can be questionable, as they often lack the involvement of qualified 
technicians to extract all possible information. This leads to data that is highly localized and specific, which, 
while useful for addressing immediate needs, complicates subsequent geological interpretation. Given 
these restrictions, the geology of the Barcelona subsurface is described below, based on available 
information from old maps, bibliographic articles, and descriptions of boreholes or drillings consulted in 
the ICGC-IDAEA (2016) and Vazquez-Suñe et al. (2016). 

3.1.3. HYDROLOGICAL AND HYDROGEOLOGICAL SETTINGS 

The Besòs River originates from the confluence of the Congost and Mogent rivers in the Vallès Oriental 
region, Catalonia, Spain. This fluvial system stretches approximately 17 kilometers before flowing into the 
Mediterranean Sea. Along its course, the river passes through various urban and industrial areas, which 
have historically impacted its water quality and hydrogeological dynamics. Its channel, largely canalized 
and subject to human interventions, plays a crucial role in recharging the delta aquifers, particularly during 
intense rainfall events. 

The Besòs River Delta represents a hydrogeological system of great complexity and significance. Its 
formation is the result of accumulated alluvial sediments transported by the river and shaped by both fluvial 
and marine processes. These deposits, composed of gravel, sands, silt, and clay, form a stratified system 
that houses aquifers essential for the region's water supply. 

The hydrogeological system of the delta is structured into three main aquifer units: the shallow, primary, 
and deep aquifers, which are separated by aquitard layers that limit vertical hydraulic connectivity. The 
shallow aquifer consists of recent sediments with high permeability, while the primary aquifer, composed 
of sands and gravel, serves as the primary GW resource. At the lowest level lies the basal aquifer, made up 
of compacted sediments with varying hydraulic conductivity. 
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The water balance in the delta is governed by various hydrological processes. Aquifer recharge occurs 
mainly through rainfall infiltration, percolation from the Besòs River, and lateral inflows from surrounding 
areas such as the La Llagosta Basin and the Collserola Mountain Range. However, extensive urbanization 
has significantly reduced natural recharge rates, partially offset by leakages from water supply and sewage 
networks. Discharge from the aquifers naturally occurs towards the Mediterranean Sea, alongside 
extractions for urban, industrial, and agricultural use. 

Based on data provided by BCASA 2017, the model was updated by Vázquez-Suñé E. in 2017 (Vázquez-
Suñé et al 2017), as documented in the report Avaluació i Actualització del Balanç de Massa de les Aigües 
Subterrànies al Pla de Barcelona. The current update of the model extends the piezometric and chloride 
concentration data up to the year 2021. Overall, piezometric levels have demonstrated remarkable stability 
in recent years. In wells located in the mid and upper zones of Barcelona, water levels remain virtually 
constant, with minor fluctuations reflecting natural hydrogeological dynamics and small recharge cycles. 
Unlike previous periods, no significant variations associated with intensive groundwater exploitation have 
been recorded (Figure 30).  

 

 
Figure 30 - Schematic description of the hydrogeology of Barcelona. On the left, the main hydrogeological 
units. On the right, piezometric map. (For better understanding, contour lines are shown at different 
intervals. The red lines represent flow lines.) (Vázquez-Suñé et al 2017) 
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distribution of sedimentary bodies has significant hydrogeological implications; different units may exhibit 
markedly distinct hydraulic parameters. Accurately defining geometry and spatial distribution is therefore 
critical for the advancement of hydrogeological studies. Based on the characterization of the aquifers 
made in the previous section, the following aquifer units can be defined: 

 

Superficial Aquifer 

The Upper Detrital Complex (CDS) identifies an aquifer composed of sands and gravel, corresponding to 
the stratigraphic section CDS-E, specifically noting that it is separated by lower silts (silt wedge). It generally 
has a thickness ranging from 10 to 20 meters. A distinct upper clayey section and anthropogenic fill layers 
up to 5 meters are identified. In general, it behaves freely, although at times it is confined due to an upper 
clayey section (CDS-F). 

Main Aquifer 

The stratigraphic section of the Lower Detrital Complex (CDI-C1) consists of a laterally discontinuous layer 
of sands and gravel with variable thicknesses, ranging from 3.6 to more than 20 meters. The basal part of 
the Upper Detrital Complex (CDS-C2), which includes the basal lagoon and beach, is composed of clean 
gravel and sand (less than 7 meters thick). Together, these form an aquifer with captive or semi-captive 
behavior. 

The margins of the delta (Barcelona and Badalona) belong to the Alluvial Detrital Complex (a lateral facies 
change of CDS and CDI at the delta margins). These sections are permeable and are not hydraulically 
isolated by any low-permeability sections in the vertical direction. Since they show clear hydraulic continuity 
with the lower permeable layers, they are grouped together within the same aquifer unit, i.e., as part of the 
main aquifer. 

Lower Aquifer 

At the base of the Lower Detrital Complex, permeable units (CDI-A) are described. These correspond to 
coarser layers of the Lower Detrital Complex of the Delta, which can reach maximum thicknesses of 10 
meters in the emerged delta. 
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 �%�(�6�·�6�� �&�$�6�(�� �6�7�8�'�< MODEL DEVELOPMENT AND 

SIMULATIONS 

3.2.1. ACTIVE DOMAIN, SPATIAL AND TEMPORAL DISCRETIZATION 

Groundwater flow model   

A GW flow model was developed for the broader area of interest (the metropolitan area of Barcelona). A 
conceptual model was established considering the complex stratigraphy of the Besòs Delta basin. The 
vertical discretization comprises six layers of varying thicknesses, as illustrated in Figure 31. Layers 1 and 
2 consist of the superficial aquifer, as delineated in the model boundary domain depicted in . This 
superficial aquifer extends down to layer 6, distinguishing itself from the Main and deep aquifers, as shown 
in Figure 31. An aquitard is present in layer 3. Layer 4 encompasses the Main Aquifer, layer 5 represents an 
aquitard, and layer 6 constitutes the Lower Aquifer. 

 

Figure 31 - 3D Groundwater model for the Besós case study 
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A total of 71 hydraulic conductivity zones were considered: 41 hydraulic conductivity zones in layer 1 
(Collserola, Pla de Barcelona, Besòs alluvial aquifer, and Besòs superficial aquifer); 4 hydraulic conductivity 
zones in layer 3; 16 hydraulic conductivity zones in layer 4 (Primary Besòs Delta aquifer); 4 hydraulic 
conductivity zones in layer 5; and 6 hydraulic conductivity zones in layer 6 (Lower Besòs Delta aquifer).  
Figure 36 to 36 depict all the hydraulic conductivity zones used in each layer of the numerical model. 
Adjustment of the input values for the hydraulic conductivity to achieve a better fit with the measured 
piezometric data was permitted in the model.  

 

Figure 32- Hydraulic conductivity zones for layer 1 and 2. 
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Figure 33 - Hydraulic conductivity zones for layer 3 corresponding to aquitard 1. 

 

Figure 34 - Hydraulic conductivity, zones for layer 4: superficial aquifer of the Besòs delta. 
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Figure 35 -  Hydraulic conductivity zones for layer 5: aquitard 2. 

 

Figure 36 - Hydraulic conductivity zones for layer 6: lower aquifer of the Besòs delta. 
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Figure 37 - Model boundaries for the Besòs groundwater model.  

 

Boundary conditions in modeling define the physical constraints at the model's limits. These conditions 
can be categorized as prescribed head, where the water level is known, or prescribed flow, where the flow 
rate is specified. Additionally, mixed conditions, which combine aspects of both, can be 
considered.Boundary conditions in the model are those that assign real or assumed physical conditions to 
the model's limits.  

For the head boundary condition, 13 zones were defined (Figure 38), following these criteria: 
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Figure 38 -  Prescribed head conditions in the Besòs groundwater model. 
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Figure 39 - Zones of Cauchy boundary conditions in the Besós groundwater model.  
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Figure 41 - 3D model of the study area in the Besós with 6 discrete layers. 

 

Extractions 

In any hydrogeological study, obtaining reliable data on GW extractions is essential, as they are one of the 
most representative components of the water balance. This model utilizes extraction data from previous 
studies and data from 2020. The extraction data used come from various sources, including the City 
Councils of Barcelona, Badalona, Sant Adrià de Besòs, CLABSA, ACA, AGBAR, and numerous proprietary 
data and studies. 

Extraction data are organized into zones (pumping areas) when the locations of extraction points are not 
well-defined or when the aim is to approximate the global value and its temporal evolution. For this model, 
11 zones have been defined and developed. Additionally, 39 specific pumping points have been identified, 
distributed across both the zones and layers 1 and 4 (Figure 42). 
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Recharge 

To cover the entire modeled surface, basic criteria conditioning aquifer recharge had to be determined. 
Recharge is influenced by soil urbanization conditions and their temporal evolution. In this case, urbanized 
areas make up most of the modeled area. Therefore, urbanization trends, water demand and consumption, 
population growth, etc., have been fundamental elements in zoning and quantifying recharge. However, in 
non-urbanized areas, a study of the soil water balance has been conducted. 

The zoning of recharge areas in the model considers the summation of all these aspects and land uses, 
thus representing the system's complexity. Recharge for each zone has been introduced through a 
temporal function representing variability. Each of these functions has an assigned weighting coefficient 
(initially set to 1), which can be modified based on calibration (the values of all these functions used are 
specified in the corresponding databases). The recharge value is the average of the last 5 years. 

The way the model introduces recharge is as a recharge rate per unit area. In total, the model has been 
divided into 39 recharge zones (Figure 43). 

 

Figure 43 -- Recharge zones for layer 1 in the Besós case study groundwater model 
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3.2.4. INITIAL CONDITIONS 

By 1915, the piezometric levels in Barcelona reflected the effects of increasing groundwater extraction due 
to urban and industrial development. Studies from around this period, such as the one conducted by César 
Rubio and Alfredo Kindelán in 1909, highlighted significant variations in groundwater and piezometric 
levels, particularly in the right bank of the Besòs River and the Eixample area of Barcelona.  

In areas like Poblenou, piezometric levels had already become negative, a result of intense exploitation of 
aquifers. This created localized depressions in the water table, indicating excessive use of groundwater 
resources. Additionally, the possible presence of perched aquifers in alluvial zones was identified, further 
complicating the dynamics of groundwater.  

The piezometric conditions of 1915 (Figure 44) were like those described around 1909, with significant 
declines of 1 to 2 meters in piezometric levels in certain areas compared to the early 20th century. This 
phenomenon was primarily due to urban and industrial demands, marking the beginning of a water 
management challenge that would continue to develop in the following decades. 
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Figure 44.  Initial Flow Conditions for the Besòs Delta, 1915 (Vázquez-Suñé et al 2017) 
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3.2.5. NUMERICAL CODE 

Groundwater model 

This section contains the regional numerical model corresponding the Delta del Besòs and Pla de 
Barcelona. The model is 3D and has been used to assess and quantify the GW dynamics (flow and 
transport) on the aquifers in the study area. This numerical modeling involves the mathematic validation 
of the conceptual models (local and regional) in quantitative terms through the GW flow equation, which 
governs the movement of GW. The conceptual model forms the foundational basis of the numerical model, 
and the analysis of the results leads to the reevaluation of the characteristics of the conceptual model, 
creating an iterative mechanism for improving the conceptual model. This numerical model was updated 
using the finite element code FEFLOW version v.7.4 (Diersch, 2013). 
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3.2.6. MODEL CALIBRATION AND RESULTS 

Groundwater flow model   

In broad terms, the historical evolution of piezometric levels in the Besòs Delta can be summarized as 
follows: 

1925: The piezometric levels exhibit a relatively natural distribution (Figure 45), showing gradients that 
align with the topographic profile of the terrain. A notable exception is a significant localized drop observed 
in the central area of the Sant Andreu district, where levels are approximately 5 meters below those of the 
surrounding areas (elevation of 0 meters above sea level compared to 4.5 meters above sea level in nearby 
areas). This anomaly is likely attributed to extensive groundwater extraction by various industrial 
operations in the region, affecting both the shallow and intermediate aquifers (corresponding to layers 1 
and 4 of the model). Additionally, a slight decrease in piezometric levels is observed in the intermediate 
aquifer along the coastal front of Poblenou and Badalona (at the eastern boundary of the model), with a 
difference of about 1 meter. 

 

Figure 45.  Piezometry maps for upper (left), middle (top right), and deep (bottom right) aquifers in 
1925. 
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1965: In the districts of Sant Andreu and Sant Martí, a significant decline in groundwater levels has been 
observed, with reductions of approximately 29 meters compared to 1925 (Figure 46). This decline is most 
pronounced in the central area of Sant Andreu, where piezometric levels have dropped to around -4 meters 
above sea level in the shallow aquifer, -30 meters in the intermediate aquifer, and -4 meters above sea level 
in the deep aquifer. In the shallow aquifer of the western district of Sant Martí, groundwater levels are 
approximately 16 meters lower than those recorded in 1925. Additionally, the intermediate aquifer in the 
Poblenou area shows a decrease of up to 8 meters compared to 1925, likely attributable to the influence 
of industrial extraction activities. 

 

 

Figure 46 - Piezometry maps for upper (left), middle (top right), and deep (bottom right) aquifers in 
1965. 
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1985: In Sant Andreu, groundwater levels in the shallow aquifer remain unchanged compared to 1965, 
showing no signs of recovery. In the intermediate aquifer, a recovery of 3 meters has been observed relative 
to 1965 levels. In the deep aquifer, recovery has shown significant improvement (Figure 47). In Sant Martí, 
groundwater levels are also recovering as industries relocate away from Barcelona. However, in Sant Adrià 
de Besòs, a small depression has emerged, primarily affecting the deep aquifer. This depression represents 
a slight decrease of approximately 2 meters compared to the surrounding area and is linked to the drainage 
of the underground parking lot in Plaza de la Vila. In the intermediate aquifer, levels in Poblenou have almost 
fully recovered, returning to the conditions observed during the 1920s and 1930s. 

Figure 47 - Piezometry maps for upper (left), middle (top right), and deep (bottom right) aquifers in 
1985. 

2005: Groundwater levels in Sant Andreu have almost fully recovered, and the regional alteration is no 
longer noticeable (Figure 48). The impact in Sant Adrià de Besòs has also diminished, with significantly 
reduced extraction rates for the parking lot drainage. A new development is the extraction activity in Parc 
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de la Ciutadella, although it is minimal, causing declines of 1 to 2 meters. Along with the extractions in Sant 
Adrià de Besòs, these are the only notable local impacts at a regional scale across any of the three aquifers. 

 

 

Figure 48 - Piezometry maps for upper (left), middle (top right), and deep (bottom right) aquifers in 
2005. 

 

 

2023: Extractions in Sant Adrià de Besòs are no longer noticeable at the regional level. Overall, the situation 
remains quite stable (Figure 49). The only noticeable disturbance in the region is due to the extractions at 
Parc de la Ciutadella. 
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Figure 49.  Piezometry maps for upper (left), middle (top right), and deep (bottom right) aquifers in 
2023. 
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3.2.7. MASS TRANSPORT MODEL 

Groundwater model 

According to studies conducted on the quality of groundwater in the Pla de Barcelona, Badalona, and the 
Besòs delta, a significant evolution in chloride concentrations has been observed over time, reflecting the 
interactions between human activities and the natural processes affecting these aquatic ecosystems 
(Vazquez et al 2017). 

From the first analyses in 1927, the wells in the Besòs area exhibited poor quality, with a concentration 
reaching 500 mg/l. Over the following decades, the chloride concentration increased markedly, coinciding 
with the rapid industrial development of the 1960s and 1970s (UPC et al, 1997). This increase was directly 
related to industrial discharges into the Besòs River and intensive groundwater extraction, which facilitated 
marine intrusion. 
In the 1970s, the saline wedge, the area where saltwater mixes with freshwater, was mainly located on the 
right bank of the Besòs River. However, during the 1980s, the marine intrusion began to move towards the 
center of the Besòs delta, affecting larger areas of the aquifers (Navarro et al 2011). A significant milestone 
occurred in 1997 when chloride concentrations of up to 900 mg/l were detected on the right bank, 
confirming the presence of marine intrusion in that area. Regarding the most representative wells in the 
region, the Pou Maquinista maintained chloride concentrations between 200 and 300 ppm until 1984. 
However, in the case of Pou Monsolís, the situation was much more critical, as chloride levels exceeded 
4000 ppm between 1970 and 1980, reaching alarming levels. From 1983 onwards, chloride levels began to 
decrease, suggesting a retreat of marine intrusion (Tabau et al 2009). 

The saline intrusion was particularly severe in the industrial area of Poblenou, located on the right bank of 
the Besòs River, where chloride levels reached up to 15.000 ppm in the 1970s, indicating significant 
degradation of groundwater quality due to over-extraction and discharges. 

However, in recent decades, the implementation of policies to control industrial discharges and reduce 
intensive groundwater extraction has contributed to an improvement in water quality. These efforts have 
successfully reduced chloride concentrations in several areas, contributing to the retreat of marine 
intrusion and partially restoring aquifer quality in the region. 

This analysis highlights the close relationship between human activities, changes in groundwater quality, 
and water management efforts to mitigate the impacts of marine intrusion in coastal areas.  According to 
Vázquez et al. (1997), the management of these aquifers has been crucial in reducing the effects of saline 
intrusion and improving groundwater quality in the region 

For the modeling of chloride concentrations in the groundwater of the Besòs River delta, marine intrusion 
is considered one of the main factors. In this context, the chloride concentration of seawater is set to it´s 
average concentration of 21.000 mg/L.  

Figure 50 illustrates the initial distribution of chloride concentrations corresponding to the year 1915, which 
serve as the initial conditions for the calibration and analysis of the chloride transport model. 
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Figure 50 -  Initial conditions for the chloride concentration in the Besòs Delta in 1915. 
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In general, the salinity of groundwater in the Plan de Barcelona and the Besòs Delta presents a relatively 
homogeneous spatial distribution and is stable over time from 1915 to 2023. There are only two exceptions 
where concentrations are slightly higher (approximately +200 mg Cl/L): the vicinity of the Besòs River in 
Montcada i Reixac and the southwestern half of the Plan de Barcelona. These two peculiarities have been 
observed since the mid-20th century, and the situation has only worsened slightly during the 1970s and 
1980s in the Plan de Barcelona. In the case of the Besòs River, it could be explained by intense industrial 
activity upstream, while in the Plan de Barcelona, the affected area is typically supplied with water from the 
Llobregat River, which is more saline than the Ter River, so it seems reasonable to assume losses in the 
supply network. 

 

Beyond this general description: 

There is no significant marine intrusion except for three very minor ones at Barceloneta, Poblenou, and 
Sant Adrià de Besòs (Figure 51). These intrusions have concentrations of up to 2,500 to 5,000 mgCl/L at 
most. The intrusions at Barceloneta and Sant Adrià de Besòs mainly affect the superficial and deep 
aquifers, while the Poblenou intrusion affects both the superficial and middle aquifers. 
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Figure 51 -   Salinity maps for upper (left), middle (top right), and deep (bottom right) aquifers in 1925. 
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1965: Precisely, these three intrusions advance about 500 meters inland in the superficial aquifer in all 
three areas (Figure 52). The salinity of the superficial aquifer in the first rows of houses increases to 15,000 
mgCl/L, up to 20,000 mgCl/L in the middle aquifer in the Poblenou area, and to 12,500 and 17,500 mgCl/L 
in the Barceloneta and Poblenou areas, respectively, in the deep aquifer. Additionally, a high salinity zone 
appears in both the middle and deep aquifers in the center of Sant Adrià de Besòs, reaching 10,000 mgCl/L 
in the deep aquifer. 

 

 
Figure 52 -   Salinity maps for upper (left), middle (top right), and deep (bottom right) aquifers 
in 1965. 
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1985: In Poblenou, the situation remains stable. In Barceloneta, while the salinity in the superficial aquifer 
decreases slightly, it increases to 17,500 mgCl/L in the deep aquifer. In Sant Adrià de Besòs, the situation 
clearly worsens (Figure 53). The marine intrusion advances another 500 meters in the superficial aquifer, 
and salinity in the center of the population increases to 15,000 mgCl/L in both the middle and deep aquifers. 

 

 
Figure 53 -   Salinity maps for upper (left), middle (top right), and deep (bottom right) aquifers 
in 1985. 
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2005: Overall, the situation improves compared to 1985. In urban areas, maximum concentrations in the 
superficial aquifer become about 7,500 mgCl/L. In Poblenou, the salinity of the middle aquifer decreases 
from 20,000 to 17,500 mgCl/L and from 17,500 to 15,000 mgCl/L in the deep aquifer (Figure 54). In the 
center of Sant Adrià de Besòs, the impact disappears, and salinity returns to normal values. In Barceloneta, 
the situation is similar to that in 1985. 

 

 
Figure 54 -   Salinity maps for upper (left), middle (top right), and deep (bottom right) aquifers 
in 2005. 
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2023: Moving forward, the only change detected is a slight worsening in Barceloneta: the salinity of the 
middle aquifer increases slightly, from 8,000 mgCl/L in 2005 to about 12,500 mgCl/L in 2023. 

Therefore, the current situation and the outlook for the coming decades as of today indicate very low 
salinity in the Plan de Barcelona and the Besòs Delta (less than 250 mgCl/L), with slightly higher values in 
the southwestern half of the Pla de Barcelona and near the Besòs River in Montcada i Reixac (around 350 
mgCl/L). There are also three small marine intrusions: Barceloneta, and two more in Poblenou and Sant 
Adrià de Besòs, with maximum salinities in urban areas of around 5,000 mgCl/L. Except for the center of 
Sant Adrià de Besòs, where changes in groundwater conditions are mainly explained by the evolution of 
drainage from the underground parking lot at Plaça de la Vila, other local increases in salinity are due to 
industrial activity and associated extractions. (Figure 55).  

Figure 55 -   Salinity maps for upper (left), middle (top right), and deep (bottom right) aquifers 
in 2023. 
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Synthetic Contaminant Transport Model in the Besòs Delta River: Non-Reactive 
Contaminant Simulation Test 

The simulation represents the behavior of a non-reactive synthetic contaminant dissolved in the Besòs 
Delta River, with an initial concentration of 1000 mg/l. The simulation is conducted using a mass transport 
model that simulates the behavior of non-reactive contaminants, meaning contaminants that do not 
undergo significant organic degradation or chemical reactions during their movement. The model used is 
based on the behavior of chlorides, which has been previously calibrated and validated for the study of 
chloride transport in the river. 

It is assumed that the contaminant concentration in the river remains constant at 1000 mg/l, without 
alterations in its mixing or processes of degradation or chemical reactions affecting its concentration. The 
analysis covers a time period from 1915 to 2023 (Figure 56 and 57), with the goal of evaluating the evolution 
of the contaminant under these conditions, simulating its transport and dispersion in both the river flow 
and the superficial aquifer without considering reactive processes. 

The transport model used is based on the behavior of chlorides, which is adapted to simulate the behavior 
of non-reactive contaminants in river-aquifer interaction systems. This chloride flow and transport model 
has been previously developed and validated for the Besòs River, and is employed here as a basis to 
conduct tests with a synthetic contaminant that does not undergo chemical reactions or organic 
degradation. 

The simulation assumes the contaminant behaves as non-reactive, meaning that there are no 
decomposition processes or chemical interactions affecting its concentration over time. This simulation 
aims to study how the contaminant disperses and is transported in the Besòs River based on the already 
known behavior of chlorides, without considering any reactive modifications. 

Analysis of Concentration Evolution: 

1915: At the beginning of the simulation, the contaminant concentration is uniformly distributed along the 
river, with a constant concentration of 1000 mg/l. This value represents a homogeneous distribution of the 
contaminant in the fluvial system without significant alterations in transport behavior. 

1925: The contaminant concentration shows lateral expansion along the Besòs River, with higher 
accumulation in the upper reaches of the river, particularly in the Trinidad Vella area. As time progresses, 
the contaminant distribution follows the flow direction and is influenced by interactions with the superficial 
aquifer. This results in increased longitudinal displacement in the Sant Adrià de Besòs area, where current 
dynamics and the hydrodynamic interactions between the river and the superficial aquifer facilitate the 
expansion and transport of the contaminant. 

1965: A decrease in concentration is observed in the upper and middle reaches of the Besòs River, 
particularly in areas such as Bon Pastor and Llefià, where the contaminant shows a reduction in its load. In 
contrast, in the lower river section, especially in the Sant Adrià de Besòs area, there is a notable increase in 
contaminant concentration. This rise can be explained by greater accumulation in areas with lower flow 
velocity or stronger interactions with superficial aquifer deposits, which act as contaminant reservoirs. 
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 BESOS PILOT PLANT MODEL 

3.3.1. HYDROLOGICAL SETTINGS 

The Besòs NBS pilot plant is located within the premises of the wastewater treatment plant located in the 
municipality of Montcada i Reixac, belonging to the Vallès Occidental region in the province of Barcelona, 
Catalonia, Spain (). 

 

 
Figure 58 - Location of the NBS pilot plant in the Besós. 

 

The NBS pilot plant in the Besòs consists of four reactors, of identical dimensions: 6.5 m long, 2 m wide 
and 0.5 m thick. The main components of the reactors are two types of wetlands divided by a concrete 
barrier: Floating Roots Mats (FRM), floating plants, and Bioelectrochemical Wetlands (BW), wetlands 
planted with Phragmites Australis in biochar (, 60). 
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Figure 59 - Besós NBS pilot plant schematic. 

 

While the reactors have the same outer dimensions the internal design of each reactor differ in itst 
proportions of FRM and BW (). The percentages of the pools are as follows: 

1. 25 % FRM and 75 % BW. 

2. 50 % WRF and 50 % BW. 

3. 75 % WRF and 25 % BW. 

4. 100 % BW. 
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Figure 60 - Design of the NBS pilot plantIn the Besós case study 

 

 

3.3.2. PILOT PLANT CONCEPTUAL MODEL 

The conceptual model of the pilot plant is relatively simple: The pilot plant works as an unconfined aquifer 
with a horizontal flow inlet and a flow outlet. Figure 61 shows the cross section of the hydrogeological 
system of reactor no. 2, detailing the reactor design with its main components (FRM, BW, different gravel 
filters and a concrete barrier separating the two materials) as well as its hydrodynamics, i.e., inflows and 
outflows. 
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Figure 61- Conceptual model of the Besós NBS pilot plant. 

 

3.3.3. PILOT PLANT DISCRETIZATION AND PARAMETRIZATION 

The numerical flow model of the reactors has the same dimensions as the conceptual model, the model 
domain consists of a 6 m long, 2 m wide and 0.5 m thick rectangle (). The mesh has 25.899 rectangular 
elements and 26.280 nodes, with each rectangular element measuring 0,02 m in width and length. The time 
discretisation is steady state. 
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Figure 44 -  Numerical model domain for the Pilot Plant. 

 

The hydraulic parameters used for the Besós NBS pilot plant flow model (transmissivity (m2/d) and specific 
storage) were taken from Anderson (2015) and Custodio and Llamas (1983), Table 2.  shows the 
distribution of both parameters in each of the reactors, corresponding to the distribution of filling and 
sealing materials (Figure 61). 

 

Table 2. Hydraulic parameters for the Besós NBS model. Specific storage refers to the volume of water 
that is released from (or added to) storage per unit volume of saturated material. 

Unit Transmissivity (m2/d) Specific storage 

Gravel (40-70 mm) 25 (m2/d) 0.2 

Gravel (12-25 mm) 20 (m2/d) 0.2 

Floating Root Mats (FRM) 10.000 (m2/d) 0.9 

Biochar/ Bioelectrochemical wetland (BW) 10 (m2/d) 0.5 

Concrete Barrier 1 (m2/d) 0.0001 
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Figure 63 - Hydraulic parameterization of the four NBS reactors of the Besós pilot plant, plan view. 

 

Pilot Plant Boundary conditions 

To represent the horizontal water flow of the system a Dirichlet type boundary condition has been imposed, 
corresponding to a fixed and known piezometric level. Along the west side (inflow) the inflow value is 0.5 
m, while in the centre of the east side (outflow) it is 0 m (4). 
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Figure 45 - Flow boundaries conditions in the NBS pilot plant model in the Besós. 

 

3.3.4. PILOT PLANT MODEL CALIBRATION AND RESULTS 

A total of four numerical flow simulations were carried out, one for each NBS reactor. The boundary 
conditions were the same in all reactors and the hydraulic gradient is the same if measured from the inlet 
to the outlet. However, as the proportions of FRM and BW differ in each reactor different flow velocities are 
observed. This is shown in Figure 65, where reactor 4 has the highest flow velocities and the steepest 
gradient at the outlet, followed by case 3 and 2 in the same direction, while case 1 has the lowest flow 
velocities. These are the initial conditions for the mass transport models. 

Figure 65 - Steady state piezometry of the reactors. 
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Table 3  Transport parameters for the Besós NBS pilot plant model. 

Unit Longitudinal 

Dispersivity (m) 

Transverse 

Dispersivity (m) 

Porosity Distribution coefficient 
(Kg/L) 

Gravel (40-70mm) 1 0.1 0.2 0 

Gravel (12-25mm) 1 0.1 0.2 0 

FMR 0.05 0.005 0.9 2.96 

Biochar/ Bioelectrochemical 
wetland (BW) 

0.5 0.05 0.5 15.4 

Concrete Barrier 1 0.1 0.0001 0 
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Figure 67  - Transport parameters for reactors 1-4, plan view. 
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3.3.5.  CONSERVATIVE AND REACTIVE TRANSPORT SIMULATION 

RESULTS 

Pilot plant 

Figures 68 and 69 show the concentrations of sulfamethoxazole simulated at different simulation times, 
0.1, 0.3 and 0.7 days for the four simulated cases. In general, it is observed that for the same simulation 
time, the solute injection proceeds at a faster rate in the pools with higher flow rates. 

Figure 68 - Concentration of sulfamethoxazole at different time-steps in NBS reactors 1 and 2.  
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Figure 69 - Concentration of sulfamethoxazole at different time-steps in NBS reactors 3 and 4. 

 

 70 shows the arrival curves for the observation points of each reactor. It shows that in reactor 4, which 
has the highest flow rate, the concentration is higher than in the rest of the reactors. It can also be seen 
that the peak arrival time is earlier than the rest of the reactors. Another point to highlight is that the 
residence time of the solute is shorter in this pool, while the pool with the lowest flow rate has a longer 
residence time. 
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Figure 70 - Breakthrough curves for sulfamethoxazole in the four NBS reactors. Each line corresponds to 
one observation point. 

In general, it follows that the higher the flow velocity, the higher the maximum concentration peaks, the 
faster the arrival time of the solute at the point and the shorter the residence time. Figure 71 shows the 
same results, but in a different way, here, each graph corresponds to the same observation point within the 
different reactors. 
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Figure 71 - Breakthrough curves for sulfamethoxazole at each observation points. Each line corresponds 
to the reactors. 

During the transport of solutes, the solute may interact with the material in question via adsorption, 
absorption, chemical precipitation, biodegradation, etc. This may cause retardation, transformation  or 
attenuation of the substance.  

The modelling results obtained for adsorption are shown in Figure 72. In the adsorption simulations, a 
retardation and a decrease in the maximum concentration of the solute are observed. 
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Figure 72- Comparision of breakthrough curves for sulfamethoxazole in NBS pilot plant simulations with 
and without sorption processes. 
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4. CONCLUSIONS 

4. 

The research conducted within the UPWATER project has successfully advanced the understanding of 
groundwater pollution and the development of groundwater modelling tools for the Besòs and Athens case 
studies. Through extensive data collection, conceptualization, and numerical modelling, the project has 
provided critical insights into the hydrological and hydrogeological dynamics of these urban aquifer 
systems. Despite inherent uncertainties in subsurface characterization, the models developed 
demonstrate a robust capacity to simulate groundwater flow, solute transport, and the impact of nature-
based solutions (NBS) for groundwater contamination mitigation. 

Athens Case Study 

The Athens metropolitan area faces significant groundwater management challenges due to extensive 
urbanization, pollution sources, and seawater intrusion. The findings from the Athens case study highlight: 

1. Groundwater Pollution and Hydrogeochemical Processes: The study revealed elevated 
concentrations of contaminants such as nitrates, pharmaceuticals, perfluoroalkyl substances 
(PFAS), and industrial chemicals. These findings underscore the urgent need for improved 
pollution control measures. 

2. Groundwater Flow and Solute Transport Modelling: The developed models, incorporating 
MODFLOW-2005 and MODFLOW 6, effectively simulate groundwater flow dynamics and 
contaminant dispersion. The transition from finite differences to control-volume finite differences 
provided enhanced resolution and accuracy. 

3. Interaction of Surface Water and Groundwater: The research demonstrated the hydraulic 
connectivity between the Kifissos River and the underlying aquifer system. The models provided a 
detailed understanding of infiltration processes and solute migration through the unsaturated 
zone. 

4. Pilot Site Evaluations: The models were applied to assess the performance of NBS pilot facilities, 
including biochar-based reactive layers and zero-valent iron (ZVI) treatment systems. The 
simulations confirmed their potential in mitigating groundwater contamination. 

Besòs Case Study 

The Besòs River basin, characterized by a complex geological framework and severe contamination issues, 
has been the focus of extensive groundwater modelling efforts. Key findings from the Besòs case study 
include: 

1. Pollution Sources and Transport Mechanisms: The study identified multiple pollution sources, 
including landfill leachate, industrial discharge, agricultural runoff, and saline intrusion. The spatial 
distribution of contaminants was mapped, and the transport dynamics of nitrates, heavy metals, 
and emerging pollutants were simulated. 

2. Groundwater Flow and Contaminant Transport: A three-dimensional numerical model was 
developed to analyse groundwater flow and contaminant migration. The model integrated high-
resolution geological and hydrogeological data, allowing for accurate representation of subsurface 
conditions. 





https://www.barcelona.cat/
https://www.barcelona.cat/
https://www.aemet.es/
https://doi.org/10.1061/(ASCE)EE.1943-7870.0001418
https://doi.org/10.1016/B978-0-08-091638-5.00021-3
https://doi.org/10.1016/B978-0-08-091638-5.00021-3
https://doi.org/10.1016/B978-0-08-091638-5.00021-3
http://hdl.handle.net/10442/hedi/16499
https://doi.org/10.1007/s11069-008-9226-6
https://doi.org/10.1021/acs.est.4c01615. 
https://doi.org/10.12681/bgsg.26895
https://doi.org/10.1186/s12302-018-0134-4
https://doi.org/10.1186/s12302-018-0134-4
https://doi.org/10.1016/j.scitotenv.2017.09.065


https://doi.org/10.1016/j.watres.2018.10.035
https://doi.org/10.1002/hyp.13924
https://doi.org/10.1029/2020TC006128
https://land.copernicus.eu/en/products/corine-land-cover/clc2018
https://land.copernicus.eu/en/products/corine-land-cover/clc2018
https://doi.org/10.1007/s10040-021-02430-z
https://doi.org/10.1111/jfr3.12053
https://doi.org/10.1007/978-3-642-38739-5
https://doi.org/10.1021/es100471z. 
https://download.feflow.com/html/help72/feflow/09_Parameters/Boundary_Conditions/Flow/flow_boundary_conditions.html
https://download.feflow.com/html/help72/feflow/09_Parameters/Boundary_Conditions/Flow/flow_boundary_conditions.html


https://doi.org/10.4401/ag-6238
https://doi.org/10.1080/09593330.2020.1767699
https://doi.org/10.21236/ADA614144
https://doi.org/10.1029/2019WR026667
http://www.gama-geo.hu/kb/download/ofr00-92.pdf
https://doi.org/10.1371/journal.pone.0169748
https://doi.org/10.1016/j.jconhyd.2019.02.010. 
https://www.ine.es/


https://doi.org/10.1016/J.EJRH.2021.100822
https://doi.org/10.1016/j.scitotenv.2012.08.029
https://doi.org/10.1016/j.scitotenv.2014.09.036
https://doi.org/10.3390/hydrology9070112
https://doi.org/10.1007/s100640000058
https://doi.org/10.1007/s11269-022-03252-8
https://doi.org/10.1016/j.earscirev.2009.10.005
https://doi.org/10.1016/j.envpol.2022.120504
https://doi.org/10.3133/tm6A55
https://doi.org/10.3133/tm6A61


https://doi.org/10.2136/vzj2016.11.0113
https://doi.org/10.1029/WR012i003p00513. 
https://doi.org/10.12681/bgsg.16634
https://www.parcfluvialbesos.cat/
https://doi.org/10.1021/acs.est.2c03111
https://doi.org/10.1016/j.chemosphere.2024.142663. 


http://hdl.handle.net/10442/hedi/1734
https://doi.org/10.1061/(ASCE)EE.1943-7870.0001585
https://doi.org/10.1061/(ASCE)EE.1943-7870.0001585
https://doi.org/10.1016/j.cliser.2019.01.005
https://doi.org/10.2136/vzj2016.04.0033. 
https://doi.org/10.1016/j.scitotenv.2013.10.121
https://doi.org/10.1007/s11356-021-13959-7
https://doi.org/10.1039/D1EM00329A
https://doi.org/10.1111/ejss.12192
https://doi.org/10.1002/hyp.11203. 


https://doi.org/10.2136/vzj2006.0096. 
https://doi.org/10.1016/j.watres.2022.119096
https://doi.org/10.2136/vzj2008.0062


https://doi.org/10.1016/j.watres.2014.09.052
https://doi.org/10.1016/j.jhydrol.2021.127172
https://doi.org/10.3390/su13105328
https://doi.org/10.1016/j.jhydrol.2017.01.004






D3.7 report on gw modelling tools, v 1, 10 January 2023  

 
 

p. 121 

List of TABLES 

Table 1. Hydraulic parameters for the Besós NBS model. Specific storage refers to the volume of water 
that is released from (or added to) storage per unit volume of saturated material...................................... 63 

Table 2  Transport parameters for the Besós NBS pilot plant model. ........................................................... 97 

Table 3- Calibrated parameters for the Athens Groundwater flow model. .................................................. 109 

 


