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The re charge zone of an aqui fer sup ply ing the Tursko well-field (Po land), lo cated in an area of sparse wa ter re sources,
shows ground wa ter con tam i na tion man i fested by high ni trate con cen tra tions and phar ma ceu ti cal com pounds. This study
doc u ments the steady de te ri o ra tion of ground wa ter chem is try dur ing one de cade of ground wa ter ex ploi ta tion, and anal y ses
wastewater im pact on the ground wa ter chem is try us ing phar ma ceu ti cal com pounds as anthropogenic trac ers, with fo cus on
the in flu ence of treated wastewater and drain age wa ter. These wa ters in fil trate into ground wa ter from a drain age ditch lo -
cated in the wa ter sup ply aqui fer’s re charge zone. It is shown that strongly con tam i nated wa ter can de liver or ganic mat ter
and nu tri ents to the ground wa ter, ac ti vat ing or intensiying denitrification. As a re sult, the ni trate con cen tra tion has de creased 
in the ground wa ter, while con cen tra tions of denitrification prod ucts have in creased. As so ci ated pro cess of ox i da tion of or -
ganic mat ter causes pe ri odic ex ceed ing of lim its al lowed for drink ing wa ter. The abil ity of phar ma ceu ti cal com pounds to act
as anthropogenic trac ers shows that in fil tra tion of wastewater is a sig nif i cant fac tor in flu enc ing drink ing ground wa ter qual ity.

Key words: pharmaceuticals in ground wa ter, ground wa ter con tam i na tion by treated wastewater, denitrification, ni trate
pol lu tion.

INTRODUCTION

In creas ing anthropogenic con tam i na tion can re duce
ground wa ter qual ity as well as ac ti vate (or in ten sify) geo chem i -
cal pro cesses that mod ify its chem is try. One source of such
con tam i na tion is wastewater (Asano and Cotruvo, 2004). Con -
tam i na tion by ni trates in ground wa ter be neath wastewater ir ri -
ga tion sites is a com mon prob lem (Obeidat et al., 2013; Fisher
et al., 2016), though per ceived as fa vour able for cul ti va tion due
to its nu tri ent con tent, and with ad van tages in ra tio nal wa ter
man age ment, es pe cially in dry re gions (El Heloui et al., 2016).
Re gret ta bly, poor wastewater man age ment prac tices can ad -
versely im pact lo cal aqui fers (Jampani et al., 2020). A com mon
prac tice in wastewater man age ment is the dis charge of treated
wastewater di rectly into sur face wa ter, which can lead to sur -
face wa ter con tam i na tion. The im pact of wastewater on

ground wa ter chem is try can ap pear es pe cially in riv er bank fil tra -
tion sys tems, where due to their na ture, the qual ity of ex tracted
wa ter is strongly de pend ent on the source (river) wa ter qual ity
(Dragon et al., 2018, 2019; Kruæ et al., 2019). Im pacts of
wastewater on ground wa ter qual ity can also arise if treated
wastewater is dis charged into los ing streams.

Treated wastewater ef flu ent (TWE) can dis charge, into the
sur face wa ter, a range of per sis tent con tam i nants which are not 
re moved in wastewater treat ment (Kibuye et al., 2019). In re -
cent years, at ten tion has been fo cused on phar ma ceu ti cal
prod ucts and drugs in wa ter sys tems. Wastewater from sew age 
treat ment plants is an im por tant source of hu mans phar ma ceu -
ti cal com pounds as these can pass through any stage of sew -
age treat ment even if they are par tially de graded or bio -
transformed (Strenn et al., 2004; Petrie et al., 2015; Su et al.,
2020). The lack of reg u la tions re lat ing to phar ma ceu ti cal com -
pound re moval dur ing sew age treat ment means that any elim i -
na tion is co in ci den tal rather than de lib er ate. As a con se quence, 
these sub stances reach the aquatic en vi ron ment af ter TWE
dis posal, then are trans ported down stream in sur face wa ter and 
via rivers can reach ground wa ter and sub se quently drink ing
wa ter sup ply aqui fers (Kondor et al., 2020). Be cause of
anthropogenic or i gin of these sub stances there have been sev -
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eral ap proaches to use them to trace anthropogenic im pact on
the en vi ron ment (Strenn et al., 2004; Massmann et al., 2008;
Mul ler et al., 2012; Tran et al., 2014).

The Tursko well field’s re charge area has been stud ied as
re gards the in flu ence of drain age wa ter on ground wa ter qual ity
and the im pact of denitrification on ni trate re moval from ground -
wa ter (Dragon et al., 2016). In a 3-year study, a ni trate con tam i -
na tion plume was doc u mented mi grat ing from the con tam i na -
tion source to the well field. Ox i da tion of or ganic mat ter was
found to be the geo chem i cal pro cess in flu enc ing ground wa ter
chem is try. Nat u ral ni trate re moval re sult ing from denitrification
oc cur ring along flow paths was doc u mented, while in crease in
the con cen tra tion of other con stit u ents (e.g., sul phate and to tal
hard ness – prod ucts of denitrification) was also doc u mented as
a  cause of ground wa ter qual ity de te ri o ra tion. The drain age
ditches that trans fer sur face wa ter into the ground wa ter sys tem
were found to be the source of the con tam i na tion doc u mented.
These ditches re ceive strongly con tam i nated wa ter from drain -
age pipes lo cated up stream and since 2007 also ef flu ent from a 
sew age treat ment sta tion. This sit u a tion causes a high risk of
ground wa ter con tam i na tion. Based on the pre vi ous re search, it
was im pos si ble to doc u ment TWE im pact be cause both con -
tam i na tion sources (TWE and drain age wa ter) have a sim i lar
ef fect on ground wa ter chem is try. It was in ferred that to show

the im pact of TWE on ground wa ter chem is try an anthropogenic 
marker should be used. In the cur rent work, phar ma ceu ti cal
com pounds were used as the tracer of wastewater in flu ence.

The main ob jec tives of this study are: 
– in ves ti ga tion of the steady de te ri o ra tion of ground wa ter

chem is try dur ing one de cade of ground wa ter ex ploi ta tion as 
the re sult of both drain age wa ter and treated wastewater in -
flu ence;

– ana lys ing waste water im pact on ground wa ter us ing phar -
ma ceu ti cal com pounds as an anthropogenic tracer.

STUDY AREA

HYDROGEOLOGICAL SETTINGS

The study area is lo cated in the Prosna River val ley, on the
floodplain ter race in the south ern part of the Wielkopolska re -
gion (Po land) (Fig. 1). Two rivers are lo cated in the study area:
the Prosna River flow ing from south to north ~1 km east of the
wells and the Ciemna River (Prosna trib u tary) flow ing ~400 m
north of well II.
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The study area cov ers the re charge zone of the wa ter sup ply
aqui fer used to sup ply the town of Pleszew. This is a lo cal aqui fer 
in an area of sparse wa ter re sources. The aqui fer’s spa tial
spread is lim ited to a ~500–600 m wide strip lo cated par al lel the
pres ent Prosna riverbed, with a length of ~5 km. The thick ness of 
the aqui fer ranges from sev eral to >60 m. There is a dis tinct in -
crease in aqui fer thick ness in its cen tral part, where the thick ness 
of the aqui fer de pos its is >60 m (Fig. 2). Gla cial and flu vio gla cial
de pos its dom i nate the li thol ogy. The deeper parts of the aqui fer
com prise flu vio gla cial sands and grav els. In its up per parts fine
and me dium sands pre vail. Ho lo cene peats and silts oc cur in the
near-sur face zone, with a thick ness of ~2–3 m. The aqui fer is
char ac ter ized by un con fined con di tions with a rel a tively shal low
(23 m be low ground sur face) wa ter level. Lo cally, where peats
and clays oc cur, con fined con di tions are pres ent, lead ing to high
vul ner a bil ity to pol lu tion. 

The Tursko well field com prises 3 con tin u ously pumped
wells. The well depths var ies be tween 36 and 66 m (Fig. 2). The 
well field has been in ten sively pumped since 2007. The cur rent
yield of the wells is 200 m3/h. Be fore 2007 the two wells then ex -
ist ing (nos. II and III) were pumped oc ca sion ally in the hot sum -
mers when there was the great est need for wa ter.

The prin ci pal source of re charge is in flow of ground wa ter in -
fil trat ing into the up land re gions (Fig. 1). The ground wa ter flows, 
in nat u ral con di tions, from the up land area in the south and west 
to the Prosna River val ley (Fig. 3). Di rect rain wa ter and sur face
wa ter in fil tra tion also cause ground wa ter re charge in the val ley
area. Un der ground wa ter ex ploi ta tion con di tions (with a cone of
de pres sion), the in fil tra tion of sur face wa ter (es pe cially from
drain age ditches) is greater. 

LAND USE AND URBANIZATION

Two vil lages are lo cated close to the well field. Jedlec-Stara
Wieœ is lo cated ~1.5 km south of well IV, and Jedlec-Nowa Wieœ 
is lo cated ~1 km west of the wells (Fig. 3). These vil lages are
only partly con nected to the cen tral sew age sys tem. In most
cases, do mes tic sew age is stored in in di vid ual sep tic tanks,
which are usu ally im per fectly con structed and used in poor con -
di tion. 

The well field’s re charge area is cov ered by ar a ble lands lo -
cated west and south of the floodplain ter race. Fer til iz ers and
ma nure are fre quently ap plied on ar a ble lands and are po ten tial
sources of wa ter con tam i na tion. The drain age sys tems here
are con structed on such ar a ble lands. The ex its of the pipe
drains pro vide drain age wa ter to the drain age ditches lo cated
south of the well field (Fig. 3). From 2007 one ditch has also re -
ceived TWE from the sew age treat ment plant in Go³uchów. The 
TWE dis posal site is lo cated on the map (Fig. 3). Be low the bot -
tom of the ditch, per me able sed i ments oc cur (fine and me dium
sands). The un con fined wa ter level oc curs ~8 m be low the ditch 
bot tom (Fig. 2). These con di tions en able in fil tra tion of the con -
tam i nants from the ditch to the ground wa ter sys tem. TWE is
likely a more dan ger ous risk for ground wa ter con tam i na tion
than drain age wa ter be cause drain age pipes de liver wa ter only
pe ri od i cally (dur ing wet pe ri ods and spring thaws) while TWE is
con tin u ally dis charged and pro vides con stant re charge of sur -
face wa ter. Dur ing a long pe riod of the year, es pe cially dur ing
hydrologic droughts, the drain age ditch in part lo cated up stream 
of the TWE lo ca tion is dry (Fig. 3). 
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MATERIALS AND METHODS

In or der to in ves ti gate the in flu ence of TWE im pact on
ground wa ter qual ity, the sur face wa ter, as well as ground wa ter
from piezometers and pro duc tive wells, were sam pled in the
spring of 2020. The sam pling cam paign in cluded hydro che -
mical in ves ti ga tion at the fol low ing sam pling points: TWE, sur -
face wa ter (2 sam pling points), piezometers lo cated on the flow
lines be tween the drain age ditches and wells (3 sam pling
points) and the three pro duc tive wells (3 sam pling points).

The pro duc tion wells were pumped for a min i mum of 24 h
con tin u ously be fore the sam pling pe riod. The piezometers
were pumped us ing a por ta ble pump pow ered by a bat tery
(Gigant type). Wa ter in the well col umns was flushed a min i -
mum of three times be fore sam pling. Two piezometers (P1 and
P2) among these sam pled pre vi ously (Dragon et al., 2016)
were not sam pled be cause, dur ing the dry pe riod, wa ter level
de creased be low the screen and sam pling was not pos si ble.
The wa ter was sam pled into 100-ml HDPE polyethene bot tles.
The sam ples for ni tro gen com pound anal y ses were treated with 
chlo ro form and, for iron, man ga nese and bo ron test ing were

treated with HNO3. All bot tles were rinsed three times and emp -
tied to pre vent de gas sing. Af ter sam pling, wa ter sam ples were
im me di ately (on the same day) trans ported to the lab o ra tory us -
ing a trans port able re frig er a tor. Wa ter al ka lin ity, elec tri cal con -
duc tiv ity, pH, and tem per a ture were mea sured di rectly in the
field. The chem i cal anal y ses were per formed at the Adam
Mickiewicz Uni ver sity in Poznañ, Po land (In sti tute of Ge ol ogy).

The ground wa ter sam ples were an a lyzed for cat ions (Na+, 
NH4

+, K+, Ca2+, and Mg2+) and an ions (Cl-, F-, NO3
- , NO2

- , and 
SO4

2 -) us ing a Metrohm 881 Com pact IC Pro ion chroma -
tograph. The an a lyt i cal pro ce dure was de scribed by Górski and
Siepak (2014). 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%.
Con cen tra tions of Fe, Mn, and B were de ter mined by in duc -
tively cou pled plasma mass spec trom e try (ICP-QQQ 8800 Tri -
ple Quad, Agilent Tech nol o gies). In stru ment pa ram e ters and
the an a lyt i cal method pa ram e ters have been de scribed sep a -
rately (Siepak and Sojka, 2017). For ion chro ma tog ra phy (IC),
Merck stan dard so lu tions (Merck, Darmstadt, Ger many) and
CPAchem (C.P.A. Ltd. Stara Za gora, Bul garia) were used. The
mo bile phase for cat ions and an ions was made from Fluka re -
agents (Sigma-Aldrich, Stein heim, Swit zer land). De ter mi na tion
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with the ICP-QQQ tech nique was done us ing cal i bra tion curves
ob tained from a di luted stock multi-el e ment stan dard 100
µg/mL (VHG Labs, Man ches ter, USA). The re agents used
were ultrapure, and the wa ter was de-ion ized to a re sis tiv ity of
18.2 MÙ cm in a Di rect-Q® 3 Ultrapure Wa ter Sys tem ap pa ra -
tus (Millipore, France). An a lyt i cal qual ity con trol was ver i fied by
ana lys ing SRM 1643f (Na tional In sti tute of Stan dards and
Tech nol ogy, Gaithersburg, USA) and EnviroMAT™ Ground
Wa ter, ES H1 (SCP SCIENCE, Can ada) and high com pli ance
with ref er ence val ues was found.

The ground wa ter sam pling for phar ma ceu ti cal com pound
mea sure ment in cluded 7 sam pling points: TWE, piezometers
lo cated on the flow lines be tween a drain age ditch and the wells
(3 sam pling points), and the three pro duc tive wells. The wa ter
sam ples for phar ma ceu ti cal com pound anal y sis were sam pled
into 100 ml brown glass bot tles, stored frozen, and then trans -
ported to the an a lyt i cal lab o ra tory of Povodí Vltavy VHL Plzeò,
Czech Re pub lic. Ex trac tion of the com pounds in ves ti gated was 
per formed us ing EPA an a lyt i cal method No. 1694. A 1200 In fin -
ity Ul tra-High-Per for mance Liq uid Chromatograph, equipped
with a bi nary sol vent man ager and sam ple man ager (UHPLC)
cou pled with a 6495 Tri ple Quadrupole Mass Spec trom e ter
(MS/MS), op er ated by MassHunter soft ware, all of Agilent
Tech nol o gies (Agilent Tech nol o gies Inc. Santa Clara, CA,
United States) was used for fi nal de ter mi na tion of the phar ma -
ceu ti cal com pounds. The sep a ra tion was car ried out on an
X-bridge C18 an a lyt i cal col umn, 100 x 4.6 mm (i.d), 3.5 µm par -
ti cle size (Wa ters Corp., Milford, MA, Unites States). The mo -
bile phase con sisted of meth a nol and wa ter with ace tic acid and 
am mo nium flu o ride as mo bile phase ad di tives in gra di ent
mode. The flow rate was 0.5 ml/min. The in jec tion vol ume was
50 ml. 

The ground wa ter chem is try in a deep part of the aqui fer was 
rep re sented by data from wells. The wells’ screen in ter val is lo -
cated be tween the depths of 16.0–30.5 (well II), 42.0–46.0 (well 

III) and 20.0–31.0 (well IV). The ground wa ter chem is try in a
shal low zone of the aqui fer was rep re sented by data from
piezometers lo cated be tween the drain age ditch and wells.
These piezometers have screen in ter vals be tween 4.5 and 6 m
(P3 and P4A) and be tween 16 and 19 m (P4B).

For the in ter pre ta tion of tem po ral changes in ground wa ter
chem is try, the well field mon i tor ing data ac quired an nu ally in the 
spring by the wa ter com pany were used. These data in clude the 
lo cal well field mon i tor ing re sults col lected be tween 2016 and
2020 (five mon i tor ing se ries). These data to gether with pre vi ous 
in ves ti ga tions al low rec og ni tion of the im pact of TWE on
ground wa ter chem is try dur ing one de cade (from 2007, when
use of TWE was start ing).

Me te o ro log i cal data (pre cip i ta tion) were ob tained from the
Kalisz me te o ro log i cal gaug ing sta tion (lo cated ~15 km south),
which is main tained by the In sti tute of Me te o rol ogy and Wa ter
Man age ment – Na tional Re search In sti tute (IMGW-PIB).

RESULTS

TREATED WASTEWATER CHEMISTRY

The sam ples for in ves ti ga tion of wastewater chem is try were 
taken in place, where TWE is dis charged into the ditch (Fig. 3).
Tem po ral changes in the wastewater were ana lysed based on
anal y sis of an nu ally col lected wa ter sam ples (Ta ble 1). 

High elec tri cal con duc tiv ity (>1000 mS/cm) was ob served in
the wastewater, while high con cen tra tions of so dium
(>125 mg/l), po tas sium (>26 mg/l) and chlo ride (usu ally
>150 mg/l) were char ac ter is tic. The con cen tra tions of ni tro gen
com pounds were rel a tively high and very vari able. The ni trate
con cen tra tions ranged from 5.89 to 83.8 mg/l. The most vari -
able were con cen tra tions of am mo nia, usu ally 1–2 mg/l, but
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T a  b l e  1

Changes in wastewater chem is try 

Pa ram e ter Unit 2012 2013 2014 2016 2017 2018 2019 2020

pH – 7.04 7.33 7.03    7.80   7.60   7.14   7.40 –

Al ka lin ity meq/l 5.6  8.0  7.0   5.5  6.7 6.6 6.3 –

Elec tri cal 
con duc tiv ity mS/cm 1341        1451        1290        1200       1070      1273      1272       1450         

Iron mg/l 0.34 0.25 0.06 –   0.13   0.18    0.15 0.13

Man ga nese mg/l 0.06  0.15 0.03 –    0.05   0.07    0.07 0.04

Bo ron µg/l 204.1      170.1     132.4      94.6  94.9  92.0  81.0  91.3    

Flu o ride mg/l 0.79  0.66   0.29     0.90    1.00   0.98    0.80 1.20

Chlo ride mg/l  159         142      148        47   181    178     190     417       

Ni trite mg/l 2.33 1.05   0.60     1.47    1.43    0.72    0.89 3.47

Ni trate mg/l  41.6      5.89 17.2    83.8 17.6   14.4  36.8  33.7    

Am mo nia mg/l      0.412  21.4   1.19      0.050    1.34     0.430    1.21 1.38

Sul phate mg/l 121       107      11     83  71   72   63    58     

Cal cium mg/l 96     94    96     88   100     100     89    91     

Mag ne sium mg/l 25     24    23      22   24   24    24    26      

To tal hard ness meq/l      6.8      8.0 6.7   6.4 4.3  7.1 11.1  6.6 

So dium mg/l 134       125      135       130     140     150     160     160       

Po tas sium mg/l   31.3      29.1 29.7    31.0 26.0  26.0  89.0  32.0    



con cen tra tions >20 mg/l also ap peared pe ri od i cally. The ni trite
con cen tra tions were also rel a tive high, usu ally >1 mg/l.

A spe cific at trib ute of the wastewater was a very high con -
cen tra tion of phar ma ceu ti cal com pounds (see Ta ble 4). In
waste water ef flu ent of 2020 64 sub stances among 102 in ves ti -
gated were dis cov ered at con cen tra tions greater than the de -
tec tion limit (LOQ). The to tal phar ma ceu ti cal com pound con -
cen tra tions were 106 µg/l. The fol low ing sub stances were dis -
cov ered at con cen tra tions >1.0 µg/l: carbamazepine, diclo -
fenac, hy dro chlo ro thi a zide, sac cha rin, gabapentin, tramadol,
carbama zepine - DHH, acesulfame, oxypurinol, fexo fenadine,
sotalol, telmi sar tan, metformin, benzotriazole, benzo triazole
methyl and su crose or valsartan acid. 

SURFACE WATER CHEMISTRY 

Sur face wa ter from the drain age ditch was sam pled at two
places (Fig. 3): one lo cated up stream of the TWE (POW2) and
one lo cated down stream (POW3). The changes in sur face wa ter 
chem is try are shown in Ta ble 2 (data based on well field mon i tor -
ing). The sur face wa ter chem is try is char ac ter ized by high ni trate
con cen tra tions (usu ally >30 mg/l but in some pe ri ods >100 mg/l). 
High ni trite lev els were also char ac ter is tic (at times >1 mg/l) and
a sig nif i cantly higher con cen tra tion down stream of the waste -
water ef flu ent is ev i dent (Ta ble 2). Am mo nia con cen tra tions are
rel a tively low (<0.2 mg/l) but very high con cen tra tions of am mo -
nia ap pear down stream of the TWE pe ri od i cally (16.5 and
28.2 mg/l). The con cen tra tions of the re main ing com po nents
(mainly chlo ride, so dium and po tas sium) are also sig nif i cantly
higher down stream of the TWE. Bo ron con cen tra tions fol low this
be hav iour also. 

The Ciemna River that flows through the study area (Fig. 3)
is lo cated on an area of in ten sive ag ri cul tural pro duc tion, a ni -
trate vul ner a ble zone (NVZ) and was also tested in 2010 and
2013 for pes ti cide res i dues (Dro¿d¿yñski, 2020). Sums of de -
tected pes ti cides were, in spring and au tumn sea son 2010, 2.64 
and 0.28 mg/l, re spec tively. In spring and au tumn 2013 the
sums were sim i lar, 3.22 and 0.24 mg/l, re spec tively. The re sults
quoted in di cate a sig nif i cant anthropogenic im pact on sur face
wa ters in the mon i tored area.

GROUNDWATER CHEMISTRY

Over a rel a tively small area, dis tinct dif fer ences in ground -
wa ter chem is try oc cur (Dragon et al., 2016). The con cen tra tion
of chlo ride in piezometers (shal low aqui fer zone) in the area be -
tween the drain age ditch and wells were at lev els be tween 37
and 65 mg/l (Ta ble 3). The sul phate con cen tra tions were be -
tween 228 and 272 mg/l. The so dium and po tas sium con cen tra -
tions were also vari able and were be tween 11 and 23 mg/l and
be tween 2.2 and 3.4 mg/l, re spec tively. The con cen tra tions of
ni tro gen com pounds were very vari able. The ni trate con cen tra -
tions were be tween <0.002 and 33.4 mg/l, and ni trite was at lev -
els be tween <0.001 and 0.191 mg/l. The most vari able was am -
mo nia con cen tra tion, at be tween zero and 1.74 mg/l. 

Dis tinct changes in ground wa ter chem is try were also ob -
served in pro duc tive wells (deep aqui fer zone). The chlo ride and
sul phate con cen tra tions var ied be tween 38 and 54 mg/l and be -
tween 143 and 247 mg/l, re spec tively. The so dium and po tas -
sium con cen tra tions were more sta ble in the wells and ranged
be tween 19 and 22 mg/l (so dium) and 2.5 and 5 mg/l (po tas -
sium). The high est con cen tra tions of ni trate were doc u mented in
well IV (16.8 mg/l). This is the well lo cated clos est to the drain age
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T a  b l e  2

Changes in the sur face wa ter chem is try 

Pa ram e ter Unit
2012 2013 2014 2016 2018 2020

POW2 POW3 POW2 POW3 POW2 POW3 POW2 POW3 POW3 POW2 POW3

pH –     8.18      7.90     7.87      7.95 8.04       7.08     8.00     7.94     7.31    7.61   7.58 

Alkalilnity meq/l    4.2     8.0    3.7     4.3 4.4      6.1    4.5   5.2   6.7 5.0 4.8

Elec tri cal 
con duc tiv ity mS/cm 1051      1306     1007   1179   988      1226   969   1113     1287    1263     1281     

Iron mg/l    0.09     0.20      0.21       0.23 0.03       0.03 – –     0.15   0.11    0.13 

Man ga nese mg/l     0.02      0.05      0.07        0.06 0.01       0.02 – –      0.06    0.02     0.02  

Bo ron µg/l – – 104.5  138.2 103.0    111.5 46.1 77.9 92.0 22.1    47.8    

Flu o ride mg/l    0.30     0.68      0.32        0.71 0.29       0.31     0.20     0.60     0.98    0.35    0.66  

Chlo ride mg/l 76.3 117.3 92.1  129.2 134.9    132.3 35.0 29.0 174.0  120.4   139.5    

Ni trite mg/l     0.230     0.400     0.031       1.01 0.43       1.21     0.542     0.996     0.704     0.027     0.031

Ni trate mg/l 65.1 31.6 85.2    32.4 59.8     34.5 118.3 93.7 13.1 133.5    100.4    

Am mo nia mg/l      0.182 28.2     0.106    16.5    0.095     0.121     0.050     0.030     0.430     0.109     0.118

Sul phate mg/l 144.4    129.5 142.2 125.6 111.6    107.8 250.0 128.0  74.0 199.2    171.1    

Cal cium mg/l 139.1    118.5 159.7 138.7 96.2    106.5 150.0 110.0  100.0  202.7   152.0    

Mag ne sium mg/l 26.6  26.8  21.9   22.3 23.5      23.1 19.0 21.0 23.0 32.6  31.4  

To tal 
hard ness meq/l 9.1    8.1    4.2     7.1 6.7      7.2   8.5   7.1 13.8 12.8 10.2  

So dium mg/l 27.4  101.9 27.6   89.4 101.4    104.8 28.0 87.0 160.0  36.7 75.3  

Po tas sium mg/l    8.17  25.9      9.99    23.1 23.4       25.2   9.0 22.0 26.0  10.2  18.6  



ditch (Fig. 2). The low est ni trate con cen tra tions in well III were
doc u mented at a level of 0.08 mg/l. The to tal hard ness ranged
be tween 7.6 meq/l in well II and 12.2 meq/l in well III.

Phar ma ceu ti cal com pounds were also de ter mined in the
ground wa ter (Ta ble 4). In 2020 in piezometer P3 7 these sub -
stances were de tected at a to tal con cen tra tion of 0.863 µg/l,
while in well IV 5 sub stances at a to tal con cen tra tion of
0.175 µg/l were found. The low est con cen tra tions of phar ma -
ceu ti cal com pounds were de tected in sam pling point P4A (2
sub stances at a to tal con cen tra tion of 0.133 µg/l), P4B (one
sub stance at a con cen tra tion of 0.038 µg/l), and well II (3 sub -
stances at a con cen tra tion of 0.096 µg/l). In well III phar ma ceu -
ti cal com pounds were not dis cov ered. 

DISCUSSION

SPATIAL VARIATION OF GROUNDWATER 
CHEMISTRY

The ap par ent spa tial ground wa ter chem is try was doc u -
mented in 2020, and was con sis tent with trends from a pre vi ous 
study (Dragon et al., 2016). The high est ni trate con cen tra tions
oc curred clos est to the drain age ditch (in sam pling point P3
>30 mg/l). Along the flow paths, the con cen tra tions de creased
to 27.6 mg/l in piezometer P4A and <0.002 in the deeper
piezometer P4B. In well IV (deeper aqui fer zone) lo cated be -
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T a  b l e  3  

The ground wa ter chem is try of the Tursko well field (ground wa ter sam pling per formed in 2020)

Pa ram e ter Unit P3 IV P4A P4B III II 

Dis tance from 
the drain age ditch m 820      920      1320         1340        1350          2020           

pH – 7.49 – 7.35 7.64 7.19 7.14   

Elec tri cal con duc tiv ity mS/cm 1165        866      998       1050        1136          883         

Iron mg/l <0.03  1.60 1.03 2.24 4.54  2.77  

Man ga nese mg/l 0.74 0.82 0.81 1.03 1.02  0.70   

Bo ron mg/l – – – – – –

Chlo ride mg/l 65     39     37     53    38       54        

Ni trite mg/l 0.112 0.007    0.191  <0.001 0.049 0.028

Ni trate mg/l 33.4   16.8   27.6      <0.002 0.080 0.510

Am mo nia mg/l <0.001    0.430    0.610  1.74 0.560 0.330

Sul phate mg/l 250       143      272       228       247         160          

Cal cium mg/l 180       130      170       170      190         120          

Mag ne sium mg/l 27     24     22     26     33       20       

To tal hard ness meq/l 11.2   8.40 10.2    10.6   12.2      7.60  

So dium mg/l 23     19     11     21    19       22        

Po tas sium mg/l 2.20   2.50 3.40 2.50 2.90   5.00  

T a  b l e  4

Re sults of phar ma ceu ti cal com pound in ves ti ga tion

Pa ram e ter Unit LOQ Wastewater P3 IV P4A P4B III II

Dis tance from
the drain age ditch m – – 820 920 1320 1340 1350 2020

Acesulfam

 mg/l

<0.010 4.76  nd nd nd nd nd 0.067

Bisfenol A <0.050 0.064 0.090 nd nd nd nd nd 

Caf feine <0.100 0.236 0.486 nd 0.108 nd nd nd 

Gabapentin <0.010 1.69  0.017 0.013 nd nd nd nd 

Paraxantine <0.100 0.401 0.229 nd nd nd nd nd 

Sotalol <0.010 3.23  0.011 nd nd nd nd  nd

Telmisaltan <0.020 6.67  0.022 0.119 0.025 0.038 nd 0.022

Metformin <0.050 9.82  nd 0.024 nd nd nd  nd

PFOS <0.005  0.008 0.005 nd nd nd 0.007

Valsartan acid <0.010 5.81   nd 0.014 nd nd nd nd 

Sum of the con cen -
tra tions – 32.7      0.863 0.175 0.133 0.038 nd 0.096

LOQ – limit of quan ti fi ca tion; nd – not de tected



tween piezometer P3 and P4A the ni trate con cen tra tion was
16.8 mg/l (Ta ble 3). This be hav iour also fol lowed the chlo ride
con cen tra tions: 65 mg/l in P3, 39 and 37 mg/l in well IV and
sam pling point P4A, re spec tively, as well as so dium. The sul -
phate con cen tra tions show op po site trends: the small est con -
cen tra tions were ob served in well IV (143 mg/l) and the larg est
in well III bis (247 mg/l). This trend also fol lowed the to tal hard -
ness: low est in sam pling points P3 and P4A and well IV (11.2,
10.2 and 8.4 meq/l, re spec tively) and sig nif i cantly higher in well
III (12.2 meq/l).

The con cen tra tions of phar ma ceu ti cal com pounds in gen -
eral fol low clear trends of ni trate changes (and also of chlo ride
and so dium). The high est phar ma ceu ti cal com pound con cen -
tra tions oc curred clos est to the drain age ditch and clearly de -
creased along ground wa ter flow lines (Ta ble 4). This trend is
not rep re sented by changes in well II (lo cated far thest from the
drain age ditch), where 2 sub stances were de tected. This dif fer -
en ti a tion may be caused by in fil tra tion of sur face wa ter from the
Ciemna River but this ques tion needs fur ther re search.

TEMPORAL CHANGES IN GROUNDWATER 
CHEMISTRY

Anal y sis of ground wa ter chem is try took place in the con text
de scribed by Dragon et al. (2016) and com ple mented by fur ther 
wa ter anal y ses (be tween 2016–2020). Tem po ral changes in
ground wa ter chem is try are il lus trated in Fig ure 4 (wells) and
Fig ure 5 (piezometers). A dis tinct in crease in chlo ride, sul phate, 
to tal hard ness, and iron and man ga nese is vis i ble from 2007 in
wells II and III (the op er a tion of well IV was started in 2007).
This sit u a tion was cre ated by the start of con stant well field op -
er a tion since the spring of 2007 (pre vi ously, ex ploi ta tion was
spo radic). As the dy namic wa ter level de creased (as the cone
of de pres sion formed), the con tam i nants moved from the shal -
low part of the aqui fer to the deep est parts (well screen in ter val), 
es pe cially in wells II and III, where un con fined con di tions oc cur.
From 2016 a sharp in crease in sul phate con cen tra tion was ob -
served, to lev els of >450 mg/l. An in crease of to tal hard ness
was also noted at this time, with a con cen tra tion of >12 meq/l.
Con cen tra tions of both com pounds ex ceeded the para met ric
value for drink ing wa ter which is 10 meq/l (500 mg CaCO3/l)
(Rozporzadzenie, 2017). At the same time, con cen tra tions of
chlo ride in creased by ~10–20 mg/l. Con cen tra tions of iron and
man ga nese (and also al ka lin ity) were rel a tively sta ble af ter the
sharp in crease in 2007. The con cen tra tion of am mo nia af ter a
clear sharp in 2007 was also rel a tively sta ble. In con trast, ni -
trate con cen tra tions dif fered es pe cially in well IV, where a sta -
ble con cen tra tion in crease was vis i ble first af ter start ing well op -
er a tion in 2007 and then from 2014. In wells II and III, af ter small 
in creases in 2007 (at low con cen tra tions), the ni trate level re -
mained rel a tively low. 

Ground wa ter chem is try in the shal low aqui fer zone has
been in ves ti gated in a piezometer net work since 2012, and
showed sim i lar tem po ral changes to those ob served in the
wells. The most dis tinct is a clear sharp in crease in sul phate
con cen tra tions ob served from 2016 to 2018. Sim i lar in creases
were ob served in chlo ride and to tal hard ness. A dis tinct in -
crease in ni trate was ob served in 2019 in shal low piezometers
(P3 and P4A).

IDENTIFICATION OF TREATED WASTEWATER IMPACT
ON GROUNDWATER CHEMISTRY

The main pro cesses in flu enc ing ground wa ter chem is try in
the re charge zone of the Tursko well field are the ox i da tion of
or ganic mat ter and sulphides in the vadose zone and denitrifi -
cation (Dragon et al., 2016). Both pro cesses cre ate quite sim i lar 
ground wa ter chem is try changes, while their dif fi culty in in ter pre -
ta tion stem from both pro cesses (es pe cially denitrification) be -
ing con trolled by lo cal biogeochemical con di tions that are usu -
ally spa tially and tem po rally vari able (Rivett et al., 2008). In the
case of ox i da tion of or ganic mat ter, there is an in crease in sul -
phate and iron con cen tra tions as well as in to tal hard ness
(Porowski et al., 2019), while denitrification causes in crease in
sul phate and to tal hard ness (denitrification prod ucts – Benne -
kom et al., 1993). Autotrophic denitrification was in di cated as a
dom i nant pro cess pre vi ously (Dragon et al., 2016). In gen eral,
the cur rent study sup ports the ear lier find ings. Sul phate con -
cen tra tions and to tal hard ness (denitrification prod ucts) oc -
curred in ground wa ter still at a very high level, es pe cially in well
III, where both pa ram e ters ex ceeded the para met ric value for
drink ing wa ter (Fig. 4), while very high lev els were also found in
the shal low zone in wa ter sam pled in piezometers. Sul phate
con cen tra tions per sisted at con cen tra tions higher than 200
mg/l, and to tal hard ness at a level >10 meq/l. As a re sult of
denitrification, ni trate con cen tra tions are very low in the wells
(Fig. 4 and Ta ble 3). 

The clear sharp in crease in sul phate con cen tra tion and to tal 
hard ness level is re lated to hy dro log i cal con di tions. These in -
creases are ob serv able in rel a tive wet (rainy) con di tions that oc -
cur af ter a long hy dro log i cal drought. This was the case in 2016
when the rainy sea son oc curred af ter the long dry sea son in
2011–2014 and the very dry year 2015 (Fig. 6). This caused a
sharp in crease in sul phate and to tal hard ness lev els (Figs. 4
and 5). An ev i dent and sharp con cen tra tions in crease was also
ob served in 2020, es pe cially in the shal low aqui fer zone (Fig.
5), fol low ing wet weather con di tions af ter dry sea sons oc curred
in Po land in 2018 and 2019 (Fig. 6). This is the rea son for the in -
flu ence of both pro cesses – denitrification and or ganic mat ter
ox i da tion – dur ing the dry sea son (lower wa ter level). Both pro -
cesses oc cur mainly in the shal low aqui fer zone. The mi gra tion
of the prod ucts of both pro cesses af ter more in ten sive ef fec tive
in fil tra tion dur ing the wet sea son to the deeper parts of the aqui -
fer, es pe cially dur ing a wet sea son pre ceded by a long dry pe -
riod (Figs. 4 and 5). 

Both doc u mented pro cesses (or ganic mat ter ox i da tion and
denitrification) are ev i dent in wells II and III, while ground wa ter
chem is try in well IV has a dif fer ent or i gin. This is the well lo cated 
clos est to the drain age ditch, near to the floodplain bound ary
(Figs. 2 and 3). This well most prob a bly re ceives shal low
ground wa ter per co lat ing through the aquitard in the mar ginal
part of the floodplain (Dragon et al., 2016). The hydro geo -
chemical ev i dence sug gests that an un rec og nized “hydrogeo -
logical win dow” oc curs there. This ver ti cal per co la tion oc curs
be fore wa ter reaches the floodplain ter race (Fig. 2). As a re sult,
a high con cen tra tion of ni trate was doc u mented there (and its
in crease dur ing well op er a tion), rel a tively low and sta ble con -
cen tra tions of sul phate and of and to tal hard ness (Fig. 4). This
is be cause this wa ter is only par tially denitrified.
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The spa tial dif fer en ti a tion of ground wa ter chem is try in di -
cates that the pri mary source of ground wa ter pol lu tion is the
drain age ditch which car ries pol luted wa ter from drain age pipes
and TWE from the sew age treat ment sta tion. It is known that ni -
tro gen com pounds are sup plied to ground wa ter by both TWE

and drain age sys tems (DeSimone and Howes, 1998; Fos ter
and Chilton, 2004; Dragon et al., 2016). The con cen tra tions of
ni trate are the high est close to the ditch and de crease along
flow lines due to denitrification. As a con se quence, the ni trate
con cen tra tions in wells II and III are very low (<2 mg/l), but
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Fig. 4. Tem po ral changes of ground wa ter chem is try in the wells (deep aqui fer zone)

In the pe riod be tween IV 2010 and XII 2013 well III was not op er ated



denitrification prod ucts in crease (to tal hard ness and sul phate
ex ceed the para met ric value for drink ing wa ter in well III). The
in flu ence of drain age wa ter is lim ited to the rel a tive wet pe ri ods
be cause dur ing hy dro log i cal droughts (as in 2018 and 2019)
the drain age pipes are not ac tive. In these pe ri ods, the ditch re -
ceived only TWE from the sew age treat ment sta tion be cause
this re charge com po nent is stag nant. In that case, dur ing dry
sea sons the drain age ditch car ries only wastewater. This

causes a re charge by ground wa ter car ry ing a high con tent of
or ganic mat ter. This mat ter ac ti vates or in ten si fies deni tri fi -
cation by en rich ing elec tron do nors and nu tri ents for denitrifying 
bac te rial growth (Feast et al., 1998; Rivett et al., 2008). The
wastewater also sup ports the ox i da tion of or ganic mat ter in re -
charg ing the aqui fer with ad di tional, oxidisable or ganic mat ter.

The in flu ence of TWE is shown by phar ma ceu ti cal com -
pounds de tected in both source sur face wa ter (at very high con -
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Fig. 5. Tem po ral changes in ground wa ter chem is try in ob ser va tion wells (shal low aqui fer zone)



cen tra tions) and ground wa ter. These anthropogenic chem i cals
are used as a tracer of TWE in flu ence (Van Stempvoort et al.,
2013). The spa tial dif fer en ti a tion of the phar ma ceu ti cal com -
pounds in the ground wa ter ex pressly in di cates the TWE in flu -
ence (Fig. 7). A clear  de crease in phar ma ceu ti cal com pounds
was ob served es pe cially in 2020. Close to the drain age ditch,
the sum of phar ma ceu ti cal com pound con cen tra tions and the
num ber of sub stances de tected was the high est (in the P3 sam -
pling point). Then the con cen tra tions and num bers of de tected
sub stances de crease sys tem at i cally along flow paths (Ta ble 4). 

Phar ma ceu ti cal com pounds were de tected in pro duc tive well IV 
(lo cated clos est to the ditch and re ceiv ing shal low ground wa ter
through “hydrogeological win dow” per co la tion). Along the flow
path, the con cen tra tions of the phar ma ceu ti cal com pounds de -
creased sys tem at i cally and in well III these sub stances was not
de tected. The spa tial dif fer en ti a tion of these sub stances most
prob a bly is con trolled by biodegradation (Maeng et al., 2010;
Kruæ et al., 2019). Ad di tion ally, drugs show a sim i lar dif fer en ti a -
tion. Caf feine was de tected in the P3 and P4A sam pling points,
de creas ing along the flow path, while paraxanthine (a caf feine
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Fig. 6. Av er age an nual pre cip i ta tion in the Prosna River catch ment
 (Kalisz me te o ro log i cal gaug ing sta tion)

Fig. 7. The sum of phar ma ceu ti cal com pound con cen tra tions along flow path



me tab o lite) was de tected in the P3 sam pling point (near est to
the con tam i na tion source). 

The de tec tion of phar ma ceu ti cal com pounds in ground wa -
ter and their spa tial dif fer en ti a tion means these sub stances can 
be used as anthropogenic trac ers of TWE in flu ence, and for the
iden ti fi ca tion of con tam i na tion or i gin. In ves ti ga tion of phar ma -
ceu ti cal com pounds in TWE and ground wa ter in di cates that in -
fil tra tion of wastewater is a sig nif i cant fac tor in flu enc ing ground -
wa ter drink ing-wa ter qual ity. This re search shows a need for
phar ma ceu ti cal com pound mon i tor ing in drink ing wa ter as well
as mon i tor ing of ground wa ter in the re charge zone of well fields. 
Un der stand ing the en vi ron men tal con se quences of waste -
water- de rived con tam i nants is cru cial for the ad e quate pro tec -
tion of wa ter sup ply aqui fers. The dis tinct in crease of wa ter
com po nents con cen tra tions over time in di cates a se ri ous haz -
ard as re gards ground wa ter qual ity de te ri o ra tion. This find ing
should be taken into con sid er ation in think ing about wa ter re -
sources pro tec tion for the next gen er a tions (Dragon, 2012).

CONCLUSIONS

Anthropogenic im pact on ground wa ter in the wa ter sup ply
aqui fer was doc u mented in the Tursko well field’s re charge
zone (South Wielkopolska, Po land). The in fil tra tion of sur face
wa ter causes ground wa ter con tam i na tion. The sur face wa ter
is con tam i nated by both drain age sys tems and treated waste -
water ef flu ent. The drain age ditch, lo cated in the well field’s re -
charge area, re ceives drain age wa ter from ar a ble land and
treated wastewater from the sew age treat ment sta tion. This
causes the sur face wa ter to be strongly con tam i nated with a
high con tent of or ganic mat ter, nu tri ents, and macrocom po -
nents. In re cent years also a high con tent of phar ma ceu ti cal
com pounds was in ves ti gated. The con tam i nated wa ter from
the ditch in fil trates into the ground wa ter sys tem and then mi -
grates along flow lines from the con tam i na tion source to pro -
duc tive wells. 

In the con text of a pre vi ous in ves ti ga tion, it was doc u -
mented that the con tam i nated sur face wa ter im pact is the main
hydrogeochemical fac tor in flu enc ing ground wa ter chem is try.
The in fil tra tion of this wa ter ac ti vates or in ten si fies hydro geo -
che mical pro cesses in the aqui fer (mainly denitrification) be -
cause a sup ply of ground wa ter with or ganic mat ter and nu tri -
ents for bac te rial growth are in dis pens able for the de vel op ment
of denitri fication. The pri mary source of con tam i na tion is treated 

waste water ef flu ent be cause the drain age wa ter in flu ence is
lim ited to the wet pe ri ods when the drain age pipes are ac tive.
Dur ing the last dry pe riod (in the years 2018 and 2019), the
drain age sys tems were ac tive only oc ca sion ally (af ter heavy
rain). In con trast, the treated wastewater ef flu ent is ac tive all the 
time and pro vides con stant re charge of sur face wa ter. 

High lev els of ground wa ter con tam i na tion were doc u -
mented, re flected mainly by high ni trate con cen tra tions. These
con cen tra tions are the high est close to the ditch and de crease
sys tem at i cally along the flow lines due to denitrification. At the
same time, in creas ing con cen tra tions of sul phate and to tal
hard ness oc cur (denitrification prod ucts), ex ceed ing the para -
met ric value for drink ing wa ter in the pro duc tive wells. How ever, 
the con tam i na tion level is sig nif i cantly higher dur ing wet pe ri ods 
fol low ing long hy dro log i cal droughts when sharp in creases in
sul phate and to tal hard ness were ob served due to ox i da tion of
or ganic mat ter and sulphides. These pro cesses have sim i lar ef -
fects on ground wa ter chem is try and over lap with those from
denitrification. 

The oc cur rence of phar ma ceu ti cal com pounds al lows iden -
ti fi ca tion of the in flu ence of treated wastewater on ground wa ter
chem is try, by us ing these sub stances as anthropogenic trac -
ers. The in ves ti ga tion shows a very high level of phar ma ceu ti cal 
com pounds in the treated wastewater. These sub stances in fil -
trate into the ground wa ter sys tem and then mi grate along flow
paths. As a re sult, the con cen tra tion of phar ma ceu ti cal com -
pounds in ground wa ter is higher in sam pling points lo cated
clos est to the con tam i na tion source (the drain age ditch) and
sys tem at i cally de creases along the flow lines. 

This re search is an ex am ple of how an anthropogenic tracer 
(phar ma ceu ti cal sub stances) can be used for iden ti fi ca tion of
wastewater im pact as well as for the de ter mi na tion of con tam i -
na tion sources. It in di cates a re quire ment for phar ma ceu ti cal
com pound mon i tor ing in drink ing wa ter as well as mon i tor ing of
ground wa ter in the re charge zones of well fields. Un der stand ing 
the en vi ron men tal con se quences of wastewater-de rived con -
tam i nants is cru cial for the ef fec tive pro tec tion of wa ter sup ply
aqui fers.
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