
Geo log i cal Quar terly, 2022, 66: 15
DOI: http://dx.doi.org/10.7306/gq.1647

Ver ti cal ni trate mi gra tion and denitrification zones in a re gional re charge area
(Lwówek re gion, Po land)

Krzysztof DRAGON1, *, Józef GÓRSKI1 and Di ana BURGHARDT2

1 Adam Mickiewicz Uni ver sity in Poznañ, In sti tute of Ge ol ogy, De part ment of Hydrogeology and Wa ter Pro tec tion, Bogumi³a 
Krygowskiego 12, 61-680 Poznañ, Po land

2 Tech ni cal Uni ver sity of Dresden, In sti tute of Ground wa ter Man age ment, De part ment of En vi ron men tal Sci ences,
Bergstraße 66, 01069 Dresden, Ger many

Dragon, K., Górski, J., Burghardt, D., 2022. Ver ti cal ni trate mi gra tion and denitrification zones in a re gional re charge area
(Lwówek re gion, Po land). Geo log i cal Quar terly, 66: 15, doi: 10.7306/gq.1647

As so ci ate Ed i tor: Tetyana Solovey

We ex am ine the in flu ence of ground wa ter flow pat terns and denitrification on ni trate mi gra tion in a re gional re charge zone. It
has been shown that ni trate con tam i na tion has a dif fer ent be hav iour in re gions where ground wa ter is ex ploited (where deep
per co la tion of ni trate takes place) than where nat u ral gra di ents ex ist (with no deep aqui fer zone con tam i na tion).
Multicomponent chem i cal trac ers and iso to pic meth ods were used in the in ves ti ga tion. A con tam i nant plume was dis cov ered 
in shal low parts of the aqui fer which per co lated into deeper parts of the flow sys tem in those re gions with a down wards gra di -
ent in duced by ground wa ter with drawal, where the in flu ence of denitrification was lim ited. Lo cal con di tions lead ing to in tense 
denitrification, i.e., lo cal changes in geo log i cal con di tions (low-per me abil ity silt in ter ca la tions), were also doc u mented.
There fore, ver ti cal changes in ground wa ter chem is try should be ex am ined to en sure ground wa ter re source man age ment
and pro tec tion, as these are ex tremely im por tant in re gional re charge zones with a down wards gra di ent.
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INTRODUCTION

Ground wa ter pol lu tion by ni trates is cur rently one of the
most crit i cal en vi ron men tal prob lems rec og nized in Eu ro pean
Un ion (EU) coun tries. High ni trate con cen tra tions in po ta ble wa -
ter can cause health prob lems such as methemoglobinemia in
in fants and stom ach can cer in adults. Ad di tion ally, in ter ac tions
be tween con tam i nated ground wa ter and sur face wa ter can im -
pact aquatic eco sys tems (Hu et al., 2016; La sa gna et al., 2016;
Górski et al., 2019), lead ing to sur face wa ter eutrophication
(Hutchins, 2012; Capell et al., 2021). Hu man ac tiv i ties and as -
so ci ated ni trate pol lu tion lead to high risk of ma rine eco sys tem
con tam i na tion (Malagó et al., 2019). It is an im por tant is sue also 
in the Bal tic Sea Ba sin (HÝjberg et al., 2017). To pro tect the en -
vi ron ment, the Ni trates Di rec tive (91/676/EEC) was im ple -
mented, and EU coun tries iden ti fied ni trate vul ner a ble zones
(NVZs) and es tab lished ac tion programmes for the man age -
ment of ag ri cul tural prac tices. How ever, for ef fec tive man age -
ment and pro tec tion of wa ter, an in ves ti ga tion of the pro cesses
that con trol ni trate mi gra tion is cru cial.

Ground wa ter in shal low un con fined ground wa ter sys tems is 
eas ily con tam i nated by ni trate be cause of its high vul ner a bil ity
to pol lu tion from the sur face (Wassenaar, 1995; Feast et al.,
1998; Kaown et al., 2018; Karlovic et al., 2022). While con tam i -
na tion is usu ally less prev a lent in deep wells (Nishikiori, 2012),
in some in stances ni trate con tam i na tion can also ap pear in
deeper parts of the flow sys tem (Chen et al., 2005). Re gional
re charge zones are more vul ner a ble to deep ni trate con tam i na -
tion due to the high down wards gra di ent that fa cil i tates ni trate
move ment into deeper aqui fers be fore it can be denitrified
(Dragon, 2013, 2021).

The main mech a nism of ni trate re moval in ground wa ter is
bac te rial denitrification, which has been doc u mented in many
ground wa ter sys tems (e.g., Aravena and Rob ert son, 1998;
Einsiedl et al., 2005; Craig et al., 2010; ¯urek et al., 2010;
Dragon et al., 2016). In gen eral, denitrification in volves the re -
duc tion of ni trate via a se ries of bi o log i cally con trolled re ac tions
un der an aer o bic con di tions if elec tron do nors (e.g., or ganic
mat ter, dis solved or ganic car bon, or re duced sul phur com -
pounds) are avail able in sed i ments (Rivett et al., 2008). It has
also been shown that denitrification is con trolled by lo cal (usu -
ally spa tially and tem po rally vari able) biogeochemical con di -
tions.

Iso to pic meth ods can sup port the in ves ti ga tion of ni trate
sources in ground wa ter. The iso to pic com po si tion of ni trate,
rep re sented by d15N-NO3 and d18O-NO3 val ues, can be used to
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dis tin guish ni trate sources in ground wa ter (Feast et al., 1998;
Zhang et al., 2013; La sa gna and De Luca, 2019). This tech -
nique is also used to doc u ment denitrification in the sys tem
(Feast et al., 1998; Craig et al., 2010; Dragon et al., 2016;
Kaown et al., 2018). Tra di tional phys i cal and chem i cal mea -
sure ments (wa ter level, ma jor ion com po si tion, geo chem i cal in -
ves ti ga tion, etc.) can also help in ves ti gate the re la tion of ni trate
at ten u a tion to ground wa ter flow pat terns (Pfeif fer et al., 2006).
Ground wa ter chem is try can give in for ma tion re gard ing con di -
tions of con tam i nant mi gra tion (Fryar et al., 2000).

In a pre vi ous study (Dragon, 2021), ground wa ter flow pat -
tern in re la tion to ni trate mi gra tion was doc u mented in the study
re gion (Lwówek re gion, Po land). It was shown that ni trate con -
tam i na tion be haves dif fer ently in those ar eas where ground wa -
ter is ex ploited (that fa cil i tates ni trate deep per co la tion) com -
pared to re gions of nat u ral ground wa ter gra di ents (with no deep 
aqui fer zone con tam i na tion).

The pres ent study in ves ti gates denitrification pro cesses in
the re gional re charge zone us ing a multicomponent chem i cal
tracer ap proach, d15N-NO3 and d18O-NO3 iso topes and geo -
chem i cal in ves ti ga tion. The spe cific ob jec tives were: (1) iden ti fi -
ca tion of denitrification in the sys tem and its ef fec tive ness in ni -
trate re moval, (2) doc u men ta tion of lo cal denitrification vari a tion 
caused by lo cal geo log i cal con di tions or li thol ogy (geo chem i cal
sed i men tary di ver sity) and (3) iden tify the ni trate pol lu tion
plume in the shal low ground wa ter flow sys tem zone and con di -
tions for its down ward mi gra tion.

THE STUDY REGION

The study re gion is lo cated in the mid dle part of Wielko -
polska up land area (Po land) on the Lwówek–Rakoniewice
Ram part and the pi lot sites are lo cated in the high est part of the
re gion where the re gional re charge zone of Qua ter nary aqui fers 
is pres ent. In this re gion, the ground el e va tion reaches 138 m
a.s.l., de creas ing in all di rec tions from the peak el e va tion to less 
than 100 m a.s.l. (Fig. 1).

Qua ter nary de pos its oc cur from the sur face to a depth of
>120 m. Gla cial and flu vio gla cial de pos its dom i nate the li thol -
ogy. Flu vio gla cial sands and grav els form the aqui fers (Fig. 2).
The deep est aqui fer dis cov ered in the study re gion, at
Chmielinko (Fig. 2) is com posed of fine sands and is rel a tively
thin, usu ally less than 20 m thick. The Wielkopolska Bur ied Val -
ley aqui fer (WBV), lo cated south of the study re gion (Figs. 1
and 2) is com posed of coarse sands and grav els in the deeper
parts and fine and me dium sands in shal lower parts. The thick -
ness of the wa ter-bear ing de pos its is vari able, rang ing be tween 
20 and 40 m. The shal lower aqui fer units are com posed of fine
sands, and their thick ness is usu ally <20 m.

The con fined aqui fers are cov ered by an aquitard com -
posed of gla cial till. The thick ness of the aquitard is vari able and 
ranges be tween 10 m in Wytomyœl and >100 m in Chmielinko
(Fig. 2). In the re gions of W³adys³awowo and Józefowo (the re -
gions cho sen for de tailed in ves ti ga tion) this aquitard is not pres -
ent, and the aqui fer de pos its (sands and grav els) ex tend from
the sur face to a depth of >100 m (Fig. 2). Where hydro -
geological win dows oc cur, the aqui fers stay con nected hy drau -
li cally, while in the re gions where aquitards oc cur, gla cial tills
cause the aqui fers to be ver ti cally iso lated. It was doc u mented
pre vi ously that the ground wa ter chem is try in aqui fers near the
re gional re charge zone (in clud ing the main aqui fer – WBV) is
strongly in flu enced by the in flow of ground wa ter from the
Lwówek–Rakoniewice Ram part (Dragon and Górski, 2015).

The aqui fers are re charged by di rect wa ter in fil tra tion where
hydrogeological win dows are pres ent and by in di rect ver ti cal

per co la tion of wa ter through the gla cial tills from the shal low est
to the deep est aqui fers (Dragon and Górski, 2009).

In the study re gion the ground wa ter di vide is pres ent (the
cen tral part of the re gional re charge zone). From the ground wa -
ter di vide, the wa ter flows to the Warta River val ley (eastwards)
and to the Obra River val ley (west wards; Fig. 1). The down -
wards gra di ent oc curs in the cen tral part of the re charge zone,
be ing man i fested by the large wa ter level dif fer ence be tween
the shal low and deep aqui fers (>14 m in Chmielinko; Fig. 2).

No ta bly, ground wa ter is ex ploited at the Józefowo site,
though not at W³adys³awowo. This dif fer ence al lows doc u men -
ta tion of ground wa ter chem is try changes along a ver ti cal pro file
with re spect to wa ter ex ploi ta tion.

MATERIALS AND METHODS

The un con fined parts of the flow sys tem (at W³adys³awowo
and Józefowo; Fig. 2) were se lected for the study of ground wa -
ter chem is try changes. A mul ti level ob ser va tion well was drilled
at each site ad ja cent to the ab strac tion well, en abling us to use
the ab strac tion well as the deep est sam pling point. The mul ti -
level sys tem was ef fected by drill ing a net of ob ser va tion wells
at one lo ca tion (sev eral metres away from each other), each
equipped with a screen lo cated at a dif fer ent depth. A short
screen in ter val (1 m) was used at each sam pling point. Two
mul ti level screens were lo cated close to (sev eral metres from)
the Józefowo well 1 bis at depths of 27–28 m (J I) and 46–47 m
(J III). The three screens of the mul ti level well at W³adys³awowo
lo cated sev eral metres from W³adys³awowo well 1 were po si -
tioned at 31–32 m (W I), 42–43 m (W II) and 54–55 m (W III).
The pro duc tion well screen at Józefowo was po si tioned at be -
tween 55 and 79.5 m, while the well at W³adys³awowo had a
screen lo cated be tween 64 and 100 m depth (Fig. 2).

Each mul ti level ob ser va tion well was formed by dry drill ing
(with out the use of drill ing mud) to ob tain rep re sen ta tive sed i -
ment sam ples for geo chem i cal anal y sis. Dur ing drill ing, sam -
ples were col lected ev ery 1 m into plas tic bags and then ana -
lysed in the lab o ra tory to de ter mine the grain size dis tri bu tion,
the pH of wa ter ex tracted from the de pos its (with the use of
KCl), the or ganic mat ter con tent de ter mined by loss of mass
upon ig ni tion (temp. 110°C and then 550°C, ex pressed in g/kg)
and the cal cium car bon ate con tent ob tained by the Scheibler
vol u met ric method (ex pressed as %CO3).

The sam pling cam paign per formed in June 2018 com prised 
all mul ti level ob ser va tion wells, all ex ploi ta tion wells at the
Józefowo site and an in ac tive well at W³adys³awowo (9 wa ter
sam ples). An MP1 Grundfos pump was used for wa ter sam -
pling in the ob ser va tion wells. A Grundfos SP17 pump pow ered
by a gen er a tor was used for pump ing the in ac tive well at
W³adys³awowo. The ob ser va tion wells were pumped for a min i -
mum of 2 h be fore sam pling to en sure at least three wa ter ex -
changes in the well pipes, while 12 h of pump ing clean ing was
per formed be fore sam pling in the in ac tive well at
W³adys³awowo.

High-den sity polyethene (HDPE) bot tles were used to col -
lect the wa ter sam ples. Chlo ro form was used to pre serve sam -
ples for nu tri ent anal y ses, while HNO3 was used to treat sam -
ples for iron and man ga nese (and other met als) test ing. The
wa ter sam ples dur ing trans port to the lab o ra tory were stored in
a por ta ble re frig er a tor at low tem per a tures (~4–6°C). The pa -
ram e ters mea sured di rectly in the field with por ta ble Aquaread
AP-700 equip ment in cluded elec tri cal con duc tiv ity, al ka lin ity,
pH, re dox po ten tial, ox y gen con tent and tem per a ture. Chem i cal 
anal y ses were per formed in the lab o ra tory at the Adam
Mickiewicz Uni ver sity in Poznañ (In sti tute of Ge ol ogy, Po land)
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us ing an 881 Com pact IC Pro ionic chromatograph. As a qual ity 
con trol mea sure, the ionic er ror bal ance was cal cu lated. The
cal cu lated er ror did not ex ceed 3%.

Iso tope ra tio anal y sis of dis solved ni trate (d15N and d18O)
was per formed at the Tech ni cal Uni ver sity of Dresden (Ger -
many), In sti tute of Ground wa ter Man age ment. Ground wa ter
sam ples with vol umes of 50 to 100 ml were col lected, mem -
brane-fil tered (0.2 µm pore size) and stored frozen un til anal y -
sis. The min i mum con cen tra tion for tech ni cally fea si ble sam ple
prep a ra tion in the lab o ra tory was 0.25 mg NO3/l. Dis solved ni -
trate was trans formed com pletely into gas eous N2O by a cul ture 
of the denitrifying bac te rium Pseu do mo nas aureofaciens. The
sim pli fied denitrification method used has been pub lished by

Stock et al. (2021). Af ter mi cro bial sam ple prep a ra tion, si mul ta -
neous d15N and d18O anal y ses of N2O sam ple gases were per -
formed by a GasBench II de vice with a denitrification kit and a
Delta V Plus iso tope mass spec trom e ter (both Thermo Fisher
Sci en tific). Cal i bra tion was per formed with the IAEA iso tope
stan dards NO3 (+4.7‰ d15N, +25.6‰ d18O), USGS34 (–1.8‰
d15N, –27.9‰ d18O) and USGS32 (+18.0‰ d15N, +25.7‰
d18O). The un cer tainty in d15N and d18O anal y ses re sult ing from
sam ple prep a ra tion by denitrifying bac te ria, the pre ci sion of trip -
li cate anal y sis and cal i bra tion via IAEA stan dards were cal cu -
lated ac cord ing to Kragten (Dunn and Carter, 2018) to £ ±1.5‰
for both iso tope ra tios.
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Fig. 1. The study re gion show ing hydroisohip con tours and ground sur face el e va tion

WBV aqui fers – Wielkopolska Bur ied Val ley aqui fer



The iso to pic in ter pre ta tion was made in the con text of sta ble 
iso tope mea sure ments of d18O and d2H as well as C14 and tri -
tium mea sure ments pub lished by Dragon (2021). The re sults of 
pre vi ous iso tope anal y ses de scribed by Dragon and Górski
(2015) were used ad di tion ally for data in ter pre ta tion.

RESULTS

GEOCHEMICAL CHARACTERIZATION OF THE DEPOSITS

The geo chem i cal fea tures re vealed a low pH and high or -
ganic mat ter con tent in the shal low zone to a depth of sev eral
metres be low the sur face at the Józefowo and W³adys³awowo
sites (Figs. 3 and 4). This find ing is re lated to a soil type that
usu ally has a higher or ganic mat ter con tent and li thol ogy (car -
bon ate-poor tills). Be low a depth of ~10 m, the or ganic mat ter
con tent was much lower, but clear peaks (at a level of 5 to
7 g/kg) were de tect able at a depth of 39–40 m at Józefowo
(low-per me abil ity silt in ter ca la tions) and 45–46 m at W³ady -
s³awowo (fine sands with vis i ble patches of or ganic mat ter). At
W³adys³awowo, a clear peak in or ganic mat ter con tent was also
noted at a depth of 20 m. Zone with high or ganic mat ter usu ally
co in cide with de creased pH, as is clearly vis i ble in both pro files
(Figs. 3 and 4).

The pH val ues of ex tracted wa ter were gen er ally lower in
the shal low zone to a depth of 27 m at Józefowo (pH close to
8.0) and to 30 m at W³adys³awowo (pH less than 8.5) than in the 
deep zone. Be low these zones, the pH in creased to a value of
9.0, but peaks with lower pH were vis i ble in zones with higher
or ganic mat ter con tents (Figs. 3 and 4), re lated to ox i da tion of
or ganic mat ter.

The car bon ate con cen tra tion is clearly re lated to sed i men -
tary grain size. Higher con cen tra tions oc cur in zones of coarser

de pos its, es pe cially coarse sands and grav els at the Józefowo
site. A high car bon ate was also doc u mented at shal low lev els at 
W³adys³awowo, where sandy tills oc cur near sur face.

GROUNDWATER CHEMISTRY

The hydrochemical re sults are sum ma rized in Ta ble 1. The
na ture of hydrochemical changes dif fered among the sites in -
ves ti gated. At Józefowo, the wa ter chem is try was very sim i lar
be tween the shal low est and deep est parts of the aqui fer, with
ev i dent de vi a tion in the mid dle of the pro file (Fig. 5). This de vi a -
tion was re lated mainly to ni trate con cen tra tion (12.6 and
9.99 mg/l in the shal low and deep parts of the aqui fer, re spec -
tively) and sul phate con cen tra tion (58.0 and 68.0 mg/l, re spec -
tively). In the mid dle part of the pro file, the ni trate con cen tra tion
was much lower (1.39 mg/l), but the sul phate con cen tra tion was 
higher (79.3 mg/l). Sim i lar changes were ob served for the re dox 
po ten tial (297.7 and 297.0 mV in the shal low and deep parts,
re spec tively), with a con sid er ably smaller value in the mid dle
part of the pro file (231.0 mV), and oxidisability (3.0 and 2.5 mg
O2/l in the shal low and deep parts, re spec tively), with a sig nif i -
cantly higher value in the mid dle part (4.5 mg O2/l). The ox y gen
con cen tra tion was high only in the shal low est part of the aqui fer
(4.45 mg/l) and was very low (0.23 mg/l) in the deep est part of
the aqui fer.

Dif fer ent ver ti cal ground wa ter chem is try trends were ob -
served at the W³adys³awowo site (Fig. 6). The con cen tra tions of 
al most all con stit u ents were high est in the shal low part of the
aqui fer, with de creas ing trends in the deep est parts. The ni trate
con cen tra tion in the shal low part of the aqui fer was rel a tively
high (33.5 mg/l), de creas ing to 1 mg/l in the deep est parts. The
sul phate con cen tra tion was 27.3 mg/l in the shal low part and
de creased to less than 10 mg/l in the deep est part. A sim i lar
trend was ob served for re dox po ten tial (>300 mV in the shal low -
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Fig. 2. Hydrogeological cross-sec tion (af ter Dragon, 2021, mod i fied)
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Fig. 3. Ver ti cal changes in geo chem i cal pa ram e ters at Józefowo

Fig. 4. Ver ti cal changes in se lected geo chem i cal pa ram e ters, W³adys³awowo site

The po si tion of the well screen is shown on the left part of the graph (see ex pla na tion on Fig. 3)

Fig. 5. Changes of se lected pa ram e ters with depth, Józefowo site (af ter Dragon, 2021)

The po si tion of the well screen is shown on the left part of the graph (see ex pla na tion on Fig. 3)
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Unit
Józefowo W³adys³awowo

J I J III 1bis 2 1a W I W II W III 1

Screen
in ter val

m be low 
ground
sur face

27.0–28.0 46.5–47.5 55.5–79.5 62.0–87.0 59.6–77.0 31.0–32.5 42.0–43.0 54.0–55.0 64.0–100.0

pH [-] 7.76 7.81 7.33 7.67 7.59 7.33 7.43 7.15 7.71

Tem per a ture °C 11.2 11.7 10.7 11.4 11.3 11.5 12 11.4 10.7

To tal 
or ganic 
car bon

mg/l 0.80 0.78 0.77 0.85 0.68 0.83 1.2 1.1 1.1

Eh mV 297.7 231.0 297.0 164.3 157.0 301.0 87.7 124.6 74.0

Ox y gen mg/l 4.45 0.00 0.23 0.00 0.02 7.93 0.07 0.33 0.00

Oxidisability mgO2/l 3.0 4.5 2.5 2.5 2.7 3.5 5.5 5.3 4.0

Elec tri cal
con duc tiv ity µS/cm 698 575 625 605.0 502 757 534 509 491

Al ka lin ity meq/l 4.2 3.3 3.6 3.9 3.1 4.5 4.6 5.1 5.1

Chlo ride mg/l 25.1 19.1 19.0 18.6 15.9 24.8 14.8 3.23 2.83

Sul phate mg/l 58.0 79.3 68.9 74.2 58.8 60.1 27.3 10.5 9.46

Cal cium mg/l 99.6 88.3 92.0 98.7 77.0 116.8 87.4 84.5 85.9

Mag ne sium mg/l 11.1 9.22 9.98 9.0 8.62 10.0 8.43 9.27 8.95

So dium mg/l 6.58 4.99 4.96 5.12 4.16 6.32 5.25 5.60 5.83

Po tas sium mg/l 1.34 1.48 1.24 1.30 0.92 1.22 2.71 2.89 2.24

Ni trate mg/l 12.6 1.39 9.99 1.47 4.73 33.5 1.07 1.06 0.025

Ni trite mg/l 0.015 0.022 0.025 0.009 0.031 0.010 0.011 0.005 0.008

Am mo nia mg/l 0.221 0.121 0.532 0.240 0.108 0.795 0.635 0.595 0.661

Flu o rite mg/l 0.21 0.21 0.23 0.14 0.19 0.18 0.14 0.12 0.12

Iron mg/l 0.07 0.08 0.09 0.35 0.25 0.14 0.42 1.54 1.82

Man ga nese mg/l 0.03 0.05 0.04 0.06 0.06 0.04 0.07 0.10 0.09

Bo ron µg/l 5.81 2.63 9.38 6.05 3.92 6.20 17.3 32.7 29.9

To tal 
hard ness meq/l 5.9 5.2 5.4 5.7 4.6 6.7 5.1 5.0 5.0

T a  b l e  1

Re sults of the chem i cal anal y ses (af ter Dragon, 2021)

Fig. 6. Changes in se lected pa ram e ters with depth W³adys³awowo site (af ter Dragon 2021

 The po si tion of the well screen is shown on the left part of the graph (see ex pla na tion on Fig. 3)



est part and <100 mV in the deep est part). The ox y gen con cen -
tra tion de creased clearly from 7.93 mg/l in the shal low est part to 
0.33 at the W III sam pling point, while in the deep est part, ox y -
gen was not de tected.

DISCUSSION

The na ture of the ver ti cal changes in ground wa ter chem is -
try, es pe cially the de crease in ni trate con cen tra tion with an in -
crease in sul phate con cen tra tion, sug gests that denitrification

took place. Our re search sup ports the find ings of a pre vi ous
study (Dragon, 2013) doc u ment ing a sig nif i cant sur plus of sul -
phate (a prod uct of denitrification) in re la tion to chlo ride con cen -
tra tion (Rivett et al., 2008) as well as ex ces sive to tal hard ness
(i.e., Ca and Mg) in re la tion to al ka lin ity (i.e., HCO3), which ex -
plains the per ma nent hard ness (non-car bon ate hard ness bal -
anced by a high sul phate con cen tra tion). This was ev i dent in all
wa ter sam ples ex cept for that col lected at W³adys³awowo from
the deep part of the aqui fer (Fig. 7) and ex plains the in flu ence of 
denitrification prod ucts. The larg est sur plus of sul phate ver sus
chlo ride was ev i dent at the Józefowo J III and well 2 sam pling

Krzysztof Dragon et al. / Geo log i cal Quar terly, 2022, 66: 15 7

Fig. 7. Scat ter di a grams of se lected pa ram e ters

Fig. 8. Cross-plot of d 18O ver sus d15N in ni trate

The iso to pic com po si tion char ac ter is tic for var i ous NO3 sources is based on
 Cook and Herczeg (2000)



points. This find ing sug gests that the most in ten sive
denitrification oc curred at these lo ca tions.

Ac cord ing to the iso tope data (d15N and d18O in ni trate),
denitrification pro cesses do not oc cur in the shal low zone
(Fig. 8), where there is a rel a tively high ox y gen con tent (Rivett
et al., 2008), as dem on strated by the most neg a tive iso tope val -
ues at sam pling points rep re sent ing the shal low est parts of the
flow sys tem (J I, W I). In the deep est zone, denitrification is rel a -
tively in tense in all wells at the Józefowo site. The most in tense
denitrification oc curred at the J III sam pling point as well as in
the Józefowo 2 well (Fig. 8). This re sult is con sis tent with the
ob ser va tions of ground wa ter chem is try pre sented above. Spe -
cif i cally, the high est d15N iso tope val ues sug gest that
denitrification oc curs at lev els with the low est ni trate con cen tra -
tions, while the shal low est part of the flow sys tem (where
denitrification does not oc cur and ni trate con cen tra tions are
high) is char ac ter ized by the small est d15N val ues (Fig. 9).

The iso to pic com po si tion sug gests that the main sources of
ni trate are am mo nium fer til iz ers (Cook and Herczeg, 2000) and 
ma nure spread over ar a ble lands (Wassenaar, 1995). The in -
flu ence of sep tic sys tems is neg li gi ble in the study re gion be -
cause ag ri cul tural land use pre vails.

The in ves ti ga tion of denitrification re vealed dif fer ences in
this pro cess among the sites in ves ti gated. At the Józefowo site, 
denitrification was most in tense in the mid dle part of the pro file
(J III), while in the deep est part, the denitrification in ten sity was
lower, as shown by the rel a tively high ni trate con cen tra tions at a 
great depth (well 1 bis). The cre ation of a down wards gra di ent
by wa ter ex ploi ta tion caused rel a tively easy deep pen e tra tion of 
ground wa ter with high ni trate and ox y gen con tents from the
shal low part of the aqui fer. In the mid dle part of the aqui fer, lo cal 
con di tions fa vour able for denitrification de vel oped be cause lo -
cal low-per me abil ity silts with a high or ganic mat ter con tent are
pres ent (Fig. 3). The lower pH and high or ganic mat ter in this
zone can sup port heterotrophic denitrification (Rivett et al.,
2008), but the rel a tively high sul phate con cen tra tion sug gests
that autotrophic denitrification also oc curs. Zones of lower per -
me abil ity can sup port denitrification be cause mi cro bial com mu -
nity-driven denitrification is greater in such zones (Sanchez-
Perez et al., 2003; La sa gna et al., 2016). The prod ucts of
denitrification in this zone are also trans ported down wards, as
shown by the rel a tively high sul phate con cen tra tion and d15N
value, sug gest ing that denitrification also has an in flu ence in
the deep part of the flow sys tem. This re sult was con sis tent with
the iso tope data (Dragon, 2021), which showed sim i lar tri tium
val ues through out the en tire pro file, and the 14C dat ing data,
which doc u mented the oc cur rence of “re cently” in fil trated wa ter
through out the whole pro file of the aqui fer. In the light of all the
data it is con cluded that the well 1 bis is re charged by a mix ture
of down wards flux and some com po nent by pass ing the
denitrification zone. Com par ing the in flu ences of denitrification
among the pro duc tive wells at the Józefowo site, it is clear that
the most in tense denitrification oc curs in well 2 (Figs. 8 and 9),
which also showed the high est sul phate con cen tra tions, in di -
cat ing the oc cur rence of autotrophic denitrification.

Dif fer ent denitrification mech a nisms were ob served at the
W³adys³awowo site (that is cur rently not used for wa ter ab strac -
tion). The denitrification at this site oc curred at rel a tively shal low 
depths (W II and W III sam pling points), but heterotrophic
denitrification most likely pre vails there, as shown by the lack of
a sul phate sur plus in re la tion to chlo ride and to tal hard ness ver -
sus al ka lin ity (Fig. 7). In con trast, in the deep est parts of the

aqui fer, denitrification does not oc cur be cause of a stag na tion
zone in this part of the flow sys tem. A sim i lar stag na tion zone
was doc u mented by Toth (1963). Ac cord ing to the 14C data, the
ground wa ter res i dence time was 2100 years and the dif fer ence
be tween the wa ter sam ples and other wa ter sam ples was ex -
pressed by the more neg a tive val ues of d18O and d2H sta ble iso -
topes for the for mer (Dragon, 2021).

CONCLUSIONS

Denitrification pro cesses in flu ence the ground wa ter chem -
is try in a re gional re charge zone (Lwówek re gion, Po land). A ni -
trate plume in the shal low part of the flow sys tem was in ves ti -
gated. The down wards mi gra tion of con tam i nants was highly
de pend ent on lo cal con di tions. In the re gion with ground wa ter
ex ploi ta tion (the Józefowo site), the down wards gra di ent en -
ables mi gra tion of the con tam i nants to a deep part of the aqui -
fer, as doc u mented by the oc cur rence of “re cently” in fil trated
ground wa ter (ac cord ing to ra dio car bon dat ing) with a tri tium
con tent sim i lar to that ob served in shal low ground wa ter. In the
mid dle parts of the aqui fer pro file, in tense denitrification was
doc u mented (as shown by high d15N and d18O iso tope val ues).
Lo cal con di tions fa vour able for denitrification due to low-per me -
abil ity silt insercalations with high or ganic mat ter con tents in the
geo log i cal pro files. In the re gion with a nat u ral gra di ent (with out
ground wa ter ex ploi ta tion, the W³adys³awowo site), denitri -
fication was also doc u mented in the shal lower parts of the aqui -
fer pro file (ex pressed by rel a tively high d15N and d18O iso tope
val ues), while in the deep est part, a stag na tion zone was dis -
cov ered. In this zone, 2100-year-old ground wa ter was de tected
(ac cord ing to ra dio car bon dat ing) with out tri tium.

This study shows that denitrification is ef fec tive in re mov ing
ni trate from ground wa ter. How ever, un der some con di tions
(ground wa ter ex ploi ta tion), the in flu ence of denitrification is lim -
ited by en hanced in flow of con tam i nated ground wa ter from
shal low parts of the aqui fer. In that re gion the ni trate con cen tra -
tion in the deep zone is sim i lar to that ob served in the shal low
zone. In the re gion with a nat u ral gra di ent, it is ex pected that in
the long term, if ground wa ter ex trac tion will be ini ti ated, con di -
tions fa vour ing the seep age of con tam i nated ground wa ter from
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Fig. 9. Scat ter di a gram of ni trate con cen tra tions ver sus d15N



the shal low por tion of the aqui fer (hydrogeological win dows) will 
arise and deep ground wa ter qual ity would de te ri o rate.

It was shown that for ef fec tive ground wa ter re source man -
age ment and pro tec tion, in ves ti ga tion of ver ti cal ground wa ter
chem is try changes is cru cial, even if shal low ground wa ter is not
used for wa ter sup ply pur poses. Such in ves ti ga tions are par tic -

u larly sig nif i cant for re gional re charge zones with down ward
gra di ents.
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