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The fo cus of this study was on de ter mi na tion and com par i son of nat u ral and cur rent hydrogeochemical fea tures of the ground wa ter, in or -
der to eval u ate changes of wa ter qual ity and to iden tify the or i gin of these changes. Both nat u ral pro cesses and anthropogenic stress af -
fect the chem i cal com po si tion of ground wa ter were recognised. In both aqui fer groups ground wa ter chem i cal com po si tion dem on strates
some sim i lar i ties and is formed by the same kinds of nat u ral pro cesses, which are tak ing place al ready in the up per zones of the shal low
aqui fers, where ground wa ter is sat u rated with re spect to most of car bon ate and clay min er als, as well as min er als con tain ing Fe2+ ions.
Dur ing seep age into deeper aqui fers, wa ter is be ing en riched with Fe2+ and Mn2+ ions and in some places with SO4

2 - and Mg2+ as well. The
types and in ten sity of hu man ac tiv i ties, as well as the vul ner a bil ity of aqui fers to con tam i na tion, were con cluded to play an im por tant role 
in gen er at ing the ob served changes in the chem i cal char ac ter is tics of the ground wa ter. They ef fect on changes of hydrogeochemical
back ground val ues (e.g. TDS, N-com pounds), the cur rent in crease of max i mum con cen tra tions of N-com pounds, chlo rides, sulphates,
mag ne sium and TDS (to tal dis solved sol ids).
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INTRODUCTION

This study was fo cused on one of the larg est mo raine up -
lands lo cated in the Gdañsk re gion. This area, the so-called
Kashubian Lakeland, plays an im por tant hydrogeological role
in the whole re gion due to the char ac ter is tic con di tions of
ground wa ter cir cu la tion. Ex ist ing aqui fers are in hy drau lic
con nec tion typ i cal of the re gional ground wa ter sys tem. The
mo raine up land of the Kashubian Lakeland is the re charge area
for this sys tem, where the ground wa ter’s regional hy dro dy -
namic and hydrogeochemical re gimes are determined.

A num ber of hydrogeochemical and iso to pic meth ods were
used to de ter mine the or i gin of com monly ex tracted ground wa -
ter in the mo raine up land of the Kashubian Lakeland, as well as 
rel e vant pro cesses af fect ing and some times de te ri o rat ing this
com po si tion.

Apart from nat u ral pro cesses con trol ling ground wa ter
chem is try, its com po si tion and qual ity in many places is
increasingly in flu enced by anthropogenic pol lu tion. There fore, 

an im por tant sci en tific and prac ti cal is sue aimed at im prov ing
ground wa ter qual ity, is to de ter mine and ver ify the dom i nant
pro cesses and fac tors that con trol the chem i cal com po si tion of
ground wa ter. The hydrogeochemical char ac ter is tics of the
Kashubian Lakeland are pre sented and com pared with other
hydogeologically sim i lar re gions in Po land.

RESEARCH AREA

The up land in ves ti gated is lo cated in North ern Po land, in
the neigh bor hood of the Gdañsk con ur ba tion (Fig. 1). It is rep -
re sented by ground mo raine with al ti tudes vary ing from 120 to
240 m a.s.l. In sev eral lo ca tions al lu vial plains oc cur, as well as
end-mo raine hills, with a max i mum al ti tude of 328.6 m a.s.l.
(the Wie¿yca hill in the Wzgórza Szymbarskie range). The mo -
raine up land of the Kashubian Lakeland de scends in all di rec -
tions: to 150 m a.s.l. in south ern and west ern parts form ing the
Starogardzkie and Bytowskie Lakeland; to 60 m a.s.l. in the
north, where it is de lim ited by the Reda–£eba proglacial stream 



val ley; and to 60–80 m a.s.l. in the east, where it de scends
sharply to wards the coast and the Vistula River Delta re gion.

Main rivers form the hy dro graphic sys tem: Reda, S³upia,
£eba, £upawa, Radunia and Wierzyca, which are the lo cal
ground wa ter drain age zones. Lakes are an other im por tant hy -
dro graphic el e ment in this area. The most im por tant are
postglacial, deep lakes, which are also the lo cal drain age zones; 
they in clude the Raduñsko-Ostrzyckie, Gowidliñskie, Jasieñ
and Wdzydze lakes. 

PREVIOUS INVESTIGATIONS

Hydrogeological in ves ti ga tions in the Gdañsk re gion have
been car ried out since the be gin ning of the XXth cen tury as a
re sult of in creas ing wa ter de mand by the in ten sively de vel op -
ing Gdañsk con ur ba tion. Af ter World War II, the most im por -
tant works in cluded hydrogeological sur vey maps of Po land
(scale 1:300 000) de vel oped in 1950–1960. Fur ther ex ten sive
stud ies car ried out by Pazdro, Kozerski and Sadurski com -
prised de ter mi na tion of re gional hydrogeological con di tions of
the Gdañsk ar te sian ba sin as well as the qual ity, re sources and
ground wa ter pro tec tion is sues of the Gdañsk mo raine up land,
the catch ments ar eas of the Radunia, K³odawa and Wierzyca
rivers and the Bal tic sea.

Since the 1980’s stud ies have been car ried out by re search -
ers from the Gdañsk Uni ver sity of Tech nol ogy, ini tially on
gen e sis of ground wa ter from the chalk wa ter-bear ing unit, in -
clud ing anom a lies of flu o rine, hy dro gen sul phide and am mo -
nium con tents, and de fin ing the hydrogeochemical back ground 
val ues of ground wa ter. The in ves ti ga tions were fur ther ex -
panded into the hydrogeology and hydrogeochemistry of the
lakeland re gions in North ern Po land. They re sulted in a de -
tailed de scrip tion of the hydrogeochemical back ground of

Qua ter nary ground wa ter, in clud ing a prog no sis of its changes
(among works by Kozerski, 1986, 1988; Kozerski et al., 1987,
1990; Pruszkowska, 2001, 2004). Iso to pic stud ies were con -
ducted mainly by Dowgia³³o and Sadurski (1988), Zuber et al.
(1990) and So³tyk (2004).

METHODOLOGY APPLIED IN THE PRESENT STUDY

The orig i nal re search re sults were ob tained be tween 1997
and 2004 dur ing 28 field cam paigns, when more than 1380
work ing wells were sam pled. In ad di tion to the ground wa ter ta -
ble level, the mea sure ments in cluded: tem per a ture, elec tri cal
con duc tiv ity, pH, re dox po ten tial and to tal dis solved sol ids
con tent (TDS). These pa ram e ters were mea sured dur ing the
field work us ing, re spec tively, pH-me ter (pH 330/SET-1) and a
conductometer (Elmetron IP67). Ground wa ter sam ples were
taken, pro cessed and trans ported ac cord ing to stan dard pro ce -
dures (pro to cols), and an a lyzed for stan dard phys i cal-chem i cal
prop er ties, as well as for ma jor and mi nor ions, at the Chem i cal
Lab o ra tory of the Pol ish Geo log i cal In sti tute (PIG) in War saw.
For fur ther in ter pre ta tion only those chem i cal anal y ses were

con sid ered for which the an a lyt i cal er rors did not ex ceed ±5%
(Ta ble 1).

Hydrogeochemical back ground lev els were de ter mined ac -
cord ing to the meth od ol ogy de scribed by Macioszczyk (1976,
1987), us ing sta tis tic dis tri bu tions of the fre quency of ob served
con cen tra tions of an a lyzed pa ram e ters. The his to gram method
was ap plied, fol lowed by the method of cu mu la tive curves (as a 
con trol). Back ground lev els were determined for two time
intervals:

— based on anal y ses made dur ing test-pump ing of new
wells — these were as sumed to repres ent the nat u ral
chem i cal com po si tion of ground wa ter, 
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Fig. 1.  Lo cal iza tion  and map of the re search area  



— based on anal y ses made within 1990–2005 in long- term
op er at ing wells, or in wells af ter ren o va tion, that were
as sumed to pres ent changes of ground wa ter chem i cal
com po si tion.

In or der to de ter mi nate geo chem i cal pro cesses, as well as
the or i gin and changes in ground wa ter chem i cal com po si tion, a 
va ri ety of hydrogeochemical mod el ling soft ware is avail able,
in clud ing PHREEQCI2 (Park hurst and Appelo, 2002). This
soft ware was used for hydrogeochemical cal cu la tions in this

study. Based on de tailed ground wa ter anal y ses in clud ing phys -
i cal pa ram e ters, ionic com po si tion and re dox con di tions, sat u -
ra tion in dexes (SI) were cal cu lated of the main ground wa ter
com po nents in re la tion to aqui fer min er als (Ta ble 2).

Apart from in ter ac tions at the wa ter-rock in ter face, an other
source of com po nents dis solved in ground wa ter may be the in -
fil tra tion the me te oric wa ter. To eval u ate the con tri bu tion of
com pounds of the me te oric or i gin, two pa ram e ters:
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Hydrogeochemical
pa ram e ters

Deeper aqui fers group Shal low aqui fers group

Pol ish drink ing
wa ter stan dards

(2002)

Nat u ral Ac tual Nat u ral Ac tual

con cen tra tions/
hydrogeochemical

back ground

con cen tra tions
/hydrogeochemical

back ground

con cen tra tions
/hydrogeochemical

back ground

con cen tra tions
/hydrogeochemical

back ground

to tal hard ness

[mval/dm3]
1.9–8.5/2.6–5.4 1.5–10/2.0–5.4 1.2–8.8/2.6–5.4 1.6–8.2/2.0–5.4 –

to tal al ka lin ity

[mval/dm3]
0.8–5.5/2.4–5.5 0.4–7.1/1.6–5.5 0.25–7.6/2.9–5 0.7–8.4/1.6–5.8 –

pH 6.8–8.2/7.5–8.0 6.5–8.2/6.9–7.9 6.8–8.2/7.5–8.0 6.7–8.2/6.9–7.8 6.5–9.5

Eh

[mV]
– –50–340/– – 100–350/– –

TDS (to tal dis solved
sol ids) [mg/dm3] 168–688/190–340 94–580/110–400 172–624/200–350 90–923/110–450 –

color

[mgPt/dm3]
3–40/– 2–20/– 1–190/– 3–250/– 15

ox y gen con sump tion

[mgO2/dm3]
0.7–25/1.3–3 0.5–4.4/0.5–2.9 0.1–28/0.9–3 0.5–15/1–2 –

HCO3–

[mgHCO3/dm3]
32–170/– 24–285/– 97–521/ – 40–277/– –

Cl–

[mgCl/dm3]
2–55/5–15 0.2–100/0–20 0.1–151/5–22 0.1–185/0–23 250

SO4
2 -

[mgSO4/dm3]
5.8–81/17–50 0.1–58/10–42 3.8–134/20–42 4.7–187/8–42 250

Ca2+

[mgCa/dm3]
28–160/35–90 19.4–185/30–90 8–194/50–100 14.3–197/25–105 –

Mg2+

[mgMg/dm3]
1.2–22/4–16 0.1–28.2/0–16 1.2–48/2–19 0.1–69/0–18 50

Na+

[mgNa/dm3]
1.8–15.7/– 2.1–16.0/– 1.8–25.0/– 2.9–48.8/– 200

K+

[mgK/dm3]
0.1–5.5/– 0.6–6.0/– 0.1–12.7/– 0.6–18.4/– –

Fe tot. 

[mgFe/dm3]
0.01–8/0.2–0.7 0.01–7.8/0–1.3 0.02–8/0.1–0.5 0.01–7.7/0–0.9 0.2

Mn2+

[mgMn/dm3]
0.01–1.5/0–0.19 0.001–2.5/0–0.19 0.003–1.8/0–0.15 0.001–0.7/0–0.15 0.05

NH4
+

[mgNH4/dm3]
0.001–2/0–0.13 0.004–3.2/0–0.28 0.002–4/0–0.12 0.015–2.7/0–0.35 0.5

NO3
-

[mgNO3/dm3]
0.001–2.9/0.009–0.15 0.001–10.6/0.04–0.5 0.001–4/0.01–0.1 0.001–30/0.01–1.2 50

NO2
-

[mgNO2/dm3]
0.001–0.4/0–0.02 0.001–3.4/0–0.05 0.001–1/0–0.01 0.001–0.35/0–0.05 0.1

Zn2+

[mgZn/dm3]
– 0.005–0.85 /– – 0.005–2.48/– 3

Sr2+

[mgSr/dm3]
– 0.056–0.75/– – 0.01–0.61/– –

F–

[mgF/dm3]
0.05–0.75 /– 0.1–1/– 0.05–0.8/– 0.1–1/– 1.5

T a  b l e  1

Chem i cal com po si tion of ground wa ter in the mo raine up land of the Kashubian Lakeland



r[Cl/(Cl+HCO3)] and r[Na/(Na+Ca)], were used as sug gested
by Appelo and Postma (1993).

Two types of iso topes, sta ble and ra dio ac tive, may be help ful 
in eval u at ing ground wa ter res i dence time. Sta ble iso topes, such
as 2H (deu te rium), 13C, 16O and 18O, in di cate the en vi ron men tal
con di tions at the time of re charge. Ra dio ac tive iso topes, the con -
cen tra tions of which may change sea son ally or an nu ally, such as
3H (tri tium), 14C and 36Cl, al low eval u a tion of the time elapsed
since wa ter in fil tra tion took place (Clark and Fritz, 1997;
Dowgia³³o and Nowicki, 1999). In ter pret ing the re sults, the pres -
ence of tri tium in ground wa ter may in di cate good con di tions of
wa ter cir cu la tion, di rect con tact with the sur face as well as (up to
50 years) in fil tra tion times from sur face to ground wa ter. Tri tium, 
then can be con sid ered as a good in di ca tor of anthropo -
genicpressure be cause it was ar ti fi cially in tro duced to the en vi -
ron ment dur ing nu clear ex plo sions in the 1950’s. 

Ground wa ter or i gins and ages were de ter mined in this study
by us ing iso tope anal y ses of ox y gen (d18O), hy dro gen (d2H),
car bon (d14C) and tri tium (d3H). The anal y ses were per formed at
the In sti tute of Nu clear Phys ics and Tech nique in Kraków.

HYDROGEOLOGICAL CONDITIONS

The Qua ter nary multi-aqui fer for ma tions com prise the
main ground wa ter res er voir pres ent in the area. The
hydrogeological con di tions are rep re sented on a sche matic
hydrogeological cross-sec tion (Fig. 2). 

In re la tion to the hydrogeological con di tions two main
aqui fer groups were dis tin guished. They dif fer from each other
not only in the depth of the ground wa ter ta ble, but also in the
thick ness and li thol ogy of the over ly ing lay ers, and in con se -

quence, in the de gree of iso la tion from sur face in flu ences and
vul ner a bil ity to anthropogenicpressure. Based on these con di -
tions, the bound ary be tween both aqui fer groups was es ti mated
at a depth of ap prox i mately 30 m be low the sur face
(Pruszkowska, 2001, 2004). 

The shal low aqui fers oc cur only lo cally and are com posed
of sandy sed i ments of al lu vial plains, of river and lake val leys,
and sandy interbed in the mo raine de pos its of the Vistula Gla ci -
ation (Qp4) (Fig. 2). They have di rect con tacts with sur face wa -
ters are di rectly re charged by me te oric wa ter, and they are
poorly iso lated from the sur face. The ground wa ter of these
aqui fers is thus un der di rect threat of anthropogenic con tam i na -
tion.

The deeper aqui fers oc cur re gion ally in inter-mo raine
Qua ter nary de pos its, par tially Qp4 (Vistula Gla ci ation), Qp3

(Odra Gla ci ation) and Qp2 (San Gla ci ation), iso lated from the
sur face (Fig. 2). They are re charged lat er ally or by in di rect
seep age from the over ly ing lay ers. Lo cally, they are hy drau li -
cally con nected with the shal low aqui fers and also with Ter -
tiary aqui fers (Pruszkowska, 2001, 2004).

RESULTS OF INVESTIGATIONS AND DISCUSSION

HYDROGEOCHEMICAL CONDITIONS

Re gional-scale ground wa ter hydrogeochemical char ac ter -
iza tion was done for both shal low and deeper aqui fer groups.
Special at ten tion was paid to hy drau lic con nec tions be tween
aqui fers, ways of re charge, types of hu man ac tiv i ties on the
land sur face and pos si bil i ties of con tam i nant mi gra tion from
the sur face. The nat u ral back ground of the ground wa ter chem i -
cal com po si tion in both aqui fer groups was found to be very
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Min er als
Shal low aqui fers group Deeper aqui fers group

SI

bal ance range

±

min i mum value max i mum value min i mum  value max i mum value

Al bite –3.7 –2.5 –6.3 –1.7 1.0

An or thite –6.7 –4.2 –6.8 –2.7 1.0

Al(OH)3•nH2O –2   –1.9 –2.4 –1.2 1.6

SiO2•nH2O –0.9 –0.4 –2.2 –0.5 0.1

Quartz    0.4   0.6 –0.7   0.8 0.2

Mus co vite   4.9   8.3   4.0   7.9 0.8

Chlorites –17    –7.1 –9.2   0.5 3.7

Illite –1.6   1.0 –3.4   1.0 2.1

Kaolinite   0.7   3.2 –0.5   2.5 1.9

Ap a tite (F) –2.8   3.7   1.5   5.5 0.1

Cal cite –1.7   0.2 –0.5   0.7 0.4

Do lo mite –3.8 –0.5 –1.3   0.2 0.8

Sid er ite –1.7   0.2 –1.7   0.4 0.8

Goethite   4.5   6.9   5.1   6.2 0.2

He ma tite 14   17.6 15.1 17.2 0.1

T a  b l e  2

Sat u ra tion in dexes (SI) of ground wa ter so lu tion



sim i lar. More over, in both aqui fer groups ox i diz ing and tran -
sient re dox were ob served, the Eh rang ing be tween
100–350 mV, and only lo cally shift ing towards slightly
reducing capacities (Eh = 26–100 mV).

The most im por tant and char ac ter is tic hydrogeochemical
prop er ties of the ground wa ter are dis cussed be low, and the
con cen tra tions an a lyzed are shown in Ta ble 1. 

The shal low aqui fers group: the min er al iza tion of the
ground wa ter rep re sented by to tal dis solved sol ids (TDS)
ranges up to 923 mg/dm3, and the to tal hard ness to
8.2 mval/dm3 (Ta ble 1). The con cen tra tions of man ga nese and
iron ions up to 0.7 mgMn/dm3 and 7.7 mgFe/dm3, thus ex ceed -
ing the Pol ish stan dard val ues for po ta ble wa ter (Rozp. M.Z.,
2002, see Ta ble 1). More over, the max i mum con cen tra tions of
all ions de ter mined (Cl–, SO4

2- , Ca2+, Mn2+), N-com pounds and
TDS ex ceed the ranges of the nat u ral hydrogeochemical back -
ground val ues typ i cal of the area con sid ered. Fi nally, an in -
crease in max i mum con cen tra tions has re cently been ob served
of Cl–, SO4

2- , Mn2+, NO3
-  ions and TDS.

The deeper aqui fers group: the min er al iza tion of ground -
wa ter rep re sented by to tal dis solved sol ids (TDS) ranges up to
580 mg/dm3, and high con cen tra tions of Mn2+ (2.5 mgMn/dm3) 
and Fe2+ ions (7.8 mgFe/dm3) were ob served, which are also
above the Pol ish stan dard val ues (Rozp. M.Z., 2002; Ta ble 1).
The max i mum con cen tra tions of Cl–, SO4

2-  and N-com pounds
are sig nif i cantly higher than the hydrogeochemical back -
ground val ues. As in the shal low aqui fers group, within the last
15 years an in crease in max i mum con cen tra tions of N-com -
pounds and Cl– has been ob served. How ever, with the ex cep -
tion of NO3

- , NH4
+  and TDS, the hydrogeochemical back -

ground val ues have not yet been ex ceeded.

Hydrogeochemical back ground lev els were de ter mined for
cho sen rep re sen ta tive pa ram e ters in both aqui fer groups and
sim i lar ranges of nat u ral and cur rent hydrogeochemical back -
ground val ues can be ob served (Ta ble 1).

The chem i cal com po si tion of the shal low and deeper aqui -
fers groups are shown in Fig ure 3, in the form of a Piper di a -
gram. The sim i lar po si tions of points rep re sent ing the chem i cal
com po si tions of ground wa ter of both aqui fer groups sug gests a
sim i lar or i gin for ground wa ter com po nents. Both aqui fer
groups show rel a tively uni form cationic com po si tions. By con -
trast, their an ionic com po si tions are not uni form as in di cated by 
the dis per sion of points. This may also in di cate the en rich ment
of ground wa ter with Cl– and SO4

2-  ions.
More over, the chem i cal com po si tion of ground wa ter in

both aqui fer groups is typ i cal of Pleis to cene ground wa ter, with
high con cen tra tions of Fe2+ and Mn2+ ions, of ten ex ceed ing the
Pol ish stan dards for drink ing wa ter (Rozp. M.Z., 2002). These
high con cen tra tions are dis trib uted rather uni formly through out 
the re search area, and show an in creas ing trend as the depth in -
creases. Be sides, the ranges of nat u ral and cur rent
hydrogeochemical back ground val ues are very sim i lar for both
aqui fer groups. These facts in di cate a geo log i cal or i gin for the
high con cen tra tions of Fe2+ and Mn2+ ions, as has also been re -
ported for other late Pleis to cene de pos its in Poland
(P³ochniewski, 1973; Ratajczak and Witczak, 1983).

The cal cu lated sat u ra tion in dexes (SI) of wa ter with re spect
to com mon aqui fer min er als for both aqui fer groups were also
very sim i lar (Ta ble 2). It was found that groundwaters are not
sat u rated with re gard to: al bite, an or thite, do lo mite, chlorites
and sid er ite, and that, con se quently the dis so lu tion of these
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Fig. 2. The sche matic hydrogeological cross-sec tion for the mo raine up land of the Kashubian Lakeland (Pruszkowska, 2004)



min er als may lead to en rich ments of ground wa ter with Ca2+,
Mg2+, Na+ and Fe2+ ions.

It seems that the chem i cal com po si tion of ground wa ter oc -
cur ring in both groups is de ter mined al ready in the up per parts
of the shal low aqui fers group. In this zone ground wa ter is be -
ing sat u rated with re spect to most of the si li ceous, car bon ate
and clay min er als, as well as with re spect to min er als con tain -
ing fer rous ions. More over, ice-bar rier sed i ments as clays and
silts are rich in or ganic mat ter and min er als con tain ing fer rous

and man ga nese ions (Grabowska-Olszewska and Sergiejew,
1977). Dur ing sub se quent seep age through these de pos its to
deeper units the ground wa ter may ad di tion ally be en riched in 
SO4

2- , Mg2+, Fe2+ and Mn2+ ions.
Apart from prod ucts of in ter ac tions at the wa ter-rock in ter -

face, other com pounds that are pres ent in ground wa ter may orig -
i nate from re charg ing me te oric wa ters. Fol low ing the sug ges tion 
of Appelo and Postma (1993), the con tri bu tion of com pounds of
me te oric or i gin was de ter mined us ing r[Cl/(Cl+HCO3)] and
r[Na/(Na+Ca)] ra tios. The dis tri bu tion of val ues of these pa ram -
e ters in ground wa ter of both aqui fer groups is gen er ally sim i lar
(Fig. 4). A de crease of the max i mum val ues with in creas ing
depths, ob served within the shal low group, may sug gest that
com pounds of me te oric or i gin play an im por tant role in the
chem i cal com po si tion of the shal low ground wa ter.

ISOTOPE STUDY

The con tri bu tion of com po nents of me te oric or i gin in
ground wa ter is also sup ported by the re sults of iso tope study
(Ta ble 3). Con cen tra tions of sta ble iso topes of ox y gen
(d18O » –10‰) and deu te rium (d2H » –71‰) in re la tion to
VSMOW (Vi enna Stan dard Mean Ocean Wa ter) and WMWL
(World Me te oric Wa ter Line), sug gest that all wa ters con sid -
ered were re charged dur ing the Ho lo cene Ep och (Zuber et al.,
1990; Nowicki, 1999; So³tyk, 2004). The val ues of sta ble iso -
topes (d18O and d2H) given in Ta ble 3 in di cate the sea sonal ef -
fects of tem per a ture in flu ence, and they are typ i cal for a warm
cli mate or sum mer in ter vals. More over, re charge took place  at
dif fer ent times. Early Ho lo cene re charge as well as late Ho lo -
cene  “con tem po rary” re charge took place. Late Ho lo cene in fil -
tra tion is con firmed by in creased con cen tra tions of tri tium
(d3H), up 3 to 100 T.U., which were found both in shal low and
deeper aqui fer groups. This may in di cate that in fil tra tion took
place dur ing or af ter nu clear test, i.e. not ear lier than 50–60
years ago (So³tyk, 2004). Such in fil tra tion is ob served in shal -
low aqui fer group at sev eral sites (Dzier¿¹¿no, Kartuzy,
Szemudzka Huta). Lo cally, in creased con cen tra tions of tri tium
are also ob served in the deeper aqui fer group  (Dzier¿¹¿no and
Kartuzy) sug gest ing good flow and re charge con di tions.

In the case of Dzier¿¹¿no, con cen tra tions of tri tium and 14C
in two in ves ti gated wells in di cate “young” wa ters that might
have in fil trated within the time of nu clear tests in 1960. More -
over, val ues of d18O and d2H are spe cific for in fil tra tion in sum -
mer pe ri ods. How ever, these val ues do not in di cate good cir cu -
la tion con di tions of ground wa ter in this area, but stag na tion
within the ground wa ter sys tem. Hydrogeological con di tions
may fa vour stag na tion, be cause both shal low and deeper aqui -
fers are not con tin u ous and are in hy drau lic con tact with one
an other. In ad di tion, both an a lyzed wells are in the close vi cin -
ity of the Radunia River, where any flood ing could re sult in
ground wa ter re charge with wa ter of such iso to pic com po si tion. 
How ever, as the iso to pic anal y ses mode were based on sin gle
mea sure ments, they should be re peated for more de tailed and
un am big u ous de ter mi na tion of the gen e sis of ground wa ter iso -
to pic com po si tion in the Dzier¿¹¿no re gion. 
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Fig. 3. The chem i cal com po si tion of ground wa ter within shal low
 and deeper aqui fer groups

Fig. 4. Val ues of  A = r[Na/(Na+Ca)] and B = r[Cl/(Cl+HCO3)] pa -
ram e ters vs. TDS (to tal dis solved sol ids) for both aqui fer groups



THE EFFECTS OF ANTHROPOGENICPRESSURE

Due to the lack of nat u ral iso la tion of shal low aqui fers and
good ground wa ter flow con di tions, there is risk of lo cal
ground wa ter con tam i na tion from the sur face. This has al ready
been ob served in shal low and most vul ner a ble aqui fers, and is
di rectly as so ci ated with the pres ence of anthropogenic con tam -
i na tion sources, such as: farms, land fills and dump ing grounds,
wastewater treat ment plants and fac to ries, es pe cially dis till er -
ies and dair ies. The con tam i na tion is cur rently man i fested by
high con cen tra tions of TDS, Cl–, SO4

2- , NO3
- , NH4

+ ions in shal -

low aqui fers. An ex am ple of such con tam i na tion is shown in
Fig ure 5. 

Be sides this, anthropogenicpressure ef fects are also in di -
cated by: 

— in creases in con cen tra tion of TDS and Cl–, SO4
2-  ions

and N-com pounds dur ing the last 15 years; 
— changed hydrogeochemical back ground val ues in the

case of TDS and N-com pounds (Ta ble 1).
Fol low ing the sug ges tion of Macioszczyk (1987) and Górski 

(2001) both of these are con sid ered typ i cal in di ces of
anthropogenic stress on the chem i cal com po si tion of ground wa -
ter. A clear cor re la tion was ob served be tween the lo cal ap pear -
ance of con tam i nants in ground wa ter and their sur face sources.

COMPARISON OF GROUNDWATER CHEMICAL COMPOSITION IN
THE KASHUBIAN LAKELAND WITH THAT OF OTHER MORAINE

DEPOSITS IN POLAND

The chem i cal char ac ter iza tion of ground wa ter in the
Kashubian Lakeland is com pa ra ble to that in other
hydrogeologically sim i lar re gions in Po land. The
hydrogeochemical back ground val ues are within the same
range as found in other Pol ish aqui fers as de scribed by Witczak 
and Adamczyk (1995; Ta ble 4). It can also be no ticed that these 
back ground val ues dif fer only to a very small de gree from the
ranges found by var i ous au thors for ground wa ter from other
Qua ter nary de pos its in the mo raine up lands of North ern Po land 
(Macioszczyk, 1987, 1991; Kozerski and Wojtkiewicz, 1990;
Witczak and Adamczyk, 1995; Janica, 2001; Macioszczyk and
Dobrzyñski, 2002). The great est dif fer ence con cerns SO4

2- , the
back ground val ues in ground wa ter of the Kashubian Lakeland
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Sam pling
num ber

Sam pling point aqui -
fers group

d18O

[‰]

d2H

[‰]

d3H

[T.U.]

d13C

[‰]

14C

[pmc]

1 Dzier¿¹¿no
 shal low   –6.6 –51 105.5    –11.3 76.5

2 Dzier¿¹¿no 
deeper   –9.8 –68 3.7 –12.0 46.5

3 Dzier¿¹¿no 
deeper   –7.6 –57 0.0 –11.1 54.0

4 Gdañsk–Kokoszki
 deeper –10.7 –72 0.0 –11.2 35.8

5 Gdañsk–Osowa
deeper –10.3 –71 0.0 –11.9 42.5

6 Kartuzy 
shal low   –9.8 –68 6.8 –11.3 47.3

7 Kartuzy 
deeper   –9.9 –67 0.6 –11.3 45.3

8 Kartuzy 
deeper –10.0 –68 0.0 – –

9 Pomieczyñska Huta
 shal low –10.2 –69 0.0 –10.4 34.1

10 Szemudzka Huta
 shal low –10.3 –72 24.8  –11.4 40.5

11 Warzno 
deeper –10.4 –71 0.0 –12.2 39.0

T a  b l e  3

Re sults of iso tope study for the shal low and deeper aqui fer groups

Fig. 5. Chem i cal ground wa ter com po si tion in shal low and deeper
aqui fer groups as a re sult of anthropogenicpressure
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be ing higher than the val ues ob served in ge net i cally sim i lar
lakelands (e.g. Suwalskie, Mr¹gowskie, E³ckie), the Elbl¹ska
Up land and the Warmiñska Low land (Ta ble 4). On the other
hand, for the Kashubian Lakeland the ground wa ter back -
ground val ues are much lower as re gards Fe2+ and Mn2+ ions.

The con cen tra tions of N-com pounds in the Kashubian
Lakeland ground wa ter also dif fer for the re gions given in Ta -
ble 4. The back ground val ues found in ground wa ter of the
Kashubian Lakeland for both NH4

+  and NO3
-  are lower as com -

pared to the val ues pre sented by Witczak and Adamczyk
(1995), and Macioszczyk and Dobrzyñski (2002). More over,
the back ground val ues of NO3

-  and NO2
-  are higher, and those

of NH4
+ are lower, than those of sim i lar re gions of North ern Po -

land (Ta ble 4).
It is sug gested that dif fer ent ranges of back ground val ues,

usu ally lower as com pared to those pre sented by Macioszczyk
and Dobrzyñski (2002), Witczak and Adamczyk (1995) and
other au thors, are re lated to the spe cific en vi ron men tal con di -
tions of the Kashubian Lakeland. This is not an in dus tri al ized
area and the land use for ag ri cul ture is also lim ited as the area is
mostly covered with forests. 

CONCLUSIONS

As sum ing good ground wa ter flow con di tions and hy drau -
lic con tacts be tween aqui fers and multi-aqui fer successions,
the re search car ried out  sug gests the fol low ing conclusions:

1. The or i gin of ground wa ter chem i cal com po si tion of both
aqui fer groups in the Kashubian Lakeland in di cates that
ground wa ter is tak ing part in ac tive wa ter ex change and cir cu -
la tion con di tions do not change sig nif i cantly as the depth of
ground wa ter oc cur rence in creases.

2. The res i dence time of ground wa ter dif fers, as in both
shal low and deeper aqui fers wa ters of the early Ho lo cene in fil -

tra tion and “con tem po rary” (not older than 50–60 years) re -
charge are pres ent. 

3. Ground wa ter chem i cal com po si tion shares some sim i lar -
i ties and in both aqui fer groups is formed by the same kinds of
nat u ral pro cesses, which be ing tak ing place in the up per zones
of shal low aqui fers, where ground wa ter is sat u rated with re -
spect to most car bon ate and clay min er als as well as min er als
con tain ing Fe2+ ions. Dur ing seep age into deeper aqui fers, wa -
ter is en riched in Fe2+ and Mn2+ ions, and in some places in 
SO4

2-  and Mg2+ as well. 
4. Nat u ral pro cesses con trol ling the ground wa ter chem i cal

com po si tion are re flected by a sim i lar ity chem i cal com po si tion
of shal low and deeper ground wa ter, which is in di cated by sim i -
lar ranges of nat u ral and cur rent hydrogeochemical back -
ground val ues, as well as sim i lar val ues of a num ber of physical 
and chemical features.

5. The chem i cal com po si tion of ground wa ter is also af fected
by anthropogenicpressure, as a re sult of con tam i na tion from var -
i ous hu man ac tiv i ties. For tu nately, the ef fects of con tam i na tion
of anthropogenic or i gin have, how ever, been ob served to date
only lo cally, in shal low aqui fers that are not iso lated.

6. The main ef fects of anthropogenicpressure in clude:
changes of hydrogeochemical back ground val ues (e.g. TDS,
N-com pounds), the cur rent in crease of max i mum con cen tra -
tions of N-com pounds, chlo rides, sulphates, mag ne sium and
TDS (as com pared to back ground val ues that were ob served 15 
years ago), and a clear cor re la tion be tween the lo cal ap pear ance 
of con tam i nants in ground wa ter and their surface sources.

7. The chem i cal com po si tion of ground wa ter from the
Kashubian Lakeland is com pa ra ble to that of ground wa ter in
hydrogeologically sim i lar re gions in Po land.

Ac knowl edge ments. We are very grate ful to the re view ers
of our manu script who of fered im por tant and con struc tive
com ments to im prove this ar ti cle. 
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