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1. Introduction 

This report describes a framework for differentiated regulations in the Kocinka catchment case 
study. Specific features of the catchment with respect to the management of nitrate pollution are: 

 Land use patterns changing in time 

 Occurrence of both diffuse (agricultural) and point or semi-diffuse (domestic sewage and 
wastewater) sources of pollution. 

Highly time-variable fertilizer loads during the past 40 years. 

 Permeable sandy to sandy-loamy soils.  

 Fissured-karstic aquifer overlain by permeable Quaternary covers. 

 Low to medium denitrification capacity in the subsurface. 

 Wide spectrum of groundwater residence times. 

 Groundwater control on surface water quality in the catchment. 
 

The following chapters present information on: 

 Past and current status of nitrate pollution in groundwater (ch. 2.1); 

 Current status of nitrate pollution in the Kocinka river (ch. 2.2); 

 Assessment of sources of nitrate pollution in the Kocinka catchment (ch. 3); 

 Numerical, 3 dimensional model of nitrate transport in groundwater (ch. 4). 
 

Based on this information recommendations for an approach to differentiated regulations in the 
Kocinka catchment are proposed in chapter 5. 
 
This deliverable is directly linked to deliverables D2.3 “Scenario analyses for spatially 
differentiated N measures in catchments” (Olesen et al., 2017), D3.2 “Upscaling methodologies” 
(Refsgaard et al., 2016) and D3.4 “Hill slope studies in Fensholt, Norsminde, Denmark – and 
Kocinka, Poland. Biogeochemical processes and flow paths ” (Jakobsen et al., 2017). 
 
D2.3 presents estimates of nitrate leaching from the root zone for different climatic and land use 
scenarios. As such, this deliverable provides an important input to the model of nitrate transport in 

the form of nitrate loads to groundwater at a 100100 m grid scale. Climate change appears to 

have a limited influence on nitrate leaching, while land use changes and crop rotation schemes 
generate significant spread in nitrate loadings to the systems. 
 
D3.2 addresses, among others, questions related to lag times associated with routing of 
contaminants between the root zone and groundwater discharge areas. Such delays are not 
commonly recognized as a crucial factor in the management of agricultural pollution. 
 
D3.4 presents results of hydrochemical and isotopic observations conducted in order to assess 
groundwater denitrification potential. Due to the generally oxidizing conditions in the subsurface 
the denitrification potential is probably restricted to localized zones that might be related to the 
occurrence of clay strata in the predominantly sandy Quaternary covers. The measured values of 
nitrogen excess in groundwater in the discharge areas indicate removal of nitrate at the 30% 
level. 
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2. Status of nitrate pollution in groundwaters and 
surface waters of the Kocinka catchment 

2.1 Groundwater 

Data on nitrate levels in groundwater wells of the Kocinka catchment and adjacent areas are 
available for the last few decades and include results of observations performed by researchers 
from the AGH University, as well as monitoring data from drinking water wells provided by the 
Water Supply and Sewerage Joint Stock Company of the Częstochowa District. The maps 
presented in Fig. 2.1 (Morawska, 2015) show an increasing trend in nitrate concentration for the 
whole area despite the unlikely spatial patterns that emerged for the periods 1990-1999 and 
2000–2009 due to poor data coverage in some parts of the catchment. As the dominant 
groundwater flow direction is from south to north, the spatial patterns suggest spreading of the 
nitrate plume from the city of Częstochowa (Kaczorowski & Malicki 1995; Szczepański et al., 
2000; Dąbrowska et al., 2005; Kaczorowski et al., 2006; Malina et al., 2007) and, after 2000, also 
from other source areas of pollution.  

 
Fig. 2.1 Maps of nitrate concentrations in groundwater for the decades after 1960 obtained by 

empirical Bayesian kriging of data from wells (Morawska 2015). 
 
The maps presented in figure 2.1 reveal deterioration of groundwater quality after 1950 due to the 
gradual development of agriculture (cf. chapter 4.3 and Fig. 4.5). 
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Figure 2.2 presents temporal trends in nitrate concentration in production wells and the karstic 
spring of the groundwater intake station in Wierzchowisko located 4 km north of Częstochowa city 
limits for 1985-2015. Nitrate concentrations exceeded 50 mgNO3/L (maximum permissible limit 
for drinking water) in most wells in the late 1990’s, and a plateau was reached around 2007 for all 
wells. A significant drop of nitrate concentrations in treated water occurred after the opening of 
the new Water Treatment Plant (WTP) that employs microbial denitrification method. 
 

 

Fig. 2.2. Trends in the annual average nitrate concentrations at Wierzchowisko groundwater 
intake station consisting of five wells (nos.: 1; 2; 3; 4; 28) and one spring. A significant 
drop of nitrate concentrations in treated water occurred after the opening of the new 
Water Treatment Plant (WTP) that employs microbial denitrification method. 
Source: Częstochowa Water Supply and Sewage Company (modified) 

 

2.2 Surface water  

Systematic observations of water quality in the Kocinka and its tributaries were not performed 
before the commencement of the BONUS Soils2Sea project. In most cases our observations 
were carried out in a “snapshot” mode by collecting data and water samples within one day from 
several sampling points. Such an approach provides not only concentrations and loads of nitrates 
at different cross sections but also gives insights into the spatial distribution of sources and sinks 
of nitrate along the river.  
 
Nitrate concentrations in the Kocinka and its two major tributaries (Biała and Sękawica, see 
Fig. 2.3) almost always exceeded the 10 mg/L level considered as a threshold for eutrophication 
(Ministry of Environment, 2015). Moreover, in many cases nitrate concentrations in the upper part 
of the Kocinka even exceeded the 50 mg/L limit. Figure 2.4 shows changes in nitrate 
concentrations along the Kocinka river for the selected dates. The main factor controlling spatial 
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patterns of nitrate in the river is the discharge of groundwater polluted with nitrate at different 
levels (Zięba et al., 2015). The headwater part of the Kocinka catchment is already affected by 
domestic wastewater and sewage but further downstream, between 6 to 16 km from the source, 
nitrate concentrations increase due to the inflows of polluted groundwater with concentrations of 
up to 80 mg/L, as evidenced in springs discharging close to the river channel. This downstream 
increase can be occasionally reversed at the 11th kilometer due to the influence of the through-
flow fish pond, through which most of the river water is passing. 
 
Nitrate removal in the pond can be very effective resulting in reduction of nitrate concentrations in 
the river just downstream the pond down to 2 mg/L (Fig. 2.4, July 2014, August 2015, October 
2016). Nevertheless, further downstream, the river regains high nitrate levels due to polluted 
groundwater inflows. Downstream the 17th kilometer groundwater inflows are less polluted (ca. 
18.5 mg/L in observation wells adjacent to river channel and in the groundwater upwelling 
through river bottom, cf. D3.4) resulting in the downstream decrease of nitrate concentrations in 
river water. 

 

Fig. 2.3 The Kocinka catchment drainage network with the location of main sampling points. 
Numbers denote kilometers from the source of the river. Fish ponds are located at 
kilometers 11 and 33, automatic gauging station at kilometer 34. The Biała and Sękawica 
are two main tributaries. 

 
Nitrate concentrations stabilize between the 22th kilometer and the mouth of the Kocinka (the 
least anthropogenically altered reach of the river), where the river does not receive groundwater 
input. On some occasions, a slight downstream decrease of nitrate concentrations can be 
observed in that reach, part of which may be due to the influence of another flow-through fish 
pond. Concentrations at the mouth of the river fluctuated between 10 to 30 mg/L not exhibiting 
clear seasonality.  
 
Given the strong control that groundwater have on nitrate levels in the Kocinka river and low 
efficiency of in-stream nitrate removal processes, reduction of nitrate loads at the river mouth 
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depends primarily on the reduction of nitrate pollution in the aquifer. On the other hand, 
longitudinal changes in nitrate concentrations in the river can be used to monitor the pollution 
status of underlying groundwater aquifer (Wachniew et al., 2016). Flow-through ponds or small 
reservoirs may be considered as potential measures to reduce nitrate export from the catchment. 

 

Fig. 2.4. Longitudinal changes of nitrate concentrations in the Kocinka river and springs 
discharging close to the river channel (groundwater). 
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3. Assessment of nitrate sources in the Kocinka 
catchment  

Till the first decade of the 2000’s the prevailing view was that nitrate pollution in groundwater of 
the Częstochowa aquifer was related mostly (72%) to the improper handling of municipal sewage 
or to leakages from sewage system of the city of Częstochowa (Szczepański et al., 2000; Godyń 
et al., 2012) with agriculture being responsible for only for 20% and atmospheric deposition for 
8% of nitrogen loads. Consequently, measures undertaken by the Częstochowa Water Supply 
and Sewage Company to protect the groundwater resources were aimed at improving the 
sewage disposal and raising environmental awareness of the inhabitants. This work provides the 
first systematic assessment and comparison of the past and current nitrate loads from both 
municipal and agricultural sources. 

3.1 Nitrogen mass balance approach 

The concept of nitrogen mass balance is based on assessing the total nitrogen pool in the aquifer 
underlying the Kocinka catchment and comparing it with the estimate of nitrogen load released by 
inhabitants of the area. Estimates were performed in ArcGIS (Jeleśniańska 2015) for 4 separate 
layers of the aquifer (one in the Quaternary and three in the underlying Jurassic strata) which 
correspond to the structure of the numerical model of the system (cf. Fig. 4.1 and 4.2). 
Thicknesses of the layers are presented in Table 3.1. For each layer spatial distributions of total 
dissolved nitrogen concentrations were created based on the observations (Fig. 3.1). Generally, 
nitrate nitrogen constitutes over 95% of total nitrogen. Table 3.1 shows statistics of total nitrogen 
concentrations in the each layer. In order to quantify nitrogen pools in all four layers their total 
nitrogen concentrations were multiplied by the corresponding water volumes calculated using 
rock total porosities from the numerical model.  

 
Table 3.1 Statistics of total nitrogen concentrations and resulted estimation of nitrogen pool in the 

each layer (Jeleśniańska, 2015 modified). 

Aquifer 
Depth 

[m] 

Corresponding 
layers in numerical 

model (Fig. 4.2) 

Number of 
sampling 

points 

Nmin  
[mg/L]

Nmax  
[mg/L] 

Nav  
[mg/L] 

Nitrogen 
pool 

[tons] 

Quaternary 
Q 

acc. boreholes 
logging  
1.5-52 

I-IV 26 1.13 51.9 12.6 10221 

Upper Jurassic 
J3-1 

1-50 V-VI 84 0.01 50.5 10.2 6508 

Upper Jurassic 
J3-2 

51-100 VII 16 0.04 16.6 8.2 3025 

Upper Jurassic 
J3-3 

101-200 X-XI 3 3.6 5.9 4.8* 7117 

 26871 

* average nitrogen concentration (Nav) estimated for the whole J3-3 layer   
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Fig. 3.1 Map of total nitrogen  concentrations in: A - the Quaternary aquifer; B - Upper Jurassic – 

layer J3-1; C - Upper Jurassic – layer J3-2 (Jeleśniańska 2015). 
 
A total nitrogen pool (Tab. 3.1) was compared with the estimate of the annual load of nitrogen 
from the population showing that human waste cannot be the main source of nitrate pollution in 
the bulk of the groundwater in the aquifers. Assuming that the amount of N excreted per person is 
6-12g N/d (2.2-4.4 kgN/year) (Karwowska et al. 2011) and that 90 000 people inhabit the studied 
area, the yearly load from population is between 197 to 394 t of N. This means that accumulation 
of nitrogen pool in the aquifer would take between 68 to 136 years if human waste was the only 
source of nitrogen in groundwater. Therefore sewage and wastewater cannot be the dominant 
source of nitrate pollution in the catchment.  
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3.2 Novel approach based on environmental tracers 

3.2.1 Excess of dissolved nitrogen 

In 2016, the excess of dissolved nitrogen1 was determined in 4 deep production wells in the 
Jurassic aquifer underlying the Kocinka catchment. Nitrogen excess was also measured in the 
three deepest observation wells in the studied hillslope. The excess of dissolved nitrogen was 
used to reconstruct initial values of nitrate content in the investigated groundwater system (see 
D3.4 for details). The results are presented in Table 3.2. The measured extent of denitrification 
was approximately 30% for the hillslope site. In the investigated production wells similar extend of 
denitrification was found in Rybna and Lobodno wells (Fig. 4.11). Two other locations 
(Wierzchowisko and Florków, Fig. 4.11) revealed significantly lower denitrification (ca. 15%). As 
discussed in D3.4, denitrification occurs mainly in Quaternary formations covering Jurassic 
carbonate rocks where the main aquifer is located.  
 
Tab.3.2 Measured and reconstructed nitrate concentration in the three deepest observation wells 

along the studied hillslope (see D3.4 for details) and 4 deep groundwater production wells 
in the Jurassic aquifer (location is shown in Fig. 4.11). Quoted uncertainties are 1SD 
values. 

 
Description 

Dissolved 
nitrogen excess 

[cm3/L-H2O] 

Measured 
nitrate 
content 
[mg/L] 

Reconstructed 
nitrate content 

[mg/L] 

Degree of 
denitrification 

[%] 

Hillslope:  

A1c (Quaternary) 70±1.2 87.2± 4.3 126.0±7.9 30.8±5.3 

A2b (Quaternary) 1.8± 0.9 30.5±1.5 40.5±5.2 25±12 

A3b (Quaternary) 2.0± 0.9 19.9±1.0 31.0±5.1 36±16 

Production wells:  

Rybna (Jurassic) 2.4± 0.9 28.4±1.4 41.7±5.2 32±12 

Wierzchowisko 
(Jurassic) 

2.1±0.9 54.5±2.7 66.1±5.7 17.6±7.5 

Lobodno (Jurassic) 4.3±1.0 51.6±2.6 75.4±6.1 31.6±7.3 

Florkow (Jurassic) 1.2±0.9 44.7±2.2 51.3±5.0 12.9±8.6 

 

  

                                                  
1  The excess of nitrogen molecules dissolved in groundwater is expressed respective to the 
concentration of dissolved nitrogen originating from the atmospheric air. This excess of dissolved  
nitrogen is derived from denitrification occurring in the aquifer. Measurements of nitrogen excess in 
groundwater can give information about the amount of denitrified NO3

- and thus about the initial 
concentration of NO3

- in the system.  
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3.2.2 Isotopes 

3.2.2.1 15N-NO3 and 18O-NO3 

Stable isotopes of nitrogen and oxygen in nitrate (δ15N and δ18O) were used at the catchment 

scale to determine the source of nitrate in groundwater. Also 17O-NO3  was measured. Two 

sampling campaigns were conducted (March 2016 and October 2016). The collected samples 
were analyzed at LGGE in Grenoble (France) using bacteria denitrifier method (Sigman et al., 
2001, Kaiser et al., 2007, Savarino et al., 2013). Figure 3.3 shows 15N and 18O isotopic 

composition of nitrate in the analyzed samples. Measurements of 17O revealed that contribution 

of atmospheric nitrate is negligible in the studied groundwater samples. 
 
Isotopic composition of nitrate in wells and springs was roughly constant for both campaigns 
(Fig. 3.3), which implies steady-state conditions as far as nitrate isotopic composition is 
concerned.  Samples representing river water, collected during March campaign, reveal isotopic 
signatures of nitrate similar to those observed in the aquifer. October samples however, are 
shifted towards the source associated with manure and septic waste. 
 
Information about excess of nitrogen and the isotope results obtained for the samples collected in 
the denitrification plant (input-output) allowed the reconstruction of the original isotopic signature 
of nitrate (see D3.4 for details). On one hand, the data available from the denitrification plant 
define the relationship between the degree of denitrification and the isotopic signature of nitrate. 
On the other hand, measurements of excess nitrogen in groundwater allowed to determine the 
amount of denitrified nitrate. The excess of dissolved nitrogen and isotopic composition of 
dissolved nitrate was measured for two production wells (Rybna and Lobodno) and one spring 
(Wierzchowisko spring). Fig 3.4 shows the measured isotopic composition of nitrate and the 
reconstructed initial isotopic composition of nitrate, based on the excess of nitrogen and the data 

available from the denitrification plant. 

 
Fig 3.3 Relationship between δ15N and δ18O of nitrate in the samples collected during two 

campaigns (March and October 2016) in surface water and groundwater. Rectangles in 
the main figure mark different potential sources of nitrate (modified from Kendall et al., 
2000) 
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As seen in Figure 3.4, the back-calculated initial isotopic composition of nitrate prior to the 
denitrification process occurring in the system strongly suggests that the main source of nitrate in 
Rybna and Lobodno wells are ammonium fertilizer. The source of nitrate for Wierzchowisko 
spring is partly associated with fertilizers and partly with septic waste and manure. 

 
Fig. 3.4 Isotopic composition of nitrate measured in two wells and one spring compared with the 

reconstructed isotopic values (and associated error bars) based on the excess of nitrogen 
and the data available from the denitrification installation of the Water Treatment Plant 
(modified from Kendall et al., 2000). 

3.2.2.2 δ11B 

In order to better define the sources of nitrate in surface water and groundwater, the isotopic 
composition of boron (δ11B) was measured. The approach is discussed in more detail in D3.4. 
During the second sampling campaign (October 2016) samples of water were collected also for 

δ11B analyses. Figure 3.5 shows the relationship between 11B and 15N-NO3 for water samples 

collected in October 2016 in production wells and springs. Boron δ11B measurements combined 

with information on 15N-NO3 can be used to distinguish manure and sewage sources of nitrate. 

As seen in Fig. 3.4 the source of nitrate in Wierzchowisko spring can be associated with fertilizers 
and/or with septic waste. Additional insight gained through δ11B measurements indicates that the 
source of nitrate in groundwater in the Wierzchowisko spring is likely manure. The isotopic 

signatures of δ11B  and 15N-NO3 at two production wells (W27 and W3) in this region are similar 

to that observed in the Wierzchowisko spring. This suggests that groundwater in this part of the 

aquifer is homogenous as far as isotopic composition of δ11B and 15N-NO3 is concerned. The 

isotopic composition of boron in the Lobodno production well differs significantly from that 
measured in the Wierzchowisko spring and near-by wells. The Lobodno well is located in the area 
of the Czestochowa aquifer  dominated by agriculture, where fertilizers are the main source of N 
load to groundwater. 
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Fig 3.5 The relationship between �11B and �15N-NO3 for water samples collected in October 

2016 in the production wells and springs. 
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4. Modelling of nitrate transport in Częstochowa aquifer 

Model calculations for the Kocinka catchment (260 km2) were carried out based on regional multi-
layered numerical flow and transport models built for a part of the Major Groundwater Basin 
(MGWB) 326 – Czestochowa E, with an area of 951.5 km2 (Kania et al., 2014). MGWB 326 is the 
fissured-karstic limestone Upper Jurassic aquifer, which covers almost all potable water demands 
in the area. 
 
Model of nitrate transport was built on the basis of groundwater flow model, which was calibrated 
against the hydraulic head and environmental tritium data. Input function of nitrate loads 
estimated for the period 1950 – 2060 was applied in the transport model with time lags of 
groundwater flow through the unsaturated zone (MRTs, see chapter 4.3). Denitrification rates in 
the aquifer were estimated on the basis of the observed nitrogen excess values (see chapter 4.4).  
 
The MODFLOW (McDonald, Harbaugh, 1988), MODPATH (Pollock, 2012) and MT3DMS (Zheng, 
Wang, 1999) codes all incorporated in Visual MODFLOW software v.4.6 were used for the 3-D 
numerical flow and transport modelling. Simulations were performed for the period 1950 – 2100 
extended beyond the period 2040 – 2060 proposed for simulation of scenarios’ effects in BONUS 
Soils2Sea. This is basically related to the long time lags associated with solute transport in the 
studied system. The high variability in the past loads of fertilizers affect the current situation, while 
effects of measures undertaken now will be seen during the next several decades. 

4.1 Description of the GW flow and transport model  

4.1.1 Conceptual model 

Two main aquifers, namely Quaternary and Upper Jurassic aquifers, can be distinguished within 
the Kocinka catchment (Fig. 4.1). The Quaternary aquifer consist of porous Holocene and 
Pleistocene sandy-gravel sediments. Groundwater occurs mainly under unconfined conditions, 
only locally confined below glacial till layer. The aquifer is recharged mainly from precipitation. 
The Upper Jurassic aquifer is the regional fissured-karstic limestone aquifer recharged directly at 
the outcrops or by downward leakage through the Quaternary sediments. 
 
Aquifers are in direct or indirect hydraulic contact and therefore constitute one common local and 
regional groundwater flow system (Fig. 4.1). Kocinka river with its tributaries constitutes the 
natural drainage base for the catchment. 

4.1.2 MODFLOW model setup 

The MODFLOW code was used for the 3-D numerical modelling of groundwater flow in the 
aquifer area of 951.5 km2, covered by the grid of 100 by 100 meters, forming 297 rows and 450 
columns. For modeling purposes the aquifer was divided into 12 layers (Fig. 4.2), which in turn 
allows the assessment of vertical flows of water important in a case of contaminant transport in 
the fissured-karstic aquifer. The uppermost layer was simulated as unconfined, all other layers as 
confined. 
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Fig. 4.1 Local and regional groundwater flow system in the Kocinka catchment. Method for calculation of mean residence times in the unsaturated 

zone is described in ch. 4.2. Water velocity in the saturated zone was calculated from Darcy’s law using values of hydraulic gradient, 
conductivity coefficient and effective porosity from the MODFLOW model of groundwater flow. Groundwater flow velocities are indirectly 
represented as travel times (in years) along the distance corresponding to arrow lengths (500 m for horizontal and 10 m for vertical flow).  
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Fig. 4.2. Conceptual model of the Częstochowa aquifer.  
Explanations: Holocene: 1 – peat, river organic alluvion, alluvial soil, 2 – river sand, mud and gravel; 
Pleistocene: 3 – river sand and gravel, aeolian sand including dunes, 4 – fluvioglacial sand and gravel, 5 – 
sand, gravel and boulder gravel of moraines, 6 – boulder clay,7 – river sand, mud and gravel; Neogene: 8 – 
sand, clay, mud, mudstone and lignite; Upper Cretaceous: 9 – opoka (silica-calcite sedimentary rock), marl, 
sand, clay; Lower Cretaceous: 10 – sand and sandstone; Upper Jurassic: 11 – limestone, marl, dolomite 
and mudstone; Middle Jurassic: 12 – marl, limestone, mudstone, sandstone; I – XII – numbers of layers in 
the model 

 

Based on the results of pumping tests the hydraulic conductivity of the Upper Jurassic aquifer 
varies widely up to 5 orders of magnitude, typical for fissured-karstic systems. The appropriate 
boundary and initial conditions for the flow model were assumed according to the actual 
hydrogeological conditions (groundwater flow model calibrated to groundwater levels measured in 
2012 with reference to 145 observation points). The second type boundary condition (constant 
flux boundary) was used to simulate mainly infiltration from precipitation to the first water-bearing 
layer in the catchment area and withdrawal wells. Rivers which constitute a base level for 
groundwater drainage were regarded as boundary conditions of the third type (head-dependent 
flux boundary). 

4.1.3 Calibration of GW flow model 

The groundwater steady-state flow model was calibrated using trial-and-error approach applied to 
the groundwater levels measured in 2012 with reference to 145 observation points (dug or drilled 
wells and piezometers). Boundary conditions, hydraulic conductivity, groundwater recharge from 
precipitation as well as surface water inflow/outflow were modified during the calibration process. 
Major changes were made for the hydraulic conductivities of most of the water-bearing and semi-
permeable layers of the model. Changes for other data were more limited and mainly related to 
corrections of the hydraulic conductivity of the river bed, which were not supported by field 
observations. 
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A good agreement between the calculated and observed hydraulic heads was obtained through 
the calibration (Fig. 4.3a). In hydrogeological practice, such a calibrated flow model is used to 
simulate transport of contaminants in groundwater systems. However, flow and transport models 
are based on different physical equations (Konikow, 2011) and therefore a flow model calibrated 
against hydraulic heads does not guarantee that the transport model will yield correct results. 
Hence, the transport model needs independent calibration (Zuber et al., 2011). 
 

 
Fig.4.3. Results of calibration (a) and recalibration (b) of groundwater flow model of MGWB326 

(different markers on the figures correspond to different layers of the model – see Fig. 
4.2) 

 

4.1.4 Calibration of GW transport model 

Environmental tracers penetrating the system are extremely helpful in the calibration of transport 
models (Kania et al., 2006; Zuber et al., 2005, 2011). The MT3DMS code was used to model 
transport in the considered portion of MGWB 326. Time series of tritium concentration measured 
in number of wells and springs were used for calibration. These data were available for 21 
production wells and springs, some of them extending over a period of more than 20 years (1991-
2013). Transport of conservative solutes was simulated in a transient mode, implying a varying 
input concentration, using the steady-state flow field calibrated using present-day distribution of 
hydraulic heads. 
 
Tritium concentrations equal to zero in all cells of the discretization grid were used as the initial 
conditions for the transport model. In cells with inflow of water from boundary conditions to the 
model, the tritium concentrations were applied directly to the groundwater table. Therefore, the 
travel time of water and tracer in the unsaturated zone has to be accounted for as the decay of 
tritium is significant over the average lag time of 10 years assumed in calculations. This lag time 
was evaluated based on the Groundwater Vulnerability Map of Poland (Witczak ed., 2011). For 
details see the following section. 
 
Development of the transport model for part of MGWB 326 required adoption of appropriate 
values for parameters such as the effective porosity of the water-bearing and semi-impermeable 
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layers, longitudinal, horizontal transverse and vertical transverse dispersivities, as well as the 
radioactive decay constant of tritium. 
 
The initially modeled tritium concentrations using the calibrated flow model revealed large 
disagreement with respect to the measured concentrations (see example in Fig. 4.4a). In order to 
improve the fit it was necessary to recalibrate the flow model, mainly through increasing the 
recharge rate and increasing the permeability of model layers at the same time. Recalibration of 
the groundwater flow model has significantly improved the agreement between measured and 
simulated tritium concentrations (Fig. 4.4b), while preserving the good fit to the hydraulic head 
distribution of the Upper Jurassic aquifer (Fig. 4.3b). As a part of the calibration procedure of the 
transport model, sensitivity analysis of the model output with respect to changes in effective 
porosity and dispersion coefficients was carried out using trial-and-error method. 
 

 
Fig. 4.4 Comparison of the modeled and measured bomb-tritium concentration data for well No. 

27/28 in the MGWB 326. (a ) – initially modeled time series of 3H content, (b) – modeled 
3H concentrations after recalibrating the model (arrival of the atmospheric tritium peak of 
1963 to the aquifer was shifted in order to reflect delay of tritium transport through the 
unsaturated and saturated zones). 

 

4.2 Nitrate input function 

The nitrate input function applied for modelling of the past, current and future nitrate levels in 
groundwater includes both the diffuse (agricultural) and semi-diffuse (associated with the 
improper disposal of sewage and wastewater) sources of nitrate. The following sub-chapters 
describe the calculations performed to estimate both components of the nitrate input function. 
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4.2.1 N leaching from agriculture and forests 

In order to estimate nitrogen leaching and its responses to agricultural practices a modelling 
approach combining the empirical NLES4 model (Kristensen et al., 2008) and the Daisy model 
(Hansen et al., 2012) was applied. The Daisy model was used to simulate the water balance, 
crop production and the overall nitrogen balance for all combinations of these factors and the 
NLES4 model was used to predict the respective nitrogen leaching. For the period 1990-2010 
modelling was based on the historical data on agriculture and climate (GUS, 2010). For the 
period 2010–2060 leaching was evaluated for 4 climate scenarios and the socio-economic 
scenario SSP 1 (O’Neill et al., 2015; Olesen et al., 2017). The average of leaching values 
obtained for different climatic scenarios was applied in further simulations. The SSP 1 scenario 
was selected as the most appropriate for the Kocinka catchment (Bański, 2010; GUS, 2010; LDB, 
1995-2017). This scenario represents the observed decreasing trends in agricultural land area 
and number of livestock. Consequently, the amount of available manure decreases by 20%, 
Fields with poor soils and those adjacent to forests and wetlands are converted to these land-
uses resulting in a 10% reduction of agricultural land. Model simulations for the Kocinka 
catchment were conducted on a 1 ha grid scale (100 by 100 meter). For each grid cell the 
dominating soil type within the grid cell defined soil input data to both the Daisy water balance 
simulations and to the NLES4 leaching simulations. Similarly, the dominating land use type was 
assigned to each grid cell (cf. D 2.3; Olesen et al., 2017; Bar-Michalczyk et al., 2017b).  

 
Fig. 4.5 Average annual nitrogen leaching from agriculture and forests [kg N/ha] for periods: A - 

1950–1975 (historical data); B - 1976–1990 (historical data); C – baseline period 1991–
2010 (NLES4, cf. D2.3); D - 2011–2060 (NLES4, for SSP 1 scenario and moderate 
climatic change, cf. D2.3). 
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The calculation of the past N leaching from agricultural areas is approximate due to the lack of 
records on land-use, agricultural practices, crop rotation and fertilization levels. Agricultural land 
areas, numbers of livestock and levels of organic fertilization for the years before 1990 were 
estimated by back-extrapolating the 1990–2010 data according to the documented regional 
trends (WUS 1976-1998, Bański 2010, GUS 2010). N organic fertilization was significantly lower 
during 1950-1975 and much higher during 1975-1990 than in the baseline period, which would 
translate into time-variable N leaching, accordingly. On the other hand, the lack of mechanization 
in agriculture in the past facilitated large losses of applied fertilizers. Nitrogen leaching for these 
two periods was estimated in a simplified way, assuming a uniform 15% loss of N from fertilizers 
in accordance with Polish regulations (Figs. 4.5 A and B). Nitrogen leaching for the baseline 
period (1991 – 2010) and for future (2011 – 2060) period were calculated with NLES4 and are 
presented in Figs. 4.5 C and D, respectively. Nitrogen leaching from forested areas (represented 
in Fig. 4.5 by green color) was calculated following the approach described in Deliverable 2.3 
(Olesen et al., 2017).  
 

4.2.2 N leaching from urban and built up land use 

An important source of N to the catchment are point and semi-diffuse sources of pollution from 
domestic sewage and wastewater. Table 4.1 shows how population numbers and percentage of 
inhabitants connected to the sewage system in the rural part of the catchment and in 
Czestochowa agglomeration varied in time. The increase in the years 1950-1980 was caused by 
the development of urban areas and increasing population. In the years 1980-2000 large parts of 
the catchment to the north of Częstochowa city became connected to the sewage system. 
Currently, two wastewater treatment plants exist in the catchment (Fig. 4.6). The N loads 
associated with their effluents were assigned in the MODFLOW model as Point Pollution Sources 
in the cells representing the river.  
 

Table 4.1 Semi-diffuse N loads from domestic sewage for the four simulation periods (see 
Fig.4.6). 

1950-1975 1976-1990 1991-2010 2011-2060 

Rural population 13975 17807 19378 21500 

Urban population  9223 11752 12325 9363 

% households connected to sewer in 
rural areas 

0% 0% 75% 95% 

% households connected to sewer in 
urban areas 

75% 75% 80% 100% 

N load [kg N/ha] from rural 
residential areas 

43 43 17 10 

N load [kg N/ha] from urban 
residential areas 

9 9 8 3 

 

N loads associated with leakage from the sewage system and with the improper disposal of 
sewage were estimated using the method described below. 

 The N load per capita was calculated from data on the volume and N concentration in sewage 

treated by the Wastewater Treatment Plant in Częstochowa (www.wartasa.eu, 2013); 



BONUS SOILS2SEA February 2018 D 3.6 
 

23 
 

 A map of the population density on a 100100 m grid was prepared in ArcGIS for the 

urban/built-up land use class for each of ten simulation periods;  

 The extent of sewage systems was identified, for the future based on the plans of 
municipalities; 

 For areas not connected to sewers, leakage from the sewage system was assumed at the 
level of 13.5% of sewage discharge, which is representative for Poland (GUS, 2010).  

 
Figure 4.6 presents the annual average leaching of N from domestic sewage calculated for the 
inhabited areas of the catchment. N load values for periods 1950 – 1975 and 1976 – 1990 are 
identical (Figs. 4.6A and B). The differences between the baseline (Fig. 4.6C) and future periods 
(Fig. 4.6D) reflect the expected development of the sewage and wastewater systems. 
 

 

Fig. 4.6 Average annual nitrogen leaching from urban/built up areas [kg N/ha] for periods: A - 
1950–1975; B - 1976–1990; C - 1991–2010 (baseline); D - 2011–2060. See explanations 
in text. 
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4.3 Unsaturated zone flow 

In order to construct nitrogen input function for the nitrate transport model the nitrogen loads 
estimated in chapter 4.2, which represent leaching below the root zone, had to be shifted in time 
to account for time lags of nitrate transport in the unsaturated zone.  
 
These time lags were assessed using the approach of the Groundwater Vulnerability Map of 
Poland (GVMP, Witczak et al., 2007; 2011) and calculated as MRTs (Mean Residence Times) of 
water in the strata separating the saturated aquifer from the land surface (Fig. 4.7) (Sarlej, 2017). 
The MRT depends on the direct groundwater recharge rate, the thickness of the unsaturated 
zone and the mean volumetric water content in vadose zone soil profile.  
 

 

Fig. 4.7 Mean residence times (MRTs) of wter in the unsaturated zone estimated for the Kocinka 
catchment (Sarlej, 2017). 
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Groundwater recharge was estimated with the operational method based on the effective 
infiltration rate. Equation [1] was used to derive the effective infiltration R (groundwater recharge) 
(Fig. 4.8) (Bar-Michalczyk et al., 2017c): 

PR      [1] 

where: 
P - mean annual precipitation in 1993-2002 (mm/year) (IMGW, 2010); 

 - effective infiltration rate (infiltration coefficient) depending on lithology of deposits (-); 

 - correction coefficient related to the type of land cover and land use (-); 

 - correction coefficient related to the slope of the land surface (-); 

 - correction coefficient related to the depth of the water table (-).  
 

 

Fig. 4.8 Schematic diagram of the GIS layers used in estimation of the effective infiltration for the 
Kocinka catchment (Sarlej, 2017; Bar-Michalczyk et al., 2017c). 

 

The trial-and-error method was used to fit the infiltration coefficient  (related to the lithology of 

near-surface layers) so that the modelled and observed baseflow discharges agree for 
catchments. The annual effective infiltration R in the Kocinka catchment area is about 134 mm 
(Sarlej, 2017). The ratio between effective infiltration and precipitation is 19.4%. This corresponds 
well with the baseflow of Kocinka estimated on hydrograph separation (Bar-Michalczyk et al., 
2017c; Mazur, 2018).  
 
Furthermore, lag times of water flow through the unsaturated zone were estimated. Figure 4.7 
shows these lag times calculated as MRTs (Mean Residence Times) of water in the strata 
separating the saturated aquifer from the land surface (Sarlej, 2017). The MRT depends on direct 
groundwater recharge rate, the thickness of the unsaturated zone and the mean volumetric water 
content in vadose zone soil profile. The method of calculating the MRT is described in detail in 
the explanations to the Vulnerability Map of Poland (Witczak, et al., 2007; 2011). 
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4.4 Simulations of nitrate transport 

For a successful implementation of measures to reduce N loads from agriculture in the catchment 
area the management recommendations have to take into account the expected delays in the 
response to the undertaken measures that are related to time lags in groundwater flow and 
contaminant transport. The coupling of time-variable leaching of soil N (represented through the 
input functions) with groundwater N transport models allows simulation of both the future N loads 
and lag times. The values of N load from agriculture and of N load derived from wastewater were 
assigned to each model cell in ArcGIS providing the input to the MT3DMS. The N loads were 
applied directly to the aquifer through the recharge concentration module. 
 
Nitrogen input functions were determined for each model grid cell. Two examples of input 
functions for cells representing the agricultural and urbanized areas are presented in figures 4.9 
and 4.10. Locations of those two grid cells are shown in figure 4.11. 
 

 

Fig. 4.9 Nitrogen input function for the exemplary agricultural model cell (location shown in Fig. 
4.11) in the years 1950-2060. The dotted line (1) represents N leaching below the root 
zone, the solid line (2) represents the delayed N input to the transport model. 

 

 
Fig. 4.10 Nitrogen leaching from the exemplary urbanized model cell (location shown in Fig. 4.11) 

in the years 1950-2060. Symbols explained in the caption to Fig. 4.9.  
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Figures 4.9 and 4.10 present the N input functions for the exemplary agricultural and urbanized 
model cells. Due to limitations of the MODFLOW and MT3DMS models, the N inputs cannot be 
provided with fine time steps. The five year long intervals applied for the 1950 – 1990 allow to 
reflect the large range of change in the fertilization levels during that period. 
 
The initial condition for nitrate concentration in the aquifer was set in the MT3DMS model at the 
hydrogeochemical baseline value of 5 mg/L (Witczak et al., 2013). Results of the nitrate transport 
model were compared with 292 nitrate concentration data in groundwater measured in the years 
1960 - 2017 in 33 monitoring and production wells. Simulations show nitrate transport and 
changes of concentrations in the monitoring points in the years 1950 – 2100. Modelling included 
denitrification processes in the Quaternary and Jurassic aquifers as assessed by the chemical 
and isotopic observations (D3.4). The documentation map (Fig. 4.11) shows localization of 
measuring points. 
 

 
Fig. 4.11. Documentation map showing borders of surface and groundwater catchments and 

sampling points for measurements of N content.  
 

Denitrification is described in the nitrate transport model (MT3DMS) by the first-order kinetic rate 
constants (k [1/d]), separately for the Quaternary and Jurassic aquifers. Additionally, these rates 
were also expressed in the form of nitrate attenuation half-time, t1/2 (Kania et al., 2007; Witczak et 
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al., 2013), that allows to compare time scales of nitrate removal and transport. The denitrification 
rate constants were determined by trial and error fitting to the extent of denitrification derived from 
the measured nitrogen excess values in the hillslope area (see chapter 3.2.1 and cf. D3.4). The 
denitrification rate for the Quaternary aquifer was estimated based on nitrogen excess values in 
the observation wells of the recharge area (Fig. 4.12). For the Jurassic aquifer the observation 
wells located in the discharge zone (Fig.4.13) and the deep well in Rybna were used. According 
to the conceptual model (Fig. 4.1) the observations wells in the discharge area are fed by 
groundwater upward leakage from the deeper parts of the Jurassic aquifer. 
 
The following values of k were obtained: 
for Quaternary aquifer - k = 0.00035 1/d => t1/2 = 5.3 year 
for Jurassic aquifer – k = 0.00004 1/d => t1/2 = 47.5 year  
 
It was assumed that in the unsaturated zone denitrification does not occur (k =1 [1/d]). The 
adopted values of denitrification rate constants yield good agreement between the modelled and 
observed nitrate concentrations in the recharge and discharge areas of the hillslope (Figs. 4.12 
and 4.13). 
 
Results of simulation are presented in the form of nitrate breakthrough curves in selected model 
cells corresponding to monitoring points (Figs. 4.12 - 4.15). A distinct drop in nitrate 
concentrations in the recharge area after 2020 (Fig. 4.12) reflects the changes in N loads 
expressed in the input functions (Figs. 4.9 and 4.10). Concentrations level off at around 60 mg/L 
after about 5 years long period of decrease. For the discharge area, the simulation shows an 
increase of concentrations from 10 mg/L before 1990 to 30 mg/L in 2100. The increase in N 
concentrations is prolonged there due to time lag effects in the Jurassic aquifer. 
 

 
Fig. 4.12 A comparison of simulated and observed (2015-2017) nitrate concentrations in the 

hillslope recharge area, observation well A1c for the denitrification rate constant k 
estimated for the Quaternary aquifer. 
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Fig. 4.13 A comparison of simulated and observed (2015-2017) nitrate concentrations in the 

hillslope discharge area, observation well A3b for the denitrification rate constant k 
estimated for the Jurassic aquifer. 

 

Figures 4.14 and 4.15 present nitrate breakthrough curves for two groundwater intakes: the 
karstic spring Wierzchowisko and well W 28 (Fig. 4.11) with almost overlapping recharge areas 
(Michalczyk et al., 2016). 
 

 
Fig. 4.14 A comparison of simulated and observed (1960–2017) nitrate concentrations in the 

Wierzchowisko spring (see location in Fig. 4.11). Source of the observational data - the 
Water Supply and Sewerage Join Stock Company of the Częstochowa District. 
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Fig. 4.15 A comparison of simulated and observed (1985–2017) nitrate concentrations in well 

W28 (see location in Fig. 4.11). Source of the observed data – see Fig. 4.14 
 

For the karstic spring (Fig. 4.14) the agreement between the modeled and observed nitrate 
concentration is netter for the baseline period than for the rising limbs of the curves. Simulations 
predict a slow drop in nitrate concentration after 2020 from 50–60 mg/L to 35–40 mg/L in 2100. 
For well 28 (Fig. 4.15) modelling results agree well with the observed concentrations and predict 
a slow decrease in concentrations down to 40 mg/L in 2100. Despite the nearly overlapping 
recharge areas of both groundwater intakes the quality of model fits is different in both cases 
which might be due to the complex heterogeneous structure of the karstic aquifer.  

 
Fig. 4.16 A comparison of simulated and observed (1960 – 2017) nitrate content in all 285 

groundwater observation points of the modelling domain characteristics  
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Figure 4.16 presents a comparison of the simulated and observed nitrate concentrations for all 
groundwater observation points with characteristics generated automatically by the MT3DMS 
software.  
 
The high values of the correlation coefficient (R = 0.912) and of the coefficient of determination 
(R2 = 0.832) confirm good performance of nitrate transport model for the whole modelling domain.  
 
The modelling approach presented above provided satisfactory representation of nitrate migration 
in groundwater system underlying the Kocinka catchment. The numerical model was calibrated 
against 285 values of nitrate concentrations in more than ten intake and observation wells from 
the period 1960-2017. The coefficient of correlation between the modelled and observed values 
was 0.911 reflecting the ability of the model to represent nitrate transport in the aquifer. The 
standard error of the estimate is small and equal to 0.532 mgN/L. 

4.5 Conclusions 

Modelling of nitrate pollution in research catchments should be based on the coupling of models 
of nitrate leaching from different land uses with models of groundwater flow and mass transport. 
Nitrate transport modelling performed with MODFLOW and MT3DMS based on the groundwater 
flow model calibrated with environmental tracers allowed to reproduce the past and current nitrate 
concentrations.  
 
Field observations provided the information necessary to estimate the denitrification rate 
constants for two aquifers. The 3-dimensional numerical model of groundwater flow and nitrate 
transport calibrated against the observations of hydraulic heads, and environmental tracer data is 
capable of predicting nitrate concentrations in the aquifer and nitrate loads to the surface water of 
the catchment in response to past, current and future loadings of nitrate to groundwater. An 
important result of the model is that nitrate pollution of the aquifer will persist (Fig. 4.14 and 4.15).  
 
Results of simulations show that organic and mineral fertilization are the dominant sources of 
nitrate pollution in groundwater in the catchment scale, otherwise than suggested by previous 
studies (Szczepański et al., 2000; Kaczorowski et al., 2006; Godyń et al., 2012). Locally, 
contribution of domestic sewage and wastewater to N loads can be significant.  
 
Because of the slow movement of nitrate pollution with the groundwater, modelling of nitrate 
transport in groundwater is an indispensable element of the scenarios assessing transfers of 
pollution from agricultural areas to the Baltic Sea. The uncertainty of model predictions, which 
was not assessed at this stage, is expected to be large. Nevertheless, the agreement between 
the observed and modelled nitrate concentrations in the aquifer is satisfactory. 
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5. Recommendations for the differentiated regulations 
at the Kocinka catchment scale 

Because of the overall limited denitrification capacity in the system, the management of nitrate 
pollution cannot rely on allocation of agriculture to areas with higher denitrification potential. 
Additionally, the spatially variable delays (lag times) in nitrate transport between the recharge and 
discharge areas have to be taken into account. Fig 5.1 shows the cumulative (unsaturated and 
saturated zone) lag times of groundwater flow (to the streams) in the catchment area. Obviously, 
measures undertaken at the land surface to reduce nitrate loads to groundwater have a delayed 
and spatially convoluted influence on the resulting nitrate loads to the streams of the catchment. 
 

 
Fig. 5.1 Cumulative groundwater residence times in the Kocinka catchment. 

The denitrification capacity in the aquifer is not related to any distinct geochemical front. 
Localized sites of denitrification may be distributed within the whole aquifer as represented in the 
model by the denitrification rate constants. According to this picture the extent of denitrification 
along a particular flow line is directly related to the travel time of the groundwater through the 
Quaternary and Jurassic formations. The cumulative denitrification resulting from the travel times 
and the associated rates could be used as the defining input to differentiated regulations.  
 
The denitrification rates estimated for the Jurassic aquifer are much lower than in the Quaternary 
aquifer. Moreover, the conditions most favourable for denitrification are probably related to the 
occurrences of clay layers in the Quaternary strata. Identification of areas most suitable for 
agriculture from the viewpoint of the reduction of nitrate loads to the Baltic should include the 
results of a detailed surveying of the denitrification rates and capacities. Given these rates and 
capacities, model results can be developed into maps of cumulative nitrate reduction. 
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When considering the differentiated regulation schemes for the Kocinka catchment one has to be 
aware of the natural and socio-economic conditions that influence the agricultural practice in the 
area (cf. also D2.3). The fertilization levels are currently sub-optimal (Bar-Michalczyk et al., 
2017b, D2.3) from an agricultural economy point of view, and there is little room for their 
reduction. The scenario analysis (D2.3) shows that even radical changes in land use bring little 
reduction in nitrate leaching compared to the baseline scenario. There is a greater potential for 
decrease in nitrate leaching related to a more consistent application of good agricultural 
practices. Most of agricultural land area (92%) belongs to small farms (below 10 ha) for whom 
subsidies are not related to the strict application of good agricultural practices. Differentiated 
regulations based on moving agricultural production to soils with lower nitrogen leaching are not 
applicable in the catchment because the only soils with low leaching potential are organic soils in 
river valleys where extensive drainage, implying the generation of drainage fluxes, is necessary. 
The potential for differentiated regulation is limited also by a small pool of more productive soils in 
the catchment. Reduction of nitrate loads from the catchment might be brought about by the 
further development of the specific land uses that have some tradition and potential in this area: 
aquaculture and closed circuit greenhouses. The former can enhance nitrate removal from 
surface water, as evidenced in chapter 2.2, while the latter is an emission-free alternative for the 
most permeable soils.  
 
Finally, as revealed by the workshops, local stakeholders (farmers) are skeptical regarding their 
capacity for self-governance for limiting nitrate emissions on a catchment scale. Feasible 
solutions must be based on effective and clear regulations supported by a system of incentives 
directed towards individual farmers aimed at facilitating appropriate agricultural practices, wetland 
preservation, etc. (Bar-Michalczyk et al. 2017a). 
 
This report presents the ready-to-use tool that can be used to calculate and visualize quantitative 
information on the response of nitrate levels in groundwaters of the catchment to time-variable 
nitrogen loadings. As such, it can be used to design the optimal, from the view point of the 
reduction of nitrogen loads, patterns of land use, agricultural practices and fertilization for the 
catchment. 
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