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y = 0.883x

R2 = 0.4313
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y = -0,0201x + 2,2588
R2 = 0,0053
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1 Scope and target 

The displacement of nitrate from soil to groundwater and surface waters is coupled to the 

runoff components. Whereas direct runoff (surface runoff, natural interflow, drainage runoff) 

reach the surface waters within short time periods (within about a week), groundwater runoff 

needs much more time (years to decades) to percolate into surface waters. In some regions 

a significant part of the nitrate leached out of the soils percolates into groundwater coupled to 

groundwater recharge. During transport through the aquifer nitrate may be reduced 

significantly due to denitrification processes in groundwater, so that groundwater-borne 

nitrate inputs into surface waters may be considerably lower than the inputs into the aquifer. 

However, since the nitrate inputs into the groundwater, the denitrification conditions in 

groundwater and the residence times of groundwater vary from one catchment to the other 

the groundwater-borne nitrate input into surface waters have to be determined for each of the 

individual catchment areas. 

In the light of the above, the main target of this project is the derivation of catchment related 

empirical WEKU-process factors for the N inputs into surface waters via groundwater runoff: 

WEKU-process factors are calculated from the portion of the nitrate residues in the soil which 

is displaced to the aquifers with groundwater recharge and the nitrate concentration which is 

still present in the groundwater when the borne-runoff runoff discharges into surface waters.  

For this purpose the WEKU model (Kunkel & Wendland, 1997), a grid-related, two-

dimensional analytical method to calculate reactive nitrate transport in groundwater is 

applied. Nitrate degradation during transport in groundwater is considered in the WEKU 

model as a 1st order nitrate degradation kinetics approach as a function of the hydrochemical 

conditions and the residence time in the aquifer.   
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2 Regional analysis of groundwater residence times 

2.1 Overview of the WEKU model procedure 

Groundwater residence times were calculated based on the WEKU model (Wendland, 1992; 

Kunkel, 1994; Kunkel & Wendland, 1997; Wendland et al, 2004), a two-dimensional 

analytical procedure that was developed to assess the time periods groundwater needs to 

pass through groundwater-bearing sediments and reach a surface water body. WEKU 

operates on grid data and the flow-lines in the aquifer are assumed to run parallel to the 

groundwater table. As the major discharge of groundwater runoff to surface waters originates 

from the upper (first) aquifer, WEKU model analysis is restricted to the upper (phreatic) 

aquifer. 

The basic information required to calculate groundwater residence times is provided by a 

contour map of the groundwater table and spatially distributed data regarding the 

hydromechanical properties (hydraulic conductivity, yield of pore space) of the aquifers 

through which the water flows. On a spatial scale, the WEKU model was developed for 

meso-scale to large-scale river basins or landscapes. The natural heterogeneity of the 

studied aquifers is taken into account by employing a stochastic approach to describe the 

uncertainty regarding important model parameters, such as hydraulic conductivity. Thus the 

primary output of the WEKU model is a distribution of residence times for each grid cell in the 

study area.  

Figure 2.1 illustrates a schematic overview of the general procedure for WEKU residence 

time modelling, in which three steps can be discerned: 

1. A groundwater contour map is used to generate a digital elevation model of the 

groundwater table, which, in turn, is employed to derive the hydraulic gradient 

(Dj), flow-paths and effective recipients. 

2. Hydraulic gradients are coupled to hydromechanical properties of the aquifer 

(hydraulic conductivity (kf) and effective yield of pore space (nf)) in order to 

determine groundwater velocities (na) in the upper aquifer for the individual grids 

following Darcy’s law. 

3. Residence time of groundwater is determined for each initial grid by summing 

up residence times in the individual grids along the flow paths of groundwater. 
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Figure 2.1.  General procedure of WEKU model for assessing groundwater residence time. 

2.2 Input parameters 

Digital elevation model of the groundwater table 

A digital elevation model of the groundwater table is a key input data layer for the 

determination of groundwater residence times, as flow directions, catchment borders, 

effective recipients and the hydraulic gradient are derived from it (see fig. 2.2.).  

In the WEKU model, the flow of groundwater in the aquifer is assumed to run parallel to the 

surface of the groundwater (Kaleris, 1986). Accordingly, it is relatively simple to determine 

the lateral movement of the groundwater. For each cell, the flow direction can be identified by 

examining the differences in groundwater levels between the cell under consideration and its 

eight neighbours. The flow is assumed to follow the direction of the greatest hydraulic 

gradient (i.e., the steepest descent in the level of the groundwater). 
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Figure 2.2. Flow directions (black arrows), catchment borders (red lines), and effective 

recipients (blue cells) in a fictitious study area. 

 

Hydromechanical parameters 

The hydraulic conductivity kf of a groundwater-bearing rock is a function of the shape, size, 

and heterogeneity of the sediment. In general, this parameter increases with the average 

grain diameter and decreases with the proportion of fine particles (Marotz, 1968). The 

effective yield of pore space nf denotes the proportion of the total pore space that is available 

for groundwater movement. In unconsolidated rock aquifers, this parameter is determined by 

packing density, grain size distribution, and the shape and arrangement of the grains. In the 

WEKU model, an exponential relationship of the form   

r
ff nBk ×=

 eq. 2.1 

is used as the starting point for the calculations (Ahuja et al., 1988). After taking logarithms 

and adding an error term x, with mean zero and variance t 2 to account for the random 

character of the relationship, we get  

x++×= bNrK  eq. 2.2 

where K = ln(kf) and N = ln(nf). The coefficients r, b = ln(B), and t  can then be determined by 

fitting a regression line to empirical values of K and N. The result of this regression is 

illustrated in Figure 2.3.  
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Figure 2.3.  Relationship between effective yield of pore space and hydraulic conductivity. 

Squares and circles represent data sets compiled by Marotz (1968) and Busch 
& Luckner (1973), respectively. 

2.3 Groundwater velocity and groundwater residence times 

Calculating groundwater velocities involves three parameters: hydraulic conductivity (kf), 

effective yield of pore space (nf) and the hydraulic gradient (Dj). 

j
n

k

f

f
a D×-=n  eq. 2.3 

After calculating groundwater velocities, analysing flow paths, and identifying effective 

recipients, the residence time of the groundwater in the upper unconsolidated rock aquifer 

can be estimated for each initial grid cell (i,j). This is done by computing  

( ) �
=

=
p

k kka

kk
tot nmv

nm
jit

1 ),(
),(

,
�

 eq. 2.4 

where �  designates the flow distance in cell (mk, nk). The summation extends over all cells 

along the flow path of groundwater from the given initial cell (i,j) to its effective recipient.  
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3 Regional analysis of denitrification in groundwat er 

3.1 The denitrification process 

If nitrate enters the aquifer with the recharged groundwater then apart from hydrogeological 

conditions its propagation also depends on degradation processes in the aquifer. Nitrate can 

be mineralised by micro-organisms into molecular nitrogen (N2) or N2O. However, 

denitrification in an aquifer can only take place when there is an oxygen deficit. In this case 

micro-organisms consume the oxygen bound in the NO3-molecule thus degrading NO3
-. On 

the basis of the type of metabolism of the bacteria involved, denitrification can be subdivided 

into heterotrophic and autotrophic denitrification. Denitrification processes depending on 

organic carbon sources are termed heterotrophic (Obermann, 1982). If, on the other hand, 

nitrate degradation involves pyrite, then this is known as autotrophic denitrification (Kölle, 

1989).  

Since reduction by oxygen and denitrification are mutually exclusive, vertical zones are 

formed in the aquifer in which predominantly one of these reactions proceeds. Reduction by 

oxygen naturally proceeds at the shallowest depth. Nitrate degradation in the presence of 

high oxygen concentrations can therefore be ruled out. However, if groundwater is free of 

oxygen, the nitrate entering the aquifer with percolation water can be reduced to molecular 

nitrogen (N2) during the residence time in the aquifer in the presence of organic carbon 

compounds and/or reduced iron sulphide compounds (pyrite). The depth of the individual 

zones depends on the rate of groundwater conversion, the availability of reduced compounds 

in the aquifer as well as the subsequent nitrate supply. The zones are often not very sharply 

separated.  

According to the experience gathered especially in Europe and Northern America it is above 

all pyrite (FeS2) which plays an important part as a reducing agent in the aquifer (see also 

Korom, 1992). Basic studies on this subject in Germany have been performed amongst 

others by Strebel et al. (1985), Böttcher et al. (1985, 1989), Pätsch et al. (2003) and Merz et 

al. (2009). 

In the "Fuhrberger Feld" catchment area, which is located about 30 km to the northeast of 

Hanover in the Pleistocene lowlands, the basic denitrification reactions of autotrophic 

denitrification with pyrite as the electron donor and Thiobacillus denitrificans as the micro-

organism involved has been studied in detail (Böttcher et al., 1989). The most important sub 

step in autotrophic denitrification proceeds according to the reaction equation 

OHFeSONHFeSNO 2
22

4223 251074514 +++�++ +-+-  eq. 3.1 
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3.2 Assessment of nitrate degradation conditions in  groundwater 

Substantial amounts of the nitrate that percolates into groundwater can be removed by 

microbial processes in which nitrate is transformed to molecular nitrogen (N2) or nitrous oxide 

(N2O). It is also known that whether or not this process takes place depends on the chemical 

conditions prevailing in the aquifer under consideration. Reducing conditions are an 

important prerequisite. In addition, organic carbon or iron(II)sulphide must be available. 

During the passage of diffuse nitrate in groundwater, nitrate degradation may occur. This 

may perceptibly reduce diffuse nitrate inputs into surface waters in some areas. 

Denitrification in the groundwater bearing units can thus contribute to elucidating the 

differences currently occurring between quantified nitrate discharges from the soil and the 

generally significantly lower nitrate concentrations measured in rivers. Investigation on the 

natural nitrate degradation conditions in the upper aquifer is therefore a basic prerequisite for 

more detailed analyses to quantify underground nitrate inputs into surface waters. 

Such an investigation should, above all, be related to the upper aquifers, decisively involved 

in the active hydrological cycle and correspondingly most exposed to nitrate pollution. 

Prototype nitrate-degrading groundwater (see Table 3.1) displays nitrate contents of less 

than 1 mg/l NO3. Such groundwater often displays a near absence of oxygen too, whereas 

high contents of divalent iron and manganese (> 0.2 mg/l Fe(II) and > 0.05 mg/l Mn(II)) occur 

as a rule. The presence of divalent iron and manganese in the groundwater is therefore a 

good indicator of reduced conditions and thus also useful for assessing nitrate degradation 

conditions. In addition to the substances mentioned, there are other groundwater quality 

parameters providing information about an aquifer's denitrification capacity. These include, 

for example, the pH value, sampling depths, hydrogen carbonate concentrations as well as 

the potassium and sulphate contents and the content of dissolved organic carbon (DOC).  

The concentrations given in table 3.1 can be regarded as threshold ranges for denitrifying 

groundwater conditions. However, these ranges do not represent fixed limiting 

concentrations of reduced and oxidized groundwater. As a rule, the two groundwater types 

overlap so that the concentrations shown in table 3.1 are to be regarded as orientation 

values. If a groundwater is oxygen-deficient and nitrate-free and has a high content of iron 

and manganese then it can be characterized as reduced and nitrate degrading. There is, 

however, no relation between the residual concentration of nitrate and that of iron in such a 

way that the nitrate content of a water becomes less the richer it is in iron(II) or vice versa. 

Already Gerb (1958) recognized in view of this, that weak correlations of measured 

concentrations of redox parameters are a rule. It can merely be said that waters with iron(II) 

contents of more than 0.2 mg/l Fe(II) only rarely have nitrate concentrations above the order 

of magnitude of 1 mg/l NO3. In view of this relationship already Gerb (1958) already 

suggested not to statistically correlate measured concentrations of the parameters studied 

(e.g. nitrate content with the level of iron(II) or oxygen concentration) in the evaluation of the 

redox status of groundwater.  
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Table 3.1: Major parameters of significance for interpreting groundwater analyses with 
respect to nitrate degradation according to Hannappel (1996), Wendland 
(1992), and DVWK (1992) 

3.3 Regionalisation of denitrification conditions 

For this purpose the log transformed concentrations of the relevant hydrochemical 

parameters indicating denitrification processes in groundwater (oxygen, manganese (II), iron 

(II)) observed at groundwater monitoring stations are at first regionalized using kriging 

interpolation. Based on the relevant hydrochemical parameters the nitrate degradation 

condition in the aquifers has been assessed by allocating the individual hydrochemical 

parameters to nitrate degradation classes ranging from 0 (good denitrification conditions) to 

10 (bad denitrification conditions). This is done in order to give an equal weight to the 

parameters in spite of their different units and value ranges (see figure 3.1).  

Additionally a hydrogeology factor (KHGwnb) has been included in order to consider the 

regional influence of hydrodynamic conditions and the oxygen input with groundwater 

recharge. The parameters are used as an indicator for the long-term oxygen input into an 

aquifer: the higher the groundwater recharge, the higher the oxygen input into the aquifer 

and the probability to meet oxidized groundwater in the upper aquifer. Hence, groundwater 

recharge areas characterize regions in which bad denitrification conditions in the aquifer 

occur, whereas groundwater discharge areas characterize regions with low groundwater 

recharge rates and upwelling (old) groundwater which is free from oxygen. 

Additionally this was done in order to counterbalance the effect of different observation point 

densities on the regionalized concentration patterns of the redox-sensitive groundwater 

parameters. For this purpose a digital map about the hydraulic conditions of hydrogeological 

subunits, i.e. about groundwater recharge areas, groundwater discharge areas and 

groundwater transfer areas, has been coupled to a map of mean annual groundwater 

recharge rates.  

Parameter Reduced groundwater Oxidized groundwater 

Nitrate < 1 mg/l NO3 Depending on input 

Iron (II) > 0.2 mg/l Fe(II) < 0.2 mg/l Fe(II) 

Manganese (II) > 0.05 mg/l Mn(II) < 0.05 mg/l Mn(II) 

Oxygen < 2 mg/L O2 > 2 mg/l O2 
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= Influence of groundwater recharge

X   = factor

Nitrate degradation classes K

High  denitrification capacity                                Limiteed denitrification capacity                                       Low denitrifcation capacity

Parameter 0 1 2 3 4 5 6 7 8 9 10

Oxygen concentration 
[mg/l]

< 0.5 0.5-1.5 1.5-2.5 2.5-3 3-4 4-5 5-6 6-6.5 6.5-7 7-8 � 8

Iron (II) concentration 
[mg/l]

> 13.7 6.3 – 13.7 2.9 – 6.3 1.3 – 2.9 0.6 – 1.3 0.28 – 0.6 0.13 – 0.28 0.06 – 0.13 0.04 – 0.06 0.03 – 0.04 < 0.03

Manganese concentration
> 1 1-0.6 0.6-0.5 0.5-0.4 0.4-0.3 0.3-0.2 0.2-0.1 0.1-0.07 0.07-0.05 0.05-0.04 � 0.04

[mg/l]

Hydraulic units
Discharge 

areas

Limited 
discharge 

areas 
Recharge areas

Nitrate degradation classes K

High  denitrification capacity                                Limiteed denitrification capacity                                       Low denitrifcation capacity

Parameter 0 1 2 3 4 5 6 7 8 9 10

Oxygen concentration 
[mg/l]

< 0.5 0.5-1.5 1.5-2.5 2.5-3 3-4 4-5 5-6 6-6.5 6.5-7 7-8 � 8

Iron (II) concentration 
[mg/l]

> 13.7 6.3 – 13.7 2.9 – 6.3 1.3 – 2.9 0.6 – 1.3 0.28 – 0.6 0.13 – 0.28 0.06 – 0.13 0.04 – 0.06 0.03 – 0.04 < 0.03

Manganese concentration
> 1 1-0.6 0.6-0.5 0.5-0.4 0.4-0.3 0.3-0.2 0.2-0.1 0.1-0.07 0.07-0.05 0.05-0.04 � 0.04

[mg/l]

Hydraulic units
Discharge 

areas

Limited 
discharge 

areas 
Recharge areas

Groundwater recharge 
[mm/a]

X

0 - 25 0.1

25 - 50 0.2

50 - 75 0.3

75 - 100 0.4

100 - 125 0.5

125 - 150 0.6

150 - 200 0.7

200 - 250 0.8

250 - 300 0.9

> 300 1

Groundwater recharge 
[mm/a]

X

0 - 25 0.1

25 - 50 0.2

50 - 75 0.3

75 - 100 0.4

100 - 125 0.5

125 - 150 0.6

150 - 200 0.7

200 - 250 0.8

250 - 300 0.9

> 300 1

XKK HGHGwnb ×=

HGwnbK

HGK

= Nitrate degradation class of hydraulic units 

 
Figure 3.1:  Procedure to derive nitrate degradation classes from regionalized 

denitrification conditions 

Finally from the oxygen concentration class (KO2), the manganese concentration class 

(KMn(II)), the iron concentration class (KFe(II)) and the hydrogeology factor (KHGwnb) a mean 

denitrification class ( Kx ) is determined (see eq. 3.2): 

4
)()(2 HGwnbIIMnIIFeO

K

KKKK
x

+++
=

 eq. 3.2 

The regionalisation of denitrification conditions has been performed on a grid base area-

covering for the whole of Flanders. The related results are used to allocate half life time 

values of denitrification in aquifers and for the quantification of nitrate degradation rates in 

the aquifer based on the WEKU model.  

3.4 Reaction kinetics of denitrification in the aqu ifer 

The reaction kinetics of autotrophic denitrification was determined by Böttcher et al. (1985, 

1989) on the basis of extensive field studies covering several years in the catchment area of 

a well belonging to the Fuhrberg water company in Lower Saxony, Germany, paying 

attention to important boundary conditions (e.g. level of groundwater recharge, substance 

concentration in the recharged groundwater, concentration depth functions of the 

groundwater, raw-water concentration of the discharging well, analysis of the groundwater 

flow field). Accordingly, the decrease in nitrate concentration in the aquifer in the case of 
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autotrophic denitrification was described by a first-order reaction as a function of time 

(groundwater age):  

( ) tkn
gw ectc ×-×=

 eq. 3.3 

where c(t) = nitrate concentration at the end of this period (t) (mg/l) 

cgw = nitrate concentration in the recharged groundwater (mg/l) 

kn = denitrification reaction constant (a-1) 

t = time (a) 
 
In this case, a reaction constant kn can be calculated in good approximation for nitrate 

degradation from the measured data after Böttcher et al. (1989). The time in which the 

original concentration has been reduced by half is termed the half time t½: 

( )
kn

2ln
t 21 =

 eq. 3.4 

On the basis of work by Böttcher et al. (1989), a reaction constant kn in the range of 0.34 to 

0.56 a-1 can be specified for the "Fuhrberger Feld", corresponding to a denitrification half time 

of between 1.2 and 2.1 years.  

As no field studies about the reaction constants of denitrification in Flanders were available, 

results from studies in geological settings similar to the ones occurring in Flanders have been 

used in order to assess reaction constants of denitrification. For this purpose a literature 

review complied by Krause (2010) has been evaluated. Van Beek (1987) has determined a 

half time of approx. 4 years or kn = 0.17 a-1 for a sandy aquifer in the Netherlands, whereas 

Pätsch et al., 2003 has indicated a half life time between 1.3 und 3.4 years (0.2-0.53 a-1) for 

the area of Thülsfeld (Lower Saxony, Germany). For the Northern part of Saxony Grunewald 

et al. (2008) and Uhlig et al. (2010) assessed a half life time of 0.267 a-1 (2.6 a). Merz et al. 

(2009) investigated several sites in Brandenburg and determined the reaction constants for 

different hydrogeological subunits (table 3.2).  

From the field studies cited above and the values from table 3.2 it becomes clear that the 

range of half life times of denitrification in reduced aquifers has be assessed relatively 

uniformly in a range of 0.5 and 7 years. For oxidized aquifers however half life times of 

denitrification are much longer. In Merz et al. (2009) a value of 120 years (table 2.2) is 

reported. Hence, the gap between the half life time of 7 years as observed for “Glacial 

compression zones” in Brandenburg (still showing reduced conditions) and the 120 years 

observed for “recharge areas” (showing prototype oxidized conditions) is rather big. It is 

evident that the values have to be regarded as estimated values which still wait to be 

confirmed in more comprehensive studies although the values have been applied in the 

WEKU model analyses for Flanders.  
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Table 3.2:  Half life time of denitrification in different hydrogeological subunits in 
Brandenburg according to Merz at al. (2009) and Krause (2010) 

 

3.5 Regionalisation of half life times of denitrifi cation in the aquifer 

The regionalised mean denitrification classes (section 3.3) and the half life time values from 

table 3.2 and from the other field studies cited in section 3.4 are used as reference values for 

an area-covering (here Flanders-wide) regionalisation of half life times of denitrification in 

aquifers (see table 3.3):  

In this way a half life time of denitrification of 0.8 years has been applied for the quantification 

of denitrification in the aquifer and thus the groundwater-borne nitrate input into surface 

waters in areas which display reduced aquifer conditions (mean denitrification class 1-2), 

whereas a half life time of 120 years has been assumed for areas which have shown 

prototype oxidized aquifer conditions. For areas showing intermediate denitrification classes 

intermediate half life times have been applied (see table 3.3). 

In applying these reaction constants for model simulations it must, however, be remembered 

that this does not involve absolutely fixed figures. Nevertheless, together with the determined 

residence times of groundwater in the aquifer, the regionalized half life times of denitrification 

can be used to derive approximate values for the quantification of nitrate degradation rates in 

Hydrogeological  

subunit 
Hydrogeological characterisation 

Half life time of 

denitrification (a)  

Recharge areas 

(e.g. outwash planes) 

Uncovered, partly hanging aquifers; sandy 

vadoze zone; depth of groundwater > 2m; 

aerobe, O2-System, 

120 

Indirect recharge areas (e.g. 

moraines) 
   

a. Glacial compression zones  
Uncontrolled percolation of water; aerobe -

postoxic 
7 

b. alternating areas 
Changing lithology of groundwater covering 

layers on a small scale; aerobe -postoxic 
15 

c. flow through areas 

Groundwater in covered aquifers; thick loamy 

deposits as aquifer covering layers;  anaerobe, 

Fe2+/Fe3+- and SO4/S2-system 

0,5 

Discharge areas 

(e.g. glacial valleys) 
   

a. sandy areas  

Upwelling groundwater; uncovered sandy 

aquifers; sandy vadoze zone; depth of 

groundwater < 2m; aerobe -postoxic 

5 

b. boggy areas and marshy 

areas 

Upwelling groundwater; Holocene peat 

containing deposits as aquifer covering layers; 

anaerobe, Fe2+/Fe3+- and SO4/S2-system 

0,5 
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the aquifer and the quantification of groundwater-borne nitrate input into surface waters 

based on the WEKU model. 

 

Table 3.3:  Mean denitrifcation classes and allocated half life times and reaction constants of 
denitrification in aquifers according to Krause (2010) 

Mean denitrification class 

( Kx ) according to eq. 3.2 

Half life time of denitrification (a) 

according to table 3.2 
Reaction constants [a -1] 

1-2 0.8 0.866 

2-3 1.8 0.385 

3-4 2.8 0.248 

4-5 5 0.139 

5-6 7 0.099 

6-7 50 0.014 

7-10 120 5.77E-3 
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4 Determination of residence times based on WEKU 
model 

4.1 Input data 

4.1.1 Topography of the groundwater surface 

The data of the groundwater surface (figure 4.1) and the groundwater effective recipients 

(figure 4.2) were provided by K.U. Leuven. Due to the fact that the groundwater surface was 

compiled of several individual parts there are small inconsistencies (artefacts) in the 

transition zones of these parts. Consequently, in these transition zones all model results and 

sub results are invalid. The location of the breaklines can be seen in figure 4.4. 

In general, the values of the groundwater surface rise from Northwest to Southeast from 

values < 5m above sea level up to a level of > 50m above sea level. 

 
Figure 4.1:  Topography of the groundwater surface 
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Figure 4.2:  Effective recipients 

According to the procedure outlined in Chapter 2.2, the digital elevation model of the 

groundwater table was used for deriving flow directions (figure 4.3) and hydraulic gradients 

(figure 4.4). The groundwater hydraulic gradient values (figure 4.4) range from less than 0.1 

% to 25 % and are frequently linked to the relief of the area. In lowland regions, fairly uniform 

hydraulic gradients of less than 0.1 % occur in many subregions. Particularly high gradient 

values occur wherever the groundwater runoff is directed towards deeply incised recipients, 

for example in the Southern part of Flanders. 
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Figure 4.3:  Flow direction of groundwater 

 
Figure 4.4:  Hydraulic gradient of groundwater surface 
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4.1.2 Hydromechanical parameters 

Map 4.5 shows the hydraulic conductivity values derived from the HCOV layers of Flanders. 

For the major fraction of Flanders, the means of the hydraulic conductivity range between 

5·10-5 and 1·10-4 m/s. In some regions of Flanders, an upper continuous aquifer lies beneath 

a thick impermeable overlying stratum (e.g. HCOV classes 160 and 130). These are regions 

where thick boulder clay or other sediments of low permeability characterize the regional 

hydrogeological conditions over extensive areas. No appreciable groundwater recharge is to 

be expected in these areas. In hydrodynamic terms these are transit regions below which the 

groundwater flows. 

 
Figure 4.5:  Hydraulic conductivity classes 

According to the procedure outlined in section 2.2 the effective yields of pore space is 

derived from the hydraulic conductivity values.  

4.2 WEKU model results  

The calculated groundwater velocities in the upper aquifer are represented in map 4.7. The 

values range from less than 0.01 m/d to more than 10 m/d. Lowest groundwater velocities of 

less than 0.01 m/d are calculated in particular for the coastal areas in the West and all the 

lowland regions of Flanders. The small hydraulic gradients are decisive for the low 

groundwater velocities in these regions. In most parts of Flanders groundwater velocities 
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between 0.1 and 1 m/d are abundant. In the Eastern and Southern regions the groundwater 

velocities are somewhat higher due to the higher gradient values and reach values of up to 

10 m/d. 

 

 
Figure 4.7:  Average groundwater velocities 

Area-differentiated groundwater residence times are shown in figure 4.8 and indicate the 

time required by the groundwater to proceed from the site of percolation into the aquifer up to 

the respective groundwater-effective recipient. The resulting residence times are shown for 

the initial element. It must be emphasized here that the residence times are always relative 

to the runoff fraction originating from the groundwater. Groundwater discharge into surface 

waters does not represent the dominant runoff component in all unconsolidated rock areas. 

For example, in areas with thick cohesive overlying strata at the surface or in artificially 

drained regions, the runoff originating from the groundwater often contributes less than 20 % 

to the total runoff (see section 5.4, figure 5.10). This must be considered in interpreting and 

using the results. 

Depending on the site conditions, residence times ranging from less than five years to more 

than 250 years must be assumed. Long residence times may result both from low 

groundwater velocities as well as from long flow paths up to the recipient. The comparatively 

long residence times in many lowland regions may be essentially attributed to the low 

hydraulic gradients. Short residence times generally result for areas in the vicinity of rivers 

with a high river density and/or regions with steep hydraulic gradients.  
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Figure 4.8:  Average groundwater residence times 

As an illustration of the model results, the relative and accumulated frequencies of the 

groundwater residence times are plotted in figure 4.9. The median of the frequency 

distribution is approx. 9 years. Hence, 50 % of the calculated residence times lie above and 

respectively below this value. The interquartile range, i.e. the range of values in the middle 

50 % of the frequency distribution is defined by ca. 2 years for the 25% quartile and ca. 30 

years for the 75% quartile. 

The fact that both, the median value (ca. 9 years) and the 75% quartile (ca. 30 years), are 

considerably smaller than the mean value (ca. 65 a) indicates that the frequency distribution 

includes several outliers with extreme high values. Review of high residence times has 

revealed that they occur in areas, where the underlying data bases, i.e. the hydraulic 

gradients and/or the hydraulic conductivity values are extremely low. It is recommended to 

check the reliability of the input parameters in these areas.  
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Figure 4.9:  Cumulative frequency distribution of the calculated groundwater residence 
times in Flanders 
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5 Determination of half life times of denitrificati on in 
groundwater 

5.1 Hydrochemical parameters 

The assessment of the denitrification conditions in groundwater (see section 3.2) is based on 

groundwater quality data from 2609 groundwater quality monitoring stations. Data has been 

made available by the K.U. Leuven and comprised the redox-sensitive parameters oxygen, 

iron(II) and manganese(II) (see section 3.1). For the evaluation only samples from the upper 

5 m below the groundwater surface were considered. In case several samples were available 

for the same monitoring station, one representative analysis was created by median 

averaging.  

Figures 5.1–5.6 show the geographical location of the groundwater monitoring station, the 

individual concentrations observed for the parameters oxygen, iron(II) and manganese(II) 

and the regionalized values derived by kriging. From map 5.1, 5.3 and 5.5 it becomes 

evident that the geographical location of the monitoring stations for which data was available 

differed. In addition the number of groundwater monitoring stations was slightly different: 

·  Mn(II): 1644 quality gauging stations 

·  Fe(II): 1650 quality gauging stations 

·      O2: 1606 quality gauging stations 

Hence, the regionalized concentration maps 5.2, 5.4 and 5.6 show regional patterns which 

do not strongly correspond to each other. But still there is a general trend that the occurrence 

of high Mn(II) concentration (>0.05 mg/l) and high Fe(II) concentrations (>0.2 mg/l) coincide 

to each other and the occurrence of low oxygen concentrations (<2.5 mg/l) and vice versa. 
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Figure 5.1:  Oxygen concentrations at the groundwater monitoring stations 

 
Figure 5.2:  Regionalized oxygen concentrations for Flanders 
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Figure 5.3:  Manganese (II) concentrations at the groundwater monitoring stations 

 
Figure 5.4:  Regionalized manganese (II) concentrations for Flanders 
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Figure 5.5: Iron (II) concentrations at the groundwater monitoring stations 

 
Figure 5.6: Regionalized iron (II) concentrations for Flanders 
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5.2 Hydrogeology factor 

The hydrogeology factor is included as an additional parameter for the designation of 

denitrification classes (see section 3.3). It is derived from digital maps about the average 

annual groundwater recharge rate (figure 5.7) and the hydrogeologic subunits (figure 5.8). 

The groundwater recharge rates and hydrogeologic subunits represent indicators for the 

long-term oxygen input into an aquifer: the higher the groundwater recharge, the higher the 

oxygen input into the aquifer and the probability to meet oxidized groundwater in the upper 

aquifer. 

 
Figure 5.7: Average annual groundwater recharge rate in Flanders 

A groundwater recharge map has been provided by the K.U. Leuven. According to figure 5.7 

groundwater recharge rates of up to 300 mm/a and more occur in the Northern part of 

Flanders whereas in the Southern part values between 150 and 200 mm/a predominate. 

Groundwater recharge rates below 100 mm/a can be found in the Western part of Flanders, 

i.e. in the Marshy regions, where artificial drainage plays an important role.  

The map of the hydrogeologic subunits (figure 5.8) was derived according to the procedure 

suggested by Heinkele et al. (2002). In this way the individual hydrogeologic units of 

Flanders (see figure 6.1) have been classified into groundwater recharge areas, groundwater 

recharge areas with loamy covering layers (transit regions) and groundwater discharge 

areas.  
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Figure 5.8:  Hydraulic subunits in Flanders 

Groundwater discharge areas predominate in the marshy areas of West-Flanders and along 

river stretches, whereas area-covering recharge areas dominate in the Northern part. 

Restricted recharge areas are instead typical for the Middle and Southern part of Flanders. 

Accordingly recharge areas indicate regions which match closely to oxidized groundwater 

conditions whereas discharge areas match closely to discharge areas. 

5.3 Denitrification conditions and half life times of denitrification 

According to the procedure described in section 3.5 the half life time values of denitrification 

in aquifers from table 3.2 and from the other field studies cited in section 3.4 have been 

allocated to the regionalised mean denitrification classes (section 3.3). In this way area-

covering denitrification conditions and half life time values of denitrification in aquifers (figure 

5.9) for Flanders have been assessed. 

Results indicate that the most favourable site conditions for denitrification and accordingly 

lowest half life times prevail in the discharge areas of West-Flanders and in the sandy 

aquifers of Diest and Bolderberg in the Eastern part of Flanders. There, allocated half life 

times of denitrification are in general less than 2 years. For many transit areas half life times 

between ca. 2 and 7 years have been assessed.  

Half life times > 7 years have only been allocated to relatively small areas e.g. in the 

Southern parts of Eastern Flanders and Flemish Brabant, i.e. groundwater recharge areas, 
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for which the hydrochemical parameters (figures 4.2, 4.4 and 4.6) have shown oxidized 

hydrochemical conditions. 

 

 
Figure 5.9:  Assessed half life times of denitrification in Flanders  

5.4 Determination of Flanders wide runoff ratios 

The coupling of the N-residue values remaining in the soil after denitrification to hydrological 

input pathways is carried out based on the results of a water balance model, which has been 

applied by K.U. Leuven for the whole of Flanders. For these purposes data sets about the 

runoff components surface runoff and groundwater recharge (figure 5.7) were provided.   

The ratio between groundwater recharge and direct runoff (figure 5.10) is taken as a 

measure for the determination of the input of diffuse nitrogen surpluses from soil to 

groundwater and surface waters according the different hydrological input pathways 

Whereas the direct runoff components reach the surface waters within several days or weeks 

after a rainfall event, groundwater runoff needs years to decades until it discharges into 

surface waters.  

In case the portion of groundwater recharge has been determined as 80% of total runoff it is 

assumed that 80% of the N residue value infiltrates into the aquifer and that only 20% of the 

N residue value reaches surface waters via direct runoff. For the assessment of the N inputs 

into surface waters via direct runoff it is assumed that no further denitrification takes place 

between the root zone and the input of the direct runoff into surface waters. 



���������	���
�������

������	����
����
���	���	��������� 	�����
����
�	���	�	���	���������
������������	�����

 

  �>>�

 
Figure 5.10:  Runoff ratio of groundwater recharge and surface runoff 

In case of a long term consideration, groundwater recharge is almost equal to the 

groundwater runoff in to surface waters (Arnold et al., 2000; Simmers, 1988; Peschke, 1997). 

Hence, N which has entered the aquifer system coupled to groundwater recharge is 

transported in the aquifer with the groundwater runoff to the recipients. On its transport to 

surface waters, nitrate might be denitrified in case of denitrifying hydrochemical conditions in 

the aquifer (Korom, 1992; Kunkel et al., 2004; Pauwels et al., 2000), see section 3 and figure 

5.9.  

5.5 Fraction of groundwater-borne nitrate input int o the surface waters 

As the nitrate degradation in aquifers is a function of the “denitrification conditions/half life 

time of denitrification in the aquifer” and the “residence time of groundwater in the aquifer” 

the groundwater-borne nitrate input into surface waters can be assessed as a fraction 

relative to the N input into the aquifer. In this way the determination of the groundwater-borne 

nitrate input into surface waters can be carried out without information about N inputs into the 

aquifer. Figure 5.11 shows the nitrogen load remaining in the aquifer after transport through 

the aquifer. Results are presented for the initial grids, i.e. the sites from which the N inputs 

into the aquifer may start.  

A fraction of 0.3 means for instance, that 70% of the nitrate input into the aquifer is denitrified 

during the travel time in the aquifer. From figure 5.11 it can be seen that the portion of 

groundwater-borne nitrogen input into surface waters will remain high in the vicinity of 

surface waters. Even with good conditions for a complete degradation of nitrate in the 
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aquifer, the short residence times are not sufficient for an adequate degradation of nitrate 

inputs. There is, furthermore, a hazard potential in many regions where restricted and/or 

insignificant degradation conditions in the aquifer prevail. These regions include main parts 

of the provinces Limburg, Flemish Brabant and the Southern part of East Flanders. 

 
Figure 5.11: Fraction of groundwater-borne nitrate input into surface waters 

The aquifers in the Northern and middle part of Flanders show an opposite behaviour. There, 

long groundwater residence times and good denitrification conditions cause denitrification 

rates of up to 90% and more of the inputs into the aquifer systems. As a consequence, 

groundwater is almost nitrate-free when it enters the rivers after transport through the aquifer 

systems. 
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6 Determination N input into surface water via dire ct 
runoff and groundwater runoff for 50 selected 
catchment areas 

6.1 Nitrogen outputs from root zone 

The determination of the N inputs into surface waters was carried out for each of the selected 

50 catchment areas. The geographical location of the catchments is shown in figure 6.1. The 

size of the catchments range between 20 and 500 ha.  

 

Figure 6.1: Geographical location of the 50 case study catchments 

For each of the 50 case study catchment areas N residues which characterize the amount of 

nitrogen which can be leached from the root zone have been quantified by the  K.U. Leuven 

on the level of individual plots for the period 2004–2007 (figure 6.2). 
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Figure 6.2: Amount of N leached out of the root zone calculated from nitrate residue values 
for the time period 2004–2007 for three of the 50 catchments (catchments are 
labelled with the VMMNR of the MAP monitoring point) 

 

6.2 Determination of the N inputs into surface wate rs via direct runoff 

According to section 5.4 it is evident that not the whole amount of nitrate in the soil 

compartiment is displaced into the aquifer. A part of it is transported to surface waters with 

the direct runoff components. The ratio between groundwater recharge and direct runoff 

(figure 5.10) is taken as a measure for the determination of the input of diffuse nitrogen 

surpluses from soil to groundwater and surface waters according to the different hydrological 

input pathways.  

Figure 6.3 shows the N input into surface waters via direct runoff components. For this 

portion of the N input into surface waters it is assumed that no further denitrification of the N 

residues takes place. Hence, the N input into surface waters via direct runoff corresponds to 

the N residue value allocated to the direct runoff component. The results in figure 6.3 show 

that this fraction lies between ca. 350 and ca. 5600 kg/a in the three case study catchments.  
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Figure 6.3: N input into surface waters via direct runoff components 

6.3 Determination of the N inputs into surface wate rs via groundwater runoff 

Figure 6.4 shows the N residue portions which are displaced into the aquifer exemplary for 

three catchment areas. It is evident that the portions of the N residue values which are 

displaced into the aquifer are considerably higher than the N inputs via direct runoff. But 

even within the small catchments the range of values display large differences and comprise 

values between < 25 kg/a and > 75 kg/a. The integrated values over the whole catchments 

which are shown in figure 5.3 indicate the different significance of displaceable N residues in 

individual catchment areas. However, the determined values between ca. 3300 and 19000 

kg/a depend also strongly on the catchment size.  
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Figure 6.4:  Nitrogen input into the aquifer 

The groundwater-borne N inputs in surface waters have been determined based on the 

WEKU model, i.e. under consideration of the grid-wise modelled residence times (figure 4.8) 

and the allocated half life times for denitrification in groundwater (figure 5.10). Consequently 

results on groundwater-borne nitrate inputs are available area-differentiated of the basis of 

raster cells with a resolution of 25 m x 25 m. The results shown in figure 6.5 are presented 

for the initial grids and indicate the nitrate remaining in groundwater after reactive transport in 

the aquifer.  

For the exemplary three catchment areas the groundwater-borne N inputs into surface 

waters for the time period 2004–2007 are in general lower than the quantities of N leached 

out of the root zone calculated from nitrate residues. However, while the total quantities of N 

leached from the root zone vary considerably between the 3 catchments as shown in figure 

6.2, the quantities of N that reach the surface water via the groundwater (fig. 6.5) show the 

same order of magnitude (between ca 2000 kg/a and ca. 3400 kg/a). Hence, denitrification in 

the aquifer does not have the same importance in the three catchments. The results indicate 

instead that in one catchment the N residues have been denitrified from ca. 20000 kg/a down 

to ca. 2000 kg/a (ca. 90%) during transport in the aquifer, whereas in another catchment the 

N residues decreased from ca. 3300 kg/a to ca. 2700 kg/a only, so that ca. 80% of the inputs 

into the aquifer are still present when the groundwater discharges into surface waters. 

The examples illustrate that it is advisable to derive WEKU-process factors for the 

denitrification in aquifer on the level of the individual catchments, i.e. under consideration of 

the individual hydrochemical site conditions and groundwater residence times. 



���������	���
�������

������	����
����
���	���	��������� 	�����
����
�	���	�	���	���������
������������	�����

 

  6�=�

 
Figure 6.5:  Exemplary groundwater-borne N inputs into surface waters for the time period 

2004–2007 

For this purpose the catchment-wide integrated quantities of N leached from the root zone 

(according to the example shown in figure 6.2) and the related groundwater-borne N inputs 

into surface waters (according to the example shown in figure 6.5) have been used to 

calculate the fraction of N leached from the root zone that reaches the surface water via the 

groundwater (see figure 6.6). A factor of 0.33 (as shown in figure 6.6) means that 33% of the 

N leached from the root zone has reached the surface water via the groundwater. 
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Figure 6.6:  Fraction of N leached from the root zone that reaches the surface water via the 

groundwater for the time period 2004–2007 

6.4 Total mean N inputs into surface waters via gro undwater and direct runoff 

The total N inputs into surface waters via direct runoff and groundwater runoff vary 

considerably amongst the three catchments (see figure 6.7). In catchment 738005 for 

example nitrogen input via direct water runoff is negligible, whereas groundwater-borne 

nitrogen inputs are still significant in spite of denitrification losses in the aquifer. Catchment 

658730 shows the opposite behaviour. There, more than 5500 kg/a N is reaching the surface 

waters via direct runoff (see figure 6.3) but groundwater runoff contributes only less than 

2000 kg/a N to the total diffuse N inputs into surface waters (figure 6.5).  

As the indication of the total N input into surface waters in kg/a depends largely on the 

catchment size, the indication in kg/(ha*a) is an alternative measure to characterize the N 

pollution potential. Consequently, the “small” catchment 738005 has a very high N input into 

the surface waters per ha (approximately 40 kg/(ha*a) while the catchments 631580 and 

658730 with 27 and 20 kg/(ha*a) have medium N inputs into surface waters compared to 

their size. 
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Figure 6.7:  Total mean N inputs into surface waters from direct runoff and groundwater 

In figure 6.8 the validity check for these three catchment areas is shown. The coefficient of 

determination (r²) allegorizes with 0.97 the very good correlation between modelled N inputs 

into the surface waters and measured loads in the river. 
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Figure 6.8: Validity check for three exemplary catchments 
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7 WEKU- process factors for the assessment of 
groundwater-borne nitrate inputs into surface water s for 
50 selected catchment areas throughout Flanders 

The procedure described in section 6 for three exemplary catchment areas has been applied 

for all 50 catchment areas in Flanders. In order to derive a WEKU-process factor for the 

groundwater-borne nitrate inputs into surface waters for each of the 50 selected catchment 

areas the grid-wise calculated N loads were summed up for the N leached from the root 

zone, the outputs via direct runoff, the N inputs into groundwater and the N outputs into 

surface waters via groundwater runoff (see table 7.1). The WEKU-process factor PF is 

determined from the amount of N leached from the root zone (derived from estimated or 

measured nitrate residues) and the WEKU-modelled N discharge into surface waters via 

direct runoff and via the groundwater. A high WEKU-process factor (e.g. 20) means that 

most N leached from the root zone entering into the aquifer is denitrified during transport in 

the aquifer.  A WEKU-process factor close to one means that almost all N leached from the 

root zone reaches the surface water, as direct runoff thus precluding any denitrification, 

and/or via a phreatic aquifer that has denitrification half life times that are too large relative to 

the residence time to effectively remove the nitrate. Table 7.1 shows that the determined 

WEKU-process factors for the 50 catchments in Flanders range between 1.11 and 4.44. This 

can be regarded as a strong argument for a catchment-wide derivation of WEKU-process 

factors. 
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Table 7.1:  Model results for 50 catchment areas in Flanders 

VMMNR 
Area 

Catchment 
[ha] 

Nitrogen 
leached from 

root zone 
[kg/a]    

(1) 

Nitrogen 
OUTPUT direct 

runoff [kg/a]  
 

(2) 

Nitrogen 
INPUT 

groundwater 
[kg/a] 

(3) 

Nitrogen 
OUTPUT 

groundwater 
[kg/a] 

(4) 

WEKU-PF 
calculated 

as: 

)()(
)(

42
1
+

 

13550 248 14589 8588 6001 43 1.69 
22400 85 6457 4604 1853 597 1.24 
65200 147 8796 251 8546 4947 1.69 
68900 95 5776 259 5517 2949 1.80 
69500 244 15065 497 14569 8290 1.71 
79620 160 10202 493 9709 3970 2.29 
94600 291 18122 507 17615 14558 1.20 
133100 324 19901 652 19248 17278 1.11 
232550 349 15625 790 14835 6011 2.30 
269620 248 8667 897 7771 2032 2.96 
283650 250 14523 812 13711 4073 2.97 
303855 195 9368 612 8756 1635 4.17 
306300 491 19979 576 19403 6815 2.70 
319120 261 12998 791 12207 2304 4.20 
365500 112 5925 1289 4636 1538 2.10 
365650 109 4911 1087 3824 1118 2.23 
367700 105 6166 1420 4746 1648 2.01 
389780 51 1501 337 1163 817 1.30 
420530 38 1926 65 1861 1334 1.38 
436900 307 8731 1907 6824 3787 1.53 
437950 153 4928 541 4388 1649 2.25 
442910 80 3653 1252 2401 1879 1.17 
451570 118 6038 1084 4953 1493 2.34 
451640 56 2163 199 1964 750 2.28 
464450 125 7404 1530 5874 1408 2.52 
495150 141 7276 254 7022 1385 4.44 
497920 95 5082 277 4806 2296 1.98 
497950 89 5030 174 4856 1638 2.78 
537540 191 8288 1840 6447 1597 2.41 
538350 135 6652 1575 5077 2264 1.73 
538970 469 23733 5447 18287 8465 1.71 
542100 130 6943 211 6732 1746 3.55 
550400 112 4855 173 4682 1434 3.02 
582943 93 7611 1519 6093 4064 1.36 
631580 174 10251 1366 8884 3372 2.16 
651390 68 4457 458 3998 1482 2.30 
658730 381 18949 5655 13294 1938 2.50 
666425 266 16201 2101 14099 3196 3.06 
690033 385 23472 3561 19911 2950 3.61 
709623 202 12437 486 11951 8202 1.43 
738005 70 3307 327 2979 2559 1.15 
757800 133 7099 710 6389 2242 2.41 
765055 108 6689 239 6449 3257 1.91 
868400 275 14229 11042 3187 584 1.22 
876030 100 4997 4227 770 48 1.17 
906750 244 12377 834 11543 3119 3.13 
913092 279 16338 2530 13807 3782 2.59 
947150 21 1290 155 1135 926 1.19 
972021 124 7913 1106 6807 1736 2.78 
990030 375 22899 3981 18918 4625 2.66 
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Validity check in 50 catchments 

In order to check the validity of the modelled N inputs into surface waters the N input via 

direct runoff and groundwater runoff was summed up and compared to the mean load in the 

river. For this validity check measured river quality data from the gauging stations of the 50 

catchments was available.  

Since data about point source inputs were missing for the 50 catchments these inputs were 

ignored in the validation. However, since the catchment areas range between only 20 and 

500 ha in size and comprise only rural areas, the influence of settlements and related point 

source inputs are supposed to play a minor role only. Additionally N retention in surface 

waters was not considered in the validation procedure due to a lack of data. It can be 

assumed that also this parameter doesn’t play an important role because of the small size of 

the catchments and recipients respectively. 

Figure 7.1 shows the validity check for the 50 catchment areas. In view of the model 

uncertainties in determining N residues, groundwater residence times and reaction constants 

for denitrification and in view of the missing information about point source N inputs and 

retention in surface waters the correlation between modelled and measured N loads is 

acceptable. 
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Figure 7.1: Validity check of N inputs into surface waters 
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8 Summary 
The main target of this project was the determination of WEKU-process factors for the 

regional differentiated consideration of denitrification losses in groundwater during transport 

in aquifers in Flanders. For this purpose the portion of nitrate residues in soils which are 

displaced to the aquifers with groundwater recharge and the nitrate load which is still present 

in the groundwater when the groundwater discharges into surface waters are determined. 

Calculations are based on the WEKU model, in which the reactive nitrate transport in 

groundwater is considered as a function of the half life times of denitrification in aquifers and 

the residence times in the aquifer. Whereas the modelling of groundwater residence times 

and the assessment of half life times of denitrification in aquifers was carried out area-

covering for the whole territory of Flanders in a spatial resolution of 25m x 25m, the 

derivation of the WEKU-process factor for the denitrification losses in groundwater was 

determined for the 50 selected catchments exclusively, for which N residue values had been 

derived by K.U. Leuven. 

Depending on the regional site conditions the assessed groundwater residence times  

ranged between less than five years and more than 250 years. The long residence times in 

many lowland regions (polder areas) may be essentially attributed to the low hydraulic 

gradients and the low groundwater velocities respectively. Short residence times have been 

determined for areas in the vicinity of rivers and/or regions with steep hydraulic gradients and 

high groundwater velocities respectively. This situation is typical for e.g. upper Dijle and 

upper Dender. It must be emphasized that groundwater runoff does not represent the 

dominant runoff component in all regions. In artificially drained regions, for example, 

groundwater runoff often contributes less than 20 % to the total runoff. This must be 

considered in case the modelled groundwater residence times are used for the determination 

of reactive nitrate transport in aquifer and the interpretation of the related results concerning 

the importance of groundwater-borne nitrate inputs into aquifers.  

For this reason the ratio between groundwater runoff and direct runoff  was taken as a 

measure for assessing the regional importance of the different hydrological input pathways, 

i.e. runoff components, for the input of diffuse nitrogen surpluses from soil to groundwater 

and surface waters. Results indicate that groundwater runoff is dominating in almost all parts 

of Flanders and contributes to 70% - > 90% to the rivers’ discharge. Only in the Marshy 

areas of the Polders direct runoff from drainage systems is the dominating input pathway for 

nitrate into surface waters.  

For the assessment of denitrification conditions in aquifer s data from ca. 2600 

groundwater quality monitoring stations throughout Flanders was available. At first observed 

concentration values for the redox-sensitive parameters oxygen, iron(II) and manganese(II) 

were regionalized using Kriging interpolation. Additionally a hydrogeology factor has been 

included in order to consider the regional influence of hydrodynamic conditions and the 

oxygen input with groundwater recharge for the designation of denitrification conditions. 
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Subsequently the denitrification conditions in aquifers have been assessed by allocating the 

individual hydrochemical parameters and the hydrogeology factor to steady nitrate 

degradation classes. Results indicate that the overall hydrochemical conditions for 

denitrification in groundwater are quite favourable in Flanders. Only the ”Hoogterrasafzetting” 

and Leemstreek display oxidizing groundwater conditions and hence unfavourable 

denitrification conditions in groundwater. 

After this, half life time values for denitrification in aquife rs , which were assessed in the 

framework of a literature review, were assigned to the nitrate degradation classes. 

Accordingly half life times of denitrification in groundwater between ca. 0.5 years and 7 years 

were allocated to denitrifying groundwater, whereas half life times in the range of 120 years 

were allocated to groundwater showing non-nitrate degrading aquifers. Results for Flanders 

indicate that the most favourable site conditions for denitrification and accordingly lowest half 

life times prevail in the discharge areas of West-Flanders and in the sandy aquifers of Diest 

and Bolderberg in the Eastern part of Flanders. There, allocated half life times of 

denitrification are in general less than 2 years. For many transit areas half life times between 

ca. 2 and 7 years have been assessed. Half life times > 7 years can only be found in 

relatively small areas e.g. in the Southern parts of Eastern Flanders and Flemish Brabant, 

i.e. in groundwater recharge areas, for which the hydrochemical parameters have shown 

oxidized hydrochemical conditions. 

The determination of the N inputs into surface waters  was carried out for 50 selected 

catchment areas. N residues for these catchments have been quantified by K.U. Leuven on 

the level of individual plots for the period 2004–2007. The ratio between groundwater runoff 

and direct runoff was taken as a measure for the determination of the input of diffuse 

nitrogen surpluses from soil to groundwater and surface waters according to the different 

hydrological input pathways. For the N input into surface waters via direct runoff components 

it is assumed that no further denitrification of the N residues takes place.  

The groundwater-borne N inputs in surface waters vary regionally and largely depend on the 

residence times and the allocated half life times for denitrification in groundwater. The 

WEKU-process factors for denitrification in aquifer  have been assessed on the level of 

the individual catchments, i.e. as a catchment wide integrated value and characterize nitrate 

load which is still present in the groundwater when the groundwater discharges into surface 

waters. Results indicate significant differences for the importance of denitrification in the 

aquifer. Whereas in the Polder regions more than 90% of the inputs into groundwater are 

denitrified in the aquifer, less than 80% are degraded in the “Hoogterrasafzettingen”. This 

can be regarded as a strong argument for a catchment-related derivation of WEKU-process 

factors for denitrification in aquifers rather then in the form of a lump-sum value for the 

groundwater. 

In order to check the validity of the modelled N inputs into surface wate rs  the N input via 

direct runoff and groundwater runoff was summed up for the 50 catchment areas and 

compared to the observed mean N load in the river. In view of the model uncertainties in 

determining N residues, groundwater residence times and reaction constants for 

denitrification and in view of the missing information about point source N inputs and 
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retention in surface waters the correlation between modelled and measured N loads was 

acceptable.  

Nevertheless there are a number of possibilities to further improve the performance of the 

WEKU model in Flanders by including improved data bases: 

·  The compilation of a consistent digital elevation model of the groundwater surface in 

Flanders and the related possibilities for an improved derivation of effective recipients, 

flow directions and hydraulic gradients and groundwater residence times respectively. 

·  The consideration of regional hydrogeological information from regional studies and 

drilling profiles, i.e. about the petrography and the hydraulic conductivity,  

·  A plausibility check of the modelled groundwater velocities and groundwater residence 

times by including results from regional studies (Tracer tests),  

·  The data base for the assessment of denitrification conditions in aquifers, actually ca. 

2600 groundwater quality monitoring stations throughout Flanders should be 

homogenized in terms of density, sampling depth and sampling frequency. 

·  The half life times of denitrification in aquifers have been assessed based on a literature 

review exclusively. Reaction kinetics should be verified in selected field studies 

throughout Flanders. 

·  The gathering of information about point source N inputs into surface waters and the N 

retention in surface waters for the 50 catchments is also indispensible for the evaluation 

of the WEKU model results. 

The permanent further development and application of the WEKU model concept would have 

the advantage that all available regional data (Hydrogeology, Hydrodynamic, N residues 

(land use) and hydrochemistry) which influence denitrification in aquifers are linked to each 

other. 
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