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In the catch ment of the Noor brook, by the Dutch/Bel gian bor der,  ex cess pre cip i ta tion with high ni trate con cen tra tions (80–120 mg·l–1)
re charges the Cre ta ceous multi-aquifer sys tem un der the pla teau and foot hill (ag ri cul tural area). The ni trates are trans ported through the
aqui fer (me dian NO3

-  > 50 mg·l–1 un der the pla teau) to wards springs and wetlands of the Noorbeemden na ture re serve. The ma jor spring

has a  con cen tra tion of 70–80 mg·l–1. The con cen tra tion in the Noor brook is some what lower (me dian 46 mg·l–1) be cause of
denitrification in the wetlands. The ground wa ter flow and trans port model FLONET/TRANS was used to sim u late the de vel op ment of
the ni trate dis tri bu tion in the last 50 years. The gen eral NO3

-  dis tri bu tion in the north ern part of the catch ment could be rea son ably well
pre dicted, whereas the con cen tra tions in the south ern part were un der es ti mated by about 20 mg·l–1. The sim u lated fu ture trend in the
north ern part of the catch ment in the next 100 years shows that a re duc tion of ni trate leach ing by 50% is re quired to level off the cur rently
still in creas ing con cen tra tions. A dra matic de crease of leach ing by 75% is needed to achieve pre-1950’s con cen tra tions. This im plies that 
the man age ment plan of the Noorbeemden Na ture Re serve, which is com plied by the Na ture Con ser va tion Or gani sa tion, should not aim
at bo tan i cal res to ra tion in the first de cades, even if se vere re stric tions in ni tro gen ap pli ca tion are im posed on the farm ers now.
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INTRODUCTION

Since the 1950s, in ten si fi ca tion of ag ri cul ture in the Neth er -
lands has re sulted in sig nif i cant ni trate leach ing to ground wa ter 
bod ies. In the mid 1980s, ni trate con cen tra tions were in creas -
ing in more than 75% of the well fields that ex tracted ground -
wa ter from un con fined aqui fers. In some fields the drink ing
wa ter stan dard of 50 mg NO3

- ·l–1 was al ready ex ceeded (RIVM, 
1988). Now a days, ground wa ter re sources in extensive Dutch
ar eas with fresh ground wa ter are at risk. Such con di tions pre -
vail, for ex am ple, in the southeastern part of the Neth er lands in
the area ad ja cent to the Bel gian bor der, i.e. South-Limburg. In
this re gion, about 20·106 m3y–1 of ground wa ter with in creased 
NO3

-  con cen tra tion is ex tracted from an un con fined Cre ta ceous 
chalk aqui fer. In one well field the ni trate con cen tra tion has in -
creased from 15 mg·l–1 in 1955 to 40 mg·l–1 in the late 1980s
and is still ris ing (Juhász-Holterman et al., 1989). A re gional

wa ter treat ment plant has been built there to re move ni trate
from ground wa ter be fore it is dis trib uted as drink ing wa ter. In -
creasing ni trate con cen tra tion also has ad verse ef fects on
wetlands. The bo tan i cal com po si tion changes, of ten dra mat i -
cally, de creas ing the eco log i cal value.

Many coun tries in west ern Eu rope, where chalk aqui fers
oc cur, have been fac ing sim i lar prob lems. In some ar eas in
France and Eng land, for in stance, ni trate con cen tra tion is over
50 mg·l–1 due to in ten sive ag ri cul tural ac tiv i ties. In ar eas of low
in fil tra tion it is likely to ex ceed 100 mg·l–1 even tu ally
(Downing et al., 1993; Hack-ten Broeke et al., 1996). More
than 2 mil lion peo ple in France and Eng land have been sup -
plied with ground wa ter con tain ing more than 50 mg·l–1 over
many years (Downing et al., 1993). Pol icy mak ers on na ture,
en vi ron ment and drink ing wa ter re sources want to know when
ni trate re duc tion pol icy mea sures will re sult in lower ni trate
con cen tra tion in the ground wa ter and sur face wa ter sys tems of
the chalk hydrogeological unit.



In re cent years, sev eral en vi ron men tal laws and mea sures
have been im posed on farm ers in or der to re duce ni tro gen ap -
pli ca tion and losses in the Neth er lands. Re search is be ing car -
ried out to in ves ti gate the fate of ni trate and its path ways in
ag ri cul tural catch ments. In this frame work, wa ter flow and ni -
trate con cen tra tion in ground wa ter and sur face wa ter have been 
mon i tored in the Noor catch ment since the early 1990s. This
ex per i men tal catch ment with deep wa ter ta bles is rep re sen ta -
tive of the chalk hydrogeological unit, which cov ers the south -
ern part of Lim burg and ad ja cent re gions in Bel gium. This
hydrogeological unit is very dif fer ent from the other mostly un -
con sol i dated Quarternary hydrogeological units in the Neth er -
lands. In the ini tial stage of the study in the Noor catch ment,
high ni trate con cen tra tions were found in the chalk aqui fer and
ex tremely low con cen tra tions in the ri par ian area. The main
spring shows a clear up ward trend of ni trate con cen tra tion,
which has re sulted in ni trate con cen tra tions above the drink ing
wa ter stan dard (van Lanen and Dijksma, 1999).

The ob jec tives of this study are: (1) to de scribe the
hydrogeological sys tem of the Noor catch ment, (2) to re port the 
ob served ni trate con cen tra tions, (3) to de velop a rel a tively sim -
ple ground wa ter flow and sol ute trans port model to ex plain ni -
trate mi gra tion in the past and the pres ent con cen tra tions , and
(4) to model fu ture ni trate con cen tra tion trends in the Noor
catch ment as a re sult of the ni trate re duc tion pol icy.

DESCRIPTION OF THE NOOR CATCHMENT

HYDROGEOLOGICAL SYSTEM

The Noor catch ment (1056 ha) is lo cated in the south-east
of the Neth er lands and north-east of Bel gium (Fig. 1). The el e -
va tion var ies be tween 91 m a.s.l at the out let and 240 m a.s.l. in
the south-east. The Noor brook starts as the Sint Brigida spring
(ma jor spring) in Noorbeek (the Neth er lands) at 138 m a.s.l.
and dis charges into the Voer in ‘s-Gravenvoeren (Bel gium).
The Voer is a small trib u tary of the river Meuse. The Noor
brook has a length of 3 km and drains the south east ern part of a
dis sected Cre ta ceous chalk pla teau. The val ley has a steep
north ern slope (20%) and a gen tler south ern slope (7%). Per -
ma nent grass land and ar a ble land (mainly maize) cover 62 and
35% of the catch ment, re spec tively.

Con sol i dated Up per Car bon if er ous shales and sand stones,
folded dur ing the Variscan Orog eny, form the im per me able
base of the ma jor part of the ba sin at a depth of 50–150 m (Ta -
ble 1, Fig. 2). In the down stream part in Bel gium these shales
and sand stones have been eroded and per me able Lower Car -
bon if er ous lime stones oc cur, which im plies that the im per me -
able base is at more than 800 m depth. The con sol i dated rocks
are dis cor dantly over lain by subhorizontal Up per Cre ta ceous
de pos its. These start with coastal en vi ron ment sed i ments
(Aken For ma tion) con sist ing mainly of well sorted sands. The
sands only pre vail in the south east ern part of the catch ment due

54 Maciej Kłonowski, Henny A. J. van Lanen and Roel Dijksma

Fig. 1. Lo ca tion of the Noor catch ment, cross-sections and gaug ing sta tion (van Lanen and Dijksma, 1999)



to ero sion in the Cre ta ceous. Above the Car bon if er ous or Aken
For ma tion a tidal flat unit oc curs, which em bod ies a sed i men -
tary suc ces sion con sist ing of clayey silts (ma trix) with gully
fill ings (silt-fine sand) interbedded with thin lay ers (0.1–0.2 m)
of con sol i dated and frac tured sand stones (Vaals For ma tion).
Chalk sed i ments (Gulpen For ma tion) over lie the tidal flat unit.
The chalk is soft and poorly bed ded and con sists of nearly 90%
cal cite (e.g. Nota et al., 1988; Felder, 1996). On top of the chalk 
a poorly sorted regolith (Eindhoven For ma tion) oc curs. Dur ing 
the Pleis to cene, the Noor brook deeply in cised into these geo -
log i cal for ma tions, erod ing the chalk and the top part of the
Vaals For ma tion. There fore, in the val ley cen tre, the chalk is
miss ing. There, the Late Pleis to cene and Ho lo cene val ley fill -
ings (Singraven For ma tion) di rectly cover the Vaals For ma -
tion. Be cause of the deeply in cised val ley, deep ground wa ter
lev els pre vail un der the pla teau. This im plies that the regolith
and the up per part of the chalk are un sat u rated. A multi-aqui fer
sys tem oc curs in the lower part of the chalk and the Vaals For -
ma tion. The aqui fer is un con fined, ex cept for the val ley cen tre
where, due to the fine-grained na ture of the val ley fill ing,
semi-con fined con di tions oc cur. At some lo ca tions in the cen -
tre of the val ley, ar te sian con di tions are even ob served (van
Lanen et al., 1995; van Lanen and Dijksma, 1999).

Mea sure ments show that the thick ness of the un sat u rated
zone var ies from less than 0.5 m in the val ley up to 40 m un der
the pla teau. The regolith readily al lows in fil tra tion of pre cip i ta -
tion into the soil. Ex per i men tal re search in the chalk re gion
con firmed that sur face run off and interflow hardly oc cur. Anal -
y sis of the stream flow hy dro graph at the gaug ing point M6
(Fig. 1) showed that more than 95% of the stream flow con sists
of ground wa ter dis charge (Dijksma et al., 1997). This is sup -
ported by the chem i cal com po si tion, which in di cates that al -
most all sur face wa ter sam ples be long to the CaCO3 type,
re flect ing a strong in ter ac tion with the chalk sed i ments (Nota et 
al., 1988; van Lanen et al., 1995). This means that, ex cept for
the vil lage of Noorbeek and the nar row wet val ley, ex cess pre -

cip i ta tion re charges the ground wa ter sys tem. Deep wa ter ta bles 
un der the pla teau show a de layed and smoothed re sponse to ex -
cess pre cip i ta tion. The an nual pre cip i ta tion var ied be tween 616 
and 987 mm in the pe riod 1991–1996 and the cal cu lated
ground wa ter re charge var ied be tween 130 and 410 mm. The
daily stream flow at the gaug ing point M6 showed a vari a tion
be tween 0.25 and 0.90 mm·d–1 (Dijksma et al., 1997).

MONITORING NETWORK

Since 1991 pre cip i ta tion has been mea sured at three lo ca -
tions and ground wa ter lev els at about 40 lo ca tions. Most
piezometers are lo cated in the cross-sec tions A–A’ to D–D’
(Fig. 1). In the wet val ley, shal low ob ser va tion wells (2–3 m)
were in stalled to ob serve ground wa ter heads of the un con fined
aqui fer in the val ley fill ings and deep wells (5–8 m) to ob serve
the heads of the semi-con fined aqui fer in the Vaals For ma tion.
A few ob ser va tion wells and dug wells are used to mon i tor the
heads of the un con fined aqui fer in the chalk un der the pla teau.
Dis charge of springs and sur face streams have been mon i tored
at 13 sites.

NITRATE

Since 1991, the chem i cal com po si tion of the sur face wa ter
sys tem has been de ter mined ev ery month or two months at two
springs, at seven trib u tar ies of the Noor and at three lo ca tions in 
the Dutch part of the lon gi tu di nal pro file of the Noor brook.
Ground wa ter has been sam pled four times a year and, since
1997, monthly in ap prox i mately 25 piezometers and wells. In
the sum mer of 1995, nu mer ous springs (n = 55) were sam pled
once at both sides of the brook (Kroon, 1995). Ni trate is one of
the phys i cal-chemical com po nents which was mea sured. Two
meth ods were used to de ter mine ni trate con cen tra tions, i.e.
con ven tional ion chro ma tog ra phy in an an a lyt i cal lab o ra tory
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T a  b l e  1

Hydrogeological char ac ter is tics of the Noor catch ment (Nota et al., 1988; van Lanen et al., 1995; Felder, 1996; Kessels, 1997)

Time pe riod For ma tion De scrip tion

Qua ter nary

Singraven (SF)
un con sol i dated val ley fillings (1–5 m); grav elly, fine-grained with thin peat lay ers;
kx=1.5⋅10–1m·d–1,  ky =7.5⋅10–2 m·d–1, θ = 0.15

Eindhoven (EF)
un con sol i dated regolith or over bur den (1–10 m); mix ture of clay with flints and loess; un sat u -
rated; kx = 2.0 m·d–1, ky = 6⋅10–1 m⋅d–1

Up per Cre ta ceous

Gulpen (GF)
slightly con sol i dated, light col oured, fine-grained chalk with fis sures (max. 40 m); up per part
un sat u rated; kx =

  ky = 2.0 m⋅d–1, θ = 0.10

Vaals (VF)
sat u rated; glauconite-containing, un con sol i dated clayey silts (max. 40 m) with thin frac tured
sand stone lay ers; silts: kx = 6⋅10–1 m·d–1, ky = 3⋅10–1 m⋅d–1, θ = 0.15; sand stone lay ers*: kx=  ky

= 20 m⋅d–1,  θ = 0.05

Aken (AF) sat u rated; light col oured fine-grained quartz sands (max. 35 m)*

Up per Car bon if er ous con sol i dated shales and sand stones; im per me able base; kx= ky=1⋅10–6 m⋅d
–1

, θ = 0.01

Lower Car bon if er ous karstified con sol i dated lime stones*

kx — hor i zon tal per me abil ity, ky — ver ti cal per me abil ity, θ — ef fec tive po ros ity; *not in cluded in the model



and a set of in te grated se lec tive elec trodes, which can be used
ei ther in a lab o ra tory or in a field sta tion. Com par i son of both
meth ods showed a good agree ment be tween the NO3

-  con cen -
tra tions of du pli cates (van Lanen and Dijksma, 1999).

DESCRIPTION OF FLOW AND SOLUTE TRANSPORT
MODEL FLONET/TRANS

The soft ware code FLONET/TRANS (Guiger et al., 1997)
al lows sim u la tion of 2D steady-state ground wa ter flow and
tran sient advective-dispersive con tam i nant trans port in sat u -
rated po rous me dia. The flow and trans port equa tions used in
the programme are given in An nex 1. The programme cal cu -
lates hy drau lic heads, streamfunctions, flow ve loc i ties, con -
tam i nant con cen tra tions and break through curves.
FLONET/TRANS uses the fi nite el e ment method to solve the
flow and trans port equa tions nu mer i cally. It al lows het er o ge -
neous and anisotropic do mains, vari able bound ary con di tions
and source lo ca tions. The con tam i nant can be sub ject to lin ear
re tar da tion, dif fu sion and first-or der de cay.

The FLONET/TRANS steady-state ground wa ter flow
model of the cross-sec tion B–B’ in the Noor catch ment (Fig. 1)
was de vel oped by Kessels (1997). A ground wa ter con tour map
has been used to lo cate the cross-sec tion per pen dic u lar to the
con tour lines in the hor i zon tal plane and to de rive the po si tion
of the wa ter di vide. The mod elled cross-sec tion is 2700 m long
and 105 m high, and it has a south-east-north-west ori en ta tion.
The model mesh is sub di vided into a num ber of cells de fined
by 45 col umns and 43 rows. How ever, the cal i bra tion of the

ground wa ter flow model has proved that the north west ern
ground wa ter di vide for the cross-sec tion B–B’ does not cor re -
spond ex actly with the sur face wa ter di vide. Due to this fact the
sim u lated ground wa ter di vide has been moved 450 m from the
sur face wa ter di vide to wards north-west.

The bound aries of the ground wa ter flow model of the
cross-sec tion co in cide with the nat u ral bound aries of the
multi-aqui fer sys tem, there fore zero-flux bound aries have been 
as signed to the wa ter di vide in the north-west and south east
(Fig. 3) and to the im per me able base of the aqui fer (top of the
Up per Car bon if er ous). A spec i fied-flux bound ary (ground wa -
ter re charge) has been used as an up per bound ary con di tion.
Tran sient ground wa ter re charge has been cal cu lated sep a rately
for ev ery type of land use and soil for the pe riod 1960–1995.
On the ba sis of the com puted time — se ries of an nual ground -
wa ter re charge, three dif fer ent types of steady-state ground wa -
ter con di tions have been de fined: namely dry, av er age and wet.
Ground wa ter re charge has been used as an up per bound ary
con di tion for most of the cross-sec tion. In the cen tre of the val -
ley, how ever, a con stant head has been used as an up per bound -
ary con di tion to sim u late drain age of ground wa ter by springs,
wetlands and the Noor brook. The con stant head has been de -
rived from the el e va tion of the springs, the wa ter-ta ble of the
wetlands (near the sur face) and the sur face wa ter level of the
Noor brook. The drain age re sis tance of the springs, ditches in
the wet land and the Noor brook has been de fined by in tro duc -
ing a layer of cells with a low ver ti cal con duc tiv ity.

The real hydrogeological con di tions have been sim pli fied
(Fig. 3) and ev ery hydrogeological unit has been as sumed to be
ho mo ge neous. The hydrogeological prop er ties of the units, such
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Fig. 2. Hydrogeological cross-sec tion I–I’; cross-sec tion line is in di cated in Fig. 1 (van Lanen et al., 1995)



as hy drau lic con duc tiv ity in the x-, y-di rec tions and ef fec tive po -
ros ity, were ini tially de rived from the cal i brated MODFLOW
model (van Lanen et al., 1995). In the next stage hydrogeological
prop er ties were cal i brated sep a rately for ev ery hydrogeological
unit us ing the FLONET/TRANS model (Kessels, 1997). Those
val ues are pre sented in Ta ble 1. Kessels (1997) ob tained a rea son -
able agree ment be tween the sim u lated and the ob served ground -
wa ter heads of the un con fined aqui fer (val ley fill ings) and the
semi-con fined aqui fer (Vaals For ma tion).

The ground wa ter flow model of cross-sec tion B–B’, de -
scribed above, was used to de velop a model to sim u late tran sient
advective-dispersive ni trate trans port. First a model for the pe -
riod 1950–1997 was de vel oped to sim u late his tor i cal mi gra tion
of the ni trate plume and the cur rent dis tri bu tion of the ni trate
con cen tra tion. Sec ond, fu ture ni trate mi gra tion pat terns were
sim u lated for the pe riod 1998–2098. Three sce nar ios were de -
fined, which rep re sent dif fer ent ni trate re duc tion pol i cies.

The bound ary con di tions of the trans port model fully match 
the bound ary con di tions of the flow model. Zero-con cen tra tion 
gra di ent bound aries co in cide with the zero-flux bound aries of
the flow model (im per me able base at the bot tom and wa ter di -
vide in the north-west and south-east). The only place through
which ni trate en ters the multi-aqui fer sys tem model is the up per 

bound ary (ground wa ter ta ble), where a dispersive-flux bound -
ary was de fined. The his tor i cal ni trate in put has been cal cu lated 
for dif fer ent land use types in South-Lim burg for the pe riod
1950–1995 (Schot et al., 1996). They es ti mated the ni trate con -
cen tra tion of wa ter leach ing from the root zone in 1950 at 20
mg NO3

- ·l–1, which was used as an ini tial con cen tra tion in the
model. This ini tial con cen tra tion is al ready some what higher
than the low est con cen tra tion re ported in the base flow of the
chalk re gion (about 12 mg NO3

- ·l–1; Nota et al., 1988). The av -
er age NO3

-  con cen tra tions for the dif fer ent land use and soil
types for the pe riod 1950–1997 are given in Ta ble 2. These
con cen tra tions were de rived from Schot et al. (1996), and they
were used as the up per bound ary con di tion for the 1950–1997
model. The av er age NO3

-  con cen tra tion is sig nif i cantly higher
in the north ern part of the catch ment (112 mg·l–1) than in the
south ern part (82 mg·l–1). This is be cause of a higher per cent -
age of grass land in the for mer part. Ni trate in put is the low est
(55 mg·l–1) in the wet for ested val ley.

Trans port pa ram e ters, i.e. con tam i nant de cay rate, dif fu sion 
co ef fi cient, source de cay rate, lon gi tu di nal and trans verse
dispersivity of ni trate have been de fined ac cord ing to
Domenico and Schwartz (1990) and Freeze and Cherry (1979). 
They pre sumed that NO3

-  is a sta ble form of dis solved ni tro gen,
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Fig. 3. Hydrogeological cross-section B–B’ show ing the sim u lated ground wa ter flow paths,  schematized hydrogeological units (Eindhoven, Singraven,
Gulpen and Vaals For ma tions and Up per Car bon if er ous), mon i tor ing points (1 — north ern pla teau shal low lo ca tion, 2 — north ern pla teau deep lo ca tion, 3
— north ern foot hill, 4 — south ern foot hill) and bound ary con di tions



un der go ing only mi nor trans for ma tion pro cesses and mi grat ing 
to gether with ground wa ter flow, with no or lit tle re tar da tion
and de cay. Be cause of these char ac ter is tics the rel a tively sim -
ple FLONET/TRANS model can be ap plied to sim u late mi gra -
tion of the ni trate plume in the cross-section B–B’. Af ter
sen si tiv ity anal y sis and the com par i son of sim u lated and mea -
sured ni trate con cen tra tions, mod el ling showed that no cal i bra -
tion was re quired of the NO3 trans port pa ram e ters, as de rived

from the lit er a ture. The sim ple model can not be used to
sim u late denitrification pro cesses. The sim u lated ni trate con -
cen tra tion dis tri bu tion un der neath the val ley cen tre, where
denitrification pre vails, is there fore not re li able and it is not ad -
dressed in this study.

FLONET/TRANS does not ac count for NO3
-  trans port in

the thick un sat u rated zone. The travel time of a wa ter par ti cle in 
this zone is as sessed to be 5–10 years (Juhász-Holterman et al.,
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T a  b l e  2

The av er age NO3
-  in put for dif fer ent types of land use and soils as signed to the dispersive-flux bound ary of the mod els 

(de rived from Schot et al., 1996)

Dis tance in the
x-di rec tion 
from N to S 

[m]

Land use and soil type Com puted con cen tra tion of NO3
-  leach ing from the root zone 

[mg·l–1]  

1950–1997 model 1998–2098 mod els re duc tion by 

ni trate 
in put

weighed 
av er age

25% 50% 75%

–450–500 grasskand 116
112

87 58 29

500–569 for est 55 41 27 14

569 Noor brook

569–705 for est 55

82

41 27 14

705–780 grass land 116 87 58 29

780–2200 tu ber corps on regolith 83 63 42 21

Fig. 4. Sim u lated ground wa ter flow ve loc i ties in the cross-section B–B’ for av er age ground wa ter flow con di tions 



1989). The ni trate ions will stay at least this time in the un sat u -
rated zone. Be cause FLONET/TRANS only deals with the sat -
u rated zone, the sim u lated travel time and re sponse time 
should be cor rected for the travel time in the un sat u rated zone. 

RESULTS

GROUNDWATER FLOW

The sim u lated stream lines (Fig. 3) start at the wa ter ta ble
un der the pla teau and foot hill (re charge area) and fi nally end in
the wet val ley (dis charge area). A small part of the ground wa ter 
re charge in the catch ment only flows through the chalk (foot -
hill north of the Noor brook) and does not flow through the
Vaals For ma tion. The ma jor ity of the re charge flows through
the Gulpen and Vaals For ma tions. The stream lines have a
strong ver ti cal com po nent close to the wa ter di vides and be -
neath the val ley cen tre. In most of the catch ment the ground wa -
ter flows down ward or ap prox i mately hor i zon tally. In a nar row 
zone along the brook (ri par ian area) up ward seep age oc curs.
Sen si tiv ity anal y sis showed that the ground wa ter flow pat tern
does not sub stan tially change for dry and wet con di tions (years
with a low and high re charge, re spec tively). 

The sim u lated ground wa ter flow ve loc i ties are high est be -
low the val ley cen tre and in the chalk north of the Noor brook.
Low ve loc i ties oc cur at the bot tom of the aqui fer, es pe cially 
near the wa ter di vides (Fig. 4). 

The sim u lated travel times in the sat u rated zone are 30 and
50 years for wa ter par ti cles fol low ing the lon gest stream line in
the north and south, re spec tively. The sim u lated stream lines,
flow ve loc i ties and as so ci ated travel times are the key fac tors
for the pre dic tion of the his tor i cal and fu ture ni trate dis tri bu -
tion, as will be shown be low.

CURRENT NITRATE CONCENTRATIONS

MEASUREMENTS

The ni trate con cen tra tion of the Sint Brigida spring (Fig. 5)
char ac ter ises the ground wa ter con tam i na tion in the Noor
catch ment. Since 1991 the con cen tra tion has in creased from
about 60 to 70–80 mg·l–1. The con cen tra tion is well above the
drink ing wa ter stan dard (50 mg·l–1). The ni trate con cen tra tion
of the spring was also mon i tored in the early 1980s, when it in -
creased from about 40 to 50–60 mg·l–1.

Ni trate con cen tra tions of ground wa ter sam ples show a gen -
eral up ward trend (Kłonowski, 1997; van Lanen and Dijksma,
1999). The high est con cen tra tions oc cur in the ground wa ter
un der the pla teau and foot hill. The me dian con cen tra tion is
above 50 mg·l–1 and the high est con cen tra tions are well above
100 mg·l–1. In the wet val ley, ex tremely low con cen tra tions are
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Fig. 5. Mea sured ni trate con cen tra tions of the Sint Brigida spring for the pe riod Sep tem ber 1991–March 1999

Fig. 6. Sim u lated ni trate con cen tra tions at the lo ca tions 1, 2, 3 and 4 for the
pe riod 1950–1997 un der av er age ground wa ter re charge con di tions; lo ca -
tions are in di cated in Fig. 3 



mea sured (me dian 2 mg·l–1) due to denitrification. The vari a -
tion is low there.

The NO3
-  con cen tra tions of springs and sur face wa ter (Noor 

brook and trib u tar ies) are shown in Ta ble 3. The me dian NO3
-

con cen tra tion of the springs is higher than the trib u tar ies and
the Noor brook it self. The springs only re ceive ni trate-rich
ground wa ter from the pla teau and foot hill, whereas the trib u -
tar ies and the main brook also re ceive ni trate-poor ground wa ter 
from the wetlands in the val ley cen tre where denitrification oc -
curs. Fur ther more, the me dian ni trate con cen tra tion in the
north ern springs and the trib u tar ies is sub stan tially higher than
in the south ern ones.

Ex cept for the val ley, NO3
-  con cen tra tions of the ground wa -

ter sam ples show a higher spa tial and tem po ral vari abil ity than
the sam ples from springs and sur face wa ter (Noor brook and
trib u tar ies). The rea son for this is that spring and sur face wa ter
in te grate the chem i cal com po si tion of ground wa ter from a par -
tic u lar area (catch ment area), whereas ground wa ter sam ples re -
flect the char ac ter is tic of par tic u lar point in a 3D flow do main.
In the mod el ling study em pha sis has been put on ex plo ra tion of
gen eral ni trate pat terns and not on the ex pla na tion of con cen -
tra tions mea sured in the aqui fer at a par tic u lar point.

SIMULATIONS

Ni trate mi gra tion in the past has been sim u lated on the
cross-sec tion B–B’ (Figs. 1 and 3) for the pe riod 1950–1997.
The tran sient sim u la tion of ni trate trans port is based upon
steady-state ground wa ter flow con di tions. In the con text of
model sen si tiv ity anal y sis, steady-state sim u la tions of
ground wa ter flow have been per formed for dry, av er age and
wet ground wa ter re charge con di tions. Anal y sis of flow lines
and flow ve loc i ties showed that a steady-state ground wa ter
flow model with av er age re charge as an up per bound ary con -
di tion is a rea son able ba sis for the tran sient sim u la tion of ni -
trate dis tri bu tion. 

Break through curves (NO3
-  con cen tra tion ver sus time) for

the se lected lo ca tions within the model do main (Fig. 3) have
been cal cu lated in or der to il lus trate de vel op ment of the ni trate
plume in the pe riod 1950–1997 (Fig. 6). The quick est re sponse
to the con tam i na tion oc curs at the foot hill (lo ca tion 3), where
ground wa ter fol lows short and shal low flow paths with rel a -
tively high ve loc i ties in the chalk. At this lo ca tion ni trate con -

cen tra tion rap idly in creases at first, then it grows steadily to a
value of about 60 mg·l–1 af ter about 50 years. Com pared to lo -
ca tion 3, the in crease of the ni trate con cen tra tion un der the
north ern pla teau (lo ca tion 1) is slightly de layed but is also grad -
u ally in creas ing. The fi nal con cen tra tion is above 50 mg·l–1.
The ni trate con cen tra tion at the south ern foot hill (lo ca tion 4) is
much lower than at the north ern foot hill dur ing the whole sim u -
la tion time. The fi nal con cen tra tion for this lo ca tion is around
35 mg·l–1. Deeper parts of the Creataceous aqui fer un der the
north ern pla teau (lo ca tion 2) are char ac ter ised by a very slow
re sponse to the con tam i na tion and a low but still in creas ing
con cen tra tion of about 30 mg·l–1 af ter about 50 years.

The fi nal NO3
-  dis tri bu tion (af ter 48 years, pres ent sit u a -

tion), un der av er age ground wa ter re charge con di tions, is
shown in Fig ure 7 for the cross-sec tion B–B’. Gen er ally, the 
NO3

-  con cen tra tion is much higher in the north than in the
south. The high est val ues, over 50 mg·l–1, oc cur at the north ern
foot hill, while the south ern foot hill is char ac ter ised by con cen -
tra tions over 35 mg·l–1. The ni trate con cen tra tion in the up per -
most part of the multi-aqui fer sys tem (Gulpen For ma tion)
un der the pla teau is also very high and var ies be tween 40 and
60 mg·l–1 in the north and 30–38 mg·l–1 in the south. Sim u la tion 
of the ni trate plume mi gra tion shows a zone of stag nant
ground wa ter at the bot tom of the aqui fer, which does not take
any ac tive role in ground wa ter flow and is char ac ter ised by
lower ni trate con cen tra tions (Fig. 7). At the bot tom of the aqui -
fer (Vaals For ma tion) the con cen tra tion reaches 20–25 mg·l–1.

The sen si tiv ity of the ni trate trans port model has been tested 
un der dif fer ent ground wa ter re charge con di tions: dry, av er age
and wet. The anal y sis shows that the ni trate mi gra tion is about
two times faster un der wet con di tions than un der dry con di -
tions. For ex am ple, the drink ing wa ter stan dard (max i mum al -
low able con cen tra tion) of 50 mg·l–1 is reached at the north ern
foot hill af ter 50, 33 and 25 years for dry, av er age and wet con -
di tions, re spec tively (Kordík, 1998). The sen si tiv ity anal y sis
shows that the size of the stag nant zone de pends on the re -
charge. In re al ity, the re charge var ies from year to year, which
im plies that the stag nant zone is smaller than shown in Fig ure 7.

As men tioned ear lier it was not the ob jec tive of this mod el -
ling to pre dict the ni trate con cen tra tions at par tic u lar points (lo -
ca tion, depth and time), but em pha sis was put on gen eral, more
in te grated ni trate con cen tra tions. The sim u lated NO3

-  con cen -
tra tions at the north ern foot hill (55–60 mg·l–1) (Figs. 6 and 7)
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T a  b l e  3

Sta tis ti cal mo ments of ni trate con cen tra tions (mg⋅l–1) in springs and sur face wa ter (af ter Kroon, 1995; Kordík, 1998)

Sam ples Me dian Mean Stan dard 
de vi a tion

Min i mum Max i mum Num ber 
of sam ples

Noor brook*
Trib u tar ies north*
Trib u tar ies south*
Springs*, **
Spring north 1995
Spring south 1995

45.7
46.6
37.4
64.0
64.4
55.4

45.5
44.7
38.3
65.7
59.2
54.2

7.7
8.6
5.7

10.3
15.9
22.0

26.3
31.9
24.5
45.2
26.6
10.9

60.6
70.7
48.5
82.5
87.8

113.6

102
68
57
51
33
22

* — pe riod 1992–1997; ** — two springs north of the Noor brook



cor re spond well with the re cently (1995) mea sured con cen tra -
tions in springs at the north ern foot hill (min 26.6, max 87.8 and
me dian 64.4 mg·l–1, Ta ble 3). In the south ern part of the catch -
ment the mea sured con cen tra tion in the springs (min 10.9, max
113.6 and me dian 55.4 mg·l–1) is un der es ti mated by about 20
mg·l–1 (Figs. 6 and 7). This un der es ti ma tion of the sim u lated
con cen tra tions might be caused by dif fer ent fac tors, among
oth ers: lack of de tailed knowl edge of geo log i cal and
hydrogeological set tings and changes in land use in the past.
Be cause of the un der es ti ma tion of the NO3

-  con cen tra tions, the
south ern part of the catch ment was not fur ther con sid ered in the 
anal y sis of the fu ture trends. This is al lowed be cause the sim u -
la tion shows that the south ern and north ern part of the catch -
ment be have rel a tively in de pend ently (a ver ti cal zero-flux
plane oc curs be low the val ley cen tre), which per mits an eval u a -
tion of the NO3 con cen tra tions in the north ern part only. 

FUTURE TRENDS OF NITRATE CONCENTRATION

A model for the pre dic tion of fu ture ni trate con cen tra tions
has been de vel oped upon the ba sis of the 1950–1997 flow

model. The sim u la tion of fu ture trends starts in 1998 and ter mi -
nates in 2098. The model pre sumes no changes in flow and
trans port pa ram e ters as well as in ground wa ter re charge con di -
tions in the next cen tury. The av er age re charge con di tions have
been as sumed to give a good ba sis for the sim u la tion of the 
NO3

-  dis tri bu tion.
Three sce nar ios have been de fined to study fu ture trends of

ni trate mi gra tion in the north ern part of the catch ment. The
three sce nar ios re flect re duc tion of the NO3

-  in put con cen tra tion 
at the dispersive-flux bound ary by 25, 50 and 75%, re spec -
tively, com pared to the 1950–1997 pe riod model (Ta ble 2).
The ini tial con cen tra tions for the sce nar ios (sit u a tion 1998)
have been as signed by means of six poly gons, char ac ter ised by
av er age NO3

-  con cen tra tions which have been de rived from the
fi nal out put of the 1950–1997 model (Fig. 7). Un for tu nately, a
more pre cise def i ni tion of the ini tial con cen tra tion (e.g. as sign -
ing a value to each el e ment) is im pos si ble with the cur rent ver -
sion of the FLONET/TRANS model. This im plies that no
smooth de vel op ment of the NO3

-  con cen tra tions from the pres -
ent to the fu ture sit u a tion can be sim u lated. 

In the ini tial stage of the sim u la tion of fu ture trends, from 0
to about 25 years, dis tinct fluc tu a tions of NO3

-  con cen tra tion
can be ob served (fine dashed line in Fig. 8) which are due to the 
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Fig. 7. Sim u lated dis tri bu tion of ni trate con cen tra tions in the cross-section B–B’ af ter about 48 years (pres ent sit u a tion) for av er age ground wa ter re charge
con di tions



for mu la tion of the ini tial NO3
-  con cen tra tion. Nev er the less, av -

er age ni trate con cen tra tions at the start ing point of the
1998–2098 mod els, ne glect ing the above men tioned fluc tu a -
tion, ap proach the fi nal ni trate con cen tra tion of the 1950–1997
model (Figs. 6 and 7). Af ter a pe riod of 25 years the model is
adapted to the crude def i ni tion of the ini tial con cen tra tion and
sta bi lizes. The ini tial fluc tu a tion is mainly caused by the ear lier
men tioned de sign of the poly gons and the lim ited num ber of
the poly gons al lowed. There fore, only the trend in ni trate con -
cen tra tion from about 25 years on wards will be dis cussed. 

Re duc tion of ni trate in put by 25% does not cause any de -
cline of the cal cu lated ni trate con cen tra tion (Fig. 8). The break -
through curves for the north ern pla teau (lo ca tion 1) and
north ern foot hill (lo ca tion 3) are very sim i lar and show a grad -
ual in crease. For the whole sim u la tion pe riod they ex ceed the

drink ing wa ter stan dard of 50 mg⋅l–1 and reach con cen tra tions

of above 65 mg⋅l–1, af ter about 98 years.
Re duc tion of ni trate in put by 50% leads to a sta bili sa tion

of the cal cu lated ni trate con cen tra tion in the north ern part of the 
catch ment (Fig. 8). The ni trate con cen tra tions for the pla teau
and foot hill are al most con stant. Nev er the less, a very small up -

ward trend can still be re cog nised. The fi nal con cen tra tion at

both lo ca tions is about 50 mg⋅l–1.
Re duc tion of ni trate in put by 75% causes a de crease of

the cal cu lated ni trate con cen tra tions north of the brook (Fig. 8). 
The fi nal NO3

-  con cen tra tion for the lo ca tions 1 and 3 is about

30 mg⋅l–1 af ter 98 years.

CONCLUSIONS AND DISCUSSION

The hydrogeological sys tem of the Noor catch ment with
deep wa ter lev els in the un con fined Cre ta ceous aqui fer leads to
hardly any gen er a tion of sur face run off or interflow which
quickly feed the Noor brook (<5% of the streamflow). The
ground wa ter re charge pre dom i nantly fol lows a long flow path
through the chalk and un der ly ing silts and sand stone lay ers
with es ti mated travel times up to 50 years. Only in the vi cin ity
of the wet val ley, short flow paths pre vail with travel times of a
few years. Even tually, most of the ground wa ter is dis charged in 
the wet val ley as springs. The re main ing ground wa ter flows to
seep age ar eas and di rectly to the Noor brook.
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Fig. 8. Sim u lated ni trate con cen tra tions for the pe riod 1998–2098 for av er age ground wa ter re charge con di tions at lo ca tions 1 and 3 in the aqui fer for the
25, 50 and 75%  ni trate re duc tion sce nario



In the last 20 years the NO3
-  con cen tra tion of the ma jor

spring, i.e. the Sint Brigida spring, has nearly dou bled from
about 40 to 70–80 mg·l–1. The in crease is the re sponse to leach -
ing of ni trates from ag ri cul tural ar eas. The leach ing for grass -
land in creased from about 20 to more than 100 mg NO3

- ·l-1 in
the last fifty years. In ex ten sive ar eas in the catch ment (pla teau
and foot hills) the ma jor ity of the ground wa ter sam ples has
NO3

-  con cen tra tions above the drink ing wa ter stan dard of
50 mg NO3

- ·l–1. Low ni trate con cen tra tions (< 10 mg NO3
- ·l–1)

oc cur only in the wet val ley. This is, most prob a bly, due to
denitrification pro cesses caused by the rel a tively high con tent
of or ganic mat ter of the val ley fillings. Most of the springs also
have ni trate con cen tra tions (me dian: 55–65 mg NO3

- ·l–1) above
the drink ing wa ter stan dard be cause they drain ni trate-rich
ground wa ter. The trib u tar ies and the Noor brook col lect, other
than spring wa ter, wa ter from seep age ar eas and ground wa ter,
which might have un der gone denitrification. There fore the me -
dian NO3

-  con cen tra tion of these sur face wa ter streams is lower
than that of the springs (be tween 37 and 47 mg·l–1). The north -
ern springs and trib u tar ies have a higher ni trate con cen tra tion
than the south ern ones (me dian about 10 mg·l–1 higher). The
larger grass land area in the north with higher ni trate load is the
main rea son for this.

The rel a tively sim ple 1950–1997 model based upon the
FLONET/TRANS code sim u lates the gen eral ni trate con cen -
tra tion pat terns for the north ern part of the Noor catch ment rea -
son ably well. The model re veals that the higher ground wa ter
re charge and the lower ni trate in put south of the Noor brook
ex plain the lower ni trate con cen tra tion of the springs and trib u -
tar ies there. How ever, the model un der es ti mates the mea sured 
NO3

-  con cen tra tions in the south ern part of the catch ment by
about 20 mg·l–1. The com plex denitrification pro cess could not
be in cluded in the model. This is the rea son that the sim u lated
con cen tra tions in the wet val ley are un re al is ti cally high. The
model also shows that the up per part of the Cre ta ceous aqui fer
was pol luted very soon af ter the in ten si fi ca tion of ag ri cul ture in 
the 1950s, whereas the lower part re sponded much later. In
1997 the ni trate con cen tra tion still in creased in both parts of the 
aqui fer. The north ern springs show a quick re sponse on the
ground wa ter con tam i na tion be cause they are mainly fed by
short flow paths through the chalk. 

The sim u la tion of fu ture trends of ni trate con cen tra tions in
the north ern part of the catch ment, as a re sponse to ni tro gen re -

duc tion mea sures in ag ri cul ture, shows that a re duc tion of the
ni trate leach ate by 25% still re sults in an in crease of the ni trate
con cen tra tions in ground wa ter and sur face wa ter in the next
21st. In this 25% re duc tion sce nario the con cen tra tion in the
leach ate is still higher than the cur rent con cen tra tions in the
aqui fer. In the 50% re duc tion sce nario the cur rent ni trate con -
cen tra tions level sta bi lises, but no sig nif i cant de cline oc curs in
the north ern part of the Noor catch ment. A dra matic de crease
of the ni trate in put, i.e. the 75% re duc tion sce nario, re sults in
slowly de creas ing NO3

-  con cen tra tions to a value of about
30 mg NO3

- ·l–1 (mean NO3
-  in put). This value will be reached

af ter de cades be cause of the long travel times in the Cre ta ceous
multi-aquifer sys tem with deep wa ter lev els.

The mon i tor ing and mod el ling work in the catch ment of the 
Noor brook points out that even if ag ri cul tural prac tices change
sub stan tially, the ground wa ter re sources and na ture re serves in
this chalk unit will suf fer from too high ni trate con cen tra tions
for many years. Na ture man age ment au thor i ties must real ise
that a res to ra tion of the bo tan i cal com po si tion, as so ci ated with
ground wa ter rich in CaCO3 and poor in nu tri ents, is not to be
ex pected within the first de cades. Ir re vers ible pro cesses might
al ready have taken place. 
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ANNEX 1

FLONET/TRANS is a sci en tific soft ware pack age de vel -
oped at the Waterloo Uni ver sity in Can ada. It has been de -
signed to ap prox i mate nat u ral, three di men sional (3D)
ground wa ter sys tems in ei ther the two-dimensional (2D) area
plane or ver ti cal cross-section. It suits es pe cially all
hydrogeological do mains with sig nif i cant ver ti cal vari a tion in
phys i cal prop er ties or with sig nif i cant ver ti cal flow gra di ents.
The programme as sumes: steady 2D ground wa ter flow, fully
sat u rated con di tions, con stant den sity pore wa ter, con tam i nant
in the dis solved phase, con tam i nant di lu tion with a tem per a ture 
equal to that of the pore wa ter.

This soft ware is a com bi na tion of two nu mer i cal fi nite el e -
ment mod els: a steady-state sat u rated ground wa ter flow model
and a tran sient advective-dispersive con tam i nant trans port
model. The model solves the flow prob lem us ing the dual for -
mu la tion (Frind and Matanga, 1985) which for mu lates the flow 
equa tions in terms of hy drau lic po ten tial and stream func tion.
In advective-dispersive con tam i nant trans port FLONET-
/TRANS   solves the 2D equa tion with lin ear re tar da tion and
first-order de cay. Ground wa ter flow ve loc i ties are de rived
from the stream func tion so lu tion of the flow prob lem (Guiger
et al., 1996). 

Gov erning equa tions for ground wa ter flow

The gov ern ing equa tion for 2D steady-state sat u rated
ground wa ter flow can be writ ten in the dual for mu la tion as
(Guiger et al., 1996):
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where: x, y — spa tial co-ordinates [L]; Kxx — hy drau lic con duc tiv ity in the

x di rec tion [L/T]; Kyy — hy drau lic con duc tiv ity in the y di rec tion [L/T]; ϕ
— hy drau lic head [L]; ψ — stream func tion [L2/T].

Ground wa ter flow ve loc i ties

The re la tion ship be tween the prop er ties of the po rous me -
dium, the hy drau lic gra di ent and the ground wa ter flux q(L/T),
as given by Darcy’s equa tion and writ ten in terms of the stream
func tion is:
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The com po nents of the av er age lin ear ground wa ter ve loc ity 
are given by:
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where: θ — ef fec tive po ros ity [-]; q — ground wa ter flux [L/T].

Nu mer i cal im ple men ta tion

FLONET/TRANS uses the Galerkin fi nite el e ment ap -
proach to solve equa tions [1] and [2]. There fore the flow do -
main is cov ered with a grid con sist ing of el e ments and nodes.
The model al lows grid el e ments to de form, thereby pro vid ing a
more ac cu rate rep re sen ta tion of the wa ter ta ble ge om e try and
in ter nal hydrostratigraphic lay ers. It also al lows the prin ci pal
di rec tions of the hy drau lic con duc tiv ity to vary in space. In the
so lu tion [1], an it er a tive ap proach is used where the do main is
al lowed to de form ver ti cally to con form to the steady-state wa -
ter ta ble po si tion in un con fined aqui fers. In these cases, the hy -
drau lic head so lu tion al go rithm will it er ate un til a user-defined
con ver gence cri te rion (crit) is sat is fied. The con di tion to be sat -
is fied at the wa ter ta ble is (Guiger et al., 1996):

φw wx y y x y crit( , ) ( , )= ± [5]

where:φw  — head at the wa ter ta ble [L]; yw — wa ter ta ble el e va tion [L].

Gov erning equa tions for advective-dispersive con tam i -
nant trans port

The gov ern ing equa tions for 2D advective-dispersive mass
trans port of a di lute spe cies within a po rous me dium can be
writ ten as (Bear, 1972; Spitz and Moreno, 1996):  
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where: x, y — spa tial co-ordinates [L]; vi — av er age lin ear flow ve loc ity
[L/T]; Dij — hy dro dy namic dis per sion co ef fi cient [L2/T]; R — lin ear re tar -

da tion fac tor [-]; λ — lin ear de cay rate [T–1]; t — time [T]; c  — con cen tra -
tion [M/L3].

The form of the dis per sion is given by Frind and Hokkanen
(1987) and is de pend ent on the av er age lin ear flow ve loc i ties,

the lon gi tu di nal and trans verse dispersivities (αL and αΤ) and
on the ef fec tive mo lec u lar dif fu sion co ef fi cient D [L2/T] ac -
cord ing to:
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where: v v vx y= +2 2 . [10]

The ve loc ity in [6] is ob tained from equa tion [4] us ing the
steady-state stream func tion so lu tion of the dual for mu la tion.

Ad sorp tion of a con tam i nant onto aqui fer sol ids re sults in a
re tar da tion ef fect while de cay pro cesses de crease the mass.
FLONET/TRANS ap proaches ad sorp tion as a lin ear equi lib -
rium par ti tion ing pro cess be tween dis solved and ad sorbed
phases and is gov erned by the re tar da tion fac tor R given by
(Guiger et al., 1996; Spitz and Moreno, 1996):  
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where: ρb — bulk den sity of the sat u rated po rous me dium [M/L3]; Kd —
dis tri bu tion co ef fi cient [M/L3]

and the de cay con stant is given by:

λ = ln( )

/

2

1 2t

[12]

where: t1/2 — con tam i nant half-life [T].

Nu mer i cal im ple men ta tion

The trans port equa tion [6] is solved in FLONET/TRANS
us ing the Galerkin fi nite el e ment method (Guiger et al., 1996).
The trans port so lu tion uses the same fi nite el e ment grid as in
the flow so lu tion. There fore it uses iden ti cal grid co-ordinates,
in clud ing any de for ma tion made to ac com mo date a free wa ter
ta ble. The trans port so lu tion is tran sient and em ploys a
user-defined time step. It as sumes a di lute con tam i nant within
an iso ther mal hydrogeological do main.
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