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2

The recharge zone of an aquifer supplying the Tursko well-field (Poland), located in an area of sparse water resources,
shows groundwater contamination manifested by high nitrate concentrations and pharmaceutical compounds. This study
documents the steady deterioration of groundwater chemistry during one decade of groundwater exploitation, and analyses
wastewater impact on the groundwater chemistry using pharmaceutical compounds as anthropogenic tracers, with focus on
the influence of treated wastewater and drainage water. These waters infiltrate into groundwater from a drainage ditch lo-
cated in the water supply aquifer’s recharge zone. It is shown that strongly contaminated water can deliver organic matter
and nutrients to the groundwater, activating or intensiying denitrification. As a result, the nitrate concentration has decreased
in the groundwater, while concentrations of denitrification products have increased. Associated process of oxidation of or-
ganic matter causes periodic exceeding of limits allowed for drinking water. The ability of pharmaceutical compounds to act
as anthropogenic tracers shows that infiltration of wastewater is a significant factor influencing drinking groundwater quality.

Key words: pharmaceuticals in groundwater, groundwater contamination by treated wastewater, denitrification, nitrate

pollution.

INTRODUCTION

Increasing anthropogenic contamination can reduce
groundwater quality as well as activate (or intensify) geochemi-
cal processes that modify its chemistry. One source of such
contamination is wastewater (Asano and Cotruvo, 2004). Con-
tamination by nitrates in groundwater beneath wastewater irri-
gation sites is a common problem (Obeidat et al., 2013; Fisher
etal., 2016), though perceived as favourable for cultivation due
to its nutrient content, and with advantages in rational water
management, especially in dry regions (E! Heloui et al., 2016).
Regrettably, poor wastewater management practices can ad-
versely impact local aquifers (Jampani et al., 2020). A common
practice in wastewater management is the discharge of treated
wastewater directly into surface water, which can lead to sur-
face water contamination. The impact of wastewater on
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groundwater chemistry can appear especially in riverbank filtra-
tion systems, where due to their nature, the quality of extracted
water is strongly dependent on the source (river) water quality
(Dragon et al., 2018, 2019; Kru¢ et al.,, 2019). Impacts of
wastewater on groundwater quality can also arise if treated
wastewater is discharged into losing streams.

Treated wastewater effluent (TWE) can discharge, into the
surface water, a range of persistent contaminants which are not
removed in wastewater treatment (Kibuye et al., 2019). In re-
cent years, attention has been focused on pharmaceutical
products and drugs in water systems. Wastewater from sewage
treatment plants is an important source of humans pharmaceu-
tical compounds as these can pass through any stage of sew-
age treatment even if they are partially degraded or bio-
transformed (Strenn et al., 2004; Petrie et al., 2015; Su et al.,
2020). The lack of regulations relating to pharmaceutical com-
pound removal during sewage treatment means that any elimi-
nation is coincidental rather than deliberate. As a consequence,
these substances reach the aquatic environment after TWE
disposal, then are transported downstream in surface water and
via rivers can reach groundwater and subsequently drinking
water supply aquifers (Kondor et al., 2020). Because of
anthropogenic origin of these substances there have been sev-



2 Krzysztof Dragon et al. / Geological Quarterly, 2022, 66: 14

eral approaches to use them to trace anthropogenic impact on
the environment (Strenn et al., 2004; Massmann et al., 2008;
Muller et al., 2012; Tran et al., 2014).

The Tursko well field’s recharge area has been studied as
regards the influence of drainage water on groundwater quality
and the impact of denitrification on nitrate removal from ground-
water (Dragon et al., 2016). In a 3-year study, a nitrate contami-
nation plume was documented migrating from the contamina-
tion source to the well field. Oxidation of organic matter was
found to be the geochemical process influencing groundwater
chemistry. Natural nitrate removal resulting from denitrification
occurring along flow paths was documented, while increase in
the concentration of other constituents (e.g., sulphate and total
hardness — products of denitrification) was also documented as
a cause of groundwater quality deterioration. The drainage
ditches that transfer surface water into the groundwater system
were found to be the source of the contamination documented.
These ditches receive strongly contaminated water from drain-
age pipes located upstream and since 2007 also effluent from a
sewage treatment station. This situation causes a high risk of
groundwater contamination. Based on the previous research, it
was impossible to document TWE impact because both con-
tamination sources (TWE and drainage water) have a similar
effect on groundwater chemistry. It was inferred that to show

the impact of TWE on groundwater chemistry an anthropogenic

marker should be used. In the current work, pharmaceutical

compounds were used as the tracer of wastewater influence.
The main objectives of this study are:

— investigation of the steady deterioration of groundwater
chemistry during one decade of groundwater exploitation as
the result of both drainage water and treated wastewater in-
fluence;

— analysing wastewater impact on groundwater using phar-
maceutical compounds as an anthropogenic tracer.

STUDY AREA

HYDROGEOLOGICAL SETTINGS

The study area is located in the Prosna River valley, on the
floodplain terrace in the southern part of the Wielkopolska re-
gion (Poland) (Fig. 1). Two rivers are located in the study area:
the Prosna River flowing from south to north ~1 km east of the
wells and the Ciemna River (Prosna tributary) flowing ~400 m
north of well Il
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The study area covers the recharge zone of the water supply
aquifer used to supply the town of Pleszew. This is a local aquifer
in an area of sparse water resources. The aquifer's spatial
spread is limited to a ~500-600 m wide strip located parallel the
present Prosna riverbed, with a length of ~5 km. The thickness of
the aquifer ranges from several to >60 m. There is a distinct in-
crease in aquifer thickness in its central part, where the thickness
of the aquifer deposits is >60 m (Fig. 2). Glacial and fluvioglacial
deposits dominate the lithology. The deeper parts of the aquifer
comprise fluvioglacial sands and gravels. In its upper parts fine
and medium sands prevail. Holocene peats and silts occur in the
near-surface zone, with a thickness of ~2—-3 m. The aquifer is
characterized by unconfined conditions with a relatively shallow
(23 m below ground surface) water level. Locally, where peats
and clays occur, confined conditions are present, leading to high
vulnerability to pollution.

The Tursko well field comprises 3 continuously pumped
wells. The well depths varies between 36 and 66 m (Fig. 2). The
well field has been intensively pumped since 2007. The current
yield of the wells is 200 m*h. Before 2007 the two wells then ex-
isting (nos. Il and Ill) were pumped occasionally in the hot sum-
mers when there was the greatest need for water.

The principal source of recharge is inflow of groundwater in-
filtrating into the upland regions (Fig. 1). The groundwater flows,
in natural conditions, from the upland area in the south and west
to the Prosna River valley (Fig. 3). Direct rainwater and surface
water infiltration also cause groundwater recharge in the valley
area. Under groundwater exploitation conditions (with a cone of
depression), the infiltration of surface water (especially from
drainage ditches) is greater.

LAND USE AND URBANIZATION

Two villages are located close to the well field. Jedlec-Stara
Wies is located ~1.5 km south of well IV, and Jedlec-Nowa Wie$
is located ~1 km west of the wells (Fig. 3). These villages are
only partly connected to the central sewage system. In most
cases, domestic sewage is stored in individual septic tanks,
which are usually imperfectly constructed and used in poor con-
dition.

The well field’s recharge area is covered by arable lands lo-
cated west and south of the floodplain terrace. Fertilizers and
manure are frequently applied on arable lands and are potential
sources of water contamination. The drainage systems here
are constructed on such arable lands. The exits of the pipe
drains provide drainage water to the drainage ditches located
south of the well field (Fig. 3). From 2007 one ditch has also re-
ceived TWE from the sewage treatment plant in Gotuchéw. The
TWE disposal site is located on the map (Fig. 3). Below the bot-
tom of the ditch, permeable sediments occur (fine and medium
sands). The unconfined water level occurs ~8 m below the ditch
bottom (Fig. 2). These conditions enable infiltration of the con-
taminants from the ditch to the groundwater system. TWE is
likely a more dangerous risk for groundwater contamination
than drainage water because drainage pipes deliver water only
periodically (during wet periods and spring thaws) while TWE is
continually discharged and provides constant recharge of sur-
face water. During a long period of the year, especially during
hydrologic droughts, the drainage ditch in part located upstream
of the TWE location is dry (Fig. 3).
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MATERIALS AND METHODS

In order to investigate the influence of TWE impact on
groundwater quality, the surface water, as well as groundwater
from piezometers and productive wells, were sampled in the
spring of 2020. The sampling campaign included hydroche-
mical investigation at the following sampling points: TWE, sur-
face water (2 sampling points), piezometers located on the flow
lines between the drainage ditches and wells (3 sampling
points) and the three productive wells (3 sampling points).

The production wells were pumped for a minimum of 24 h
continuously before the sampling period. The piezometers
were pumped using a portable pump powered by a battery
(Gigant type). Water in the well columns was flushed a mini-
mum of three times before sampling. Two piezometers (P1 and
P2) among these sampled previously (Dragon et al., 2016)
were not sampled because, during the dry period, water level
decreased below the screen and sampling was not possible.
The water was sampled into 100-ml HDPE polyethene bottles.
The samples for nitrogen compound analyses were treated with
chloroform and, for iron, manganese and boron testing were

treated with HNOj. All bottles were rinsed three times and emp-
tied to prevent degassing. After sampling, water samples were
immediately (on the same day) transported to the laboratory us-
ing a transportable refrigerator. Water alkalinity, electrical con-
ductivity, pH, and temperature were measured directly in the
field. The chemical analyses were performed at the Adam
Mickiewicz University in Poznan, Poland (Institute of Geology).
The groundwater samples were analyzed for cations (Na®,
NH;, K*, Ca*, and Mg**) and anions (CI, F', NO;, NO;, and
SQO!7) using a Metrohm 881 Compact IC Pro ion chroma-
tograph. The analytical procedure was described by Gorski and
Siepak (2014). As a quality control measure, the ionic error bal-
ance was calculated. The calculated error did not exceed 3%.
Concentrations of Fe, Mn, and B were determined by induc-
tively coupled plasma mass spectrometry (/ICP-QQQ 8800 Tri-
ple Quad, Agilent Technologies). Instrument parameters and
the analytical method parameters have been described sepa-
rately (Siepak and Sojka, 2017). For ion chromatography (IC),
Merck standard solutions (Merck, Darmstadt, Germany) and
CPAchem (C.P.A. Ltd. Stara Zagora, Bulgaria) were used. The
mobile phase for cations and anions was made from Fluka re-
agents (Sigma-Aldrich, Steinheim, Switzerland). Determination
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with the ICP-QQQ technique was done using calibration curves
obtained from a diluted stock multi-element standard 100
pg/mL (VHG Labs, Manchester, USA). The reagents used
were ultrapure, and the water was de-ionized to a resistivity of
18.2 MU cm in a Direct-Q® 3 Ultrapure Water System appara-
tus (Millipore, France). Analytical quality control was verified by
analysing SRM 1643f (National Institute of Standards and
Technology, Gaithersburg, USA) and EnviroMAT™ Ground
Water, ES H1 (SCP SCIENCE, Canada) and high compliance
with reference values was found.

The groundwater sampling for pharmaceutical compound
measurement included 7 sampling points: TWE, piezometers
located on the flow lines between a drainage ditch and the wells
(3 sampling points), and the three productive wells. The water
samples for pharmaceutical compound analysis were sampled
into 100 ml brown glass bottles, stored frozen, and then trans-
ported to the analytical laboratory of Povodi Vitavy VHL Plzen,
Czech Republic. Extraction of the compounds investigated was
performed using EPA analytical method No. 1694. A 1200 Infin-
ity Ultra-High-Performance Liquid Chromatograph, equipped
with a binary solvent manager and sample manager (UHPLC)
coupled with a 6495 Triple Quadrupole Mass Spectrometer
(MS/MS), operated by MassHunter software, all of Agilent
Technologies (Agilent Technologies Inc. Santa Clara, CA,
United States) was used for final determination of the pharma-
ceutical compounds. The separation was carried out on an
X-bridge C18 analytical column, 100 x 4.6 mm (i.d), 3.5 ym par-
ticle size (Waters Corp., Milford, MA, Unites States). The mo-
bile phase consisted of methanol and water with acetic acid and
ammonium fluoride as mobile phase additives in gradient
mode. The flow rate was 0.5 ml/min. The injection volume was
50 ul.

The groundwater chemistry in a deep part of the aquifer was
represented by data from wells. The wells’ screen interval is lo-
cated between the depths of 16.0-30.5 (well I1), 42.0—46.0 (well

Il) and 20.0-31.0 (well 1V). The groundwater chemistry in a
shallow zone of the aquifer was represented by data from
piezometers located between the drainage ditch and wells.
These piezometers have screen intervals between 4.5 and 6 m
(P3 and P4A) and between 16 and 19 m (P4B).

For the interpretation of temporal changes in groundwater
chemistry, the well field monitoring data acquired annually in the
spring by the water company were used. These data include the
local well field monitoring results collected between 2016 and
2020 (five monitoring series). These data together with previous
investigations allow recognition of the impact of TWE on
groundwater chemistry during one decade (from 2007, when
use of TWE was starting).

Meteorological data (precipitation) were obtained from the
Kalisz meteorological gauging station (located ~15 km south),
which is maintained by the Institute of Meteorology and Water
Management — National Research Institute (IMGW-PIB).

RESULTS

TREATED WASTEWATER CHEMISTRY

The samples for investigation of wastewater chemistry were
taken in place, where TWE is discharged into the ditch (Fig. 3).
Temporal changes in the wastewater were analysed based on
analysis of annually collected water samples (Table 1).

High electrical conductivity (>1000 uS/cm) was observed in
the wastewater, while high concentrations of sodium
(>125 mg/l), potassium (>26 mg/l) and chloride (usually
>150 mg/l) were characteristic. The concentrations of nitrogen
compounds were relatively high and very variable. The nitrate
concentrations ranged from 5.89 to 83.8 mg/l. The most vari-
able were concentrations of ammonia, usually 1-2 mg/l, but

Table 1
Changes in wastewater chemistry

Parameter Unit 2012 2013 2014 2016 2017 2018 2019 2020
pH - 7.04 7.33 7.03 7.80 7.60 7.14 7.40 _
Alkalinity meq/I 5.6 8.0 7.0 5.5 6.7 6.6 6.3 -
ooty | usiem | 1341 1451 1290 1200 | 1070 [ 1273|1272 | 1450
Iron mg/I 0.34 0.25 0.06 - 0.13 0.18 0.15 0.13
Manganese mgl/l 0.06 0.15 0.03 - 0.05 0.07 0.07 0.04
Boron pg/l | 204.1 170.1 132.4 94.6 94.9 92.0 81.0 91.3
Fluoride mg/I 0.79 0.66 0.29 0.90 1.00 0.98 0.80 1.20
Chloride mg/| 159 142 148 47 181 178 190 417
Nitrite mg/I 2.33 1.05 0.60 1.47 1.43 0.72 0.89 3.47
Nitrate mg/I 41.6 5.89 17.2 83.8 17.6 14.4 36.8 33.7
Ammonia mg/| 0.412 214 1.19 0.050 1.34 0.430 1.21 1.38
Sulphate mg/l 121 107 11 83 71 72 63 58
Calcium mg/I 96 94 96 88 100 100 89 91
Magnesium mgl/l 25 24 23 22 24 24 24 26
Total hardness | meq/l 6.8 8.0 6.7 6.4 4.3 71 1.1 6.6
Sodium mg/I 134 125 135 130 140 150 160 160
Potassium mg/I 31.3 29.1 29.7 31.0 26.0 26.0 89.0 32.0
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concentrations >20 mg/l also appeared periodically. The nitrite
concentrations were also relative high, usually >1 mg/I.

A specific attribute of the wastewater was a very high con-
centration of pharmaceutical compounds (see Table 4). In
wastewater effluent of 2020 64 substances among 102 investi-
gated were discovered at concentrations greater than the de-
tection limit (LOQ). The total pharmaceutical compound con-
centrations were 106 pg/l. The following substances were dis-
covered at concentrations >1.0 ug/l: carbamazepine, diclo-
fenac, hydrochlorothiazide, saccharin, gabapentin, tramadol,
carbamazepine-DHH, acesulfame, oxypurinol, fexofenadine,
sotalol, telmisartan, metformin, benzotriazole, benzotriazole
methyl and sucrose or valsartan acid.

SURFACE WATER CHEMISTRY

Surface water from the drainage ditch was sampled at two
places (Fig. 3): one located upstream of the TWE (POW2) and
one located downstream (POW3). The changes in surface water
chemistry are shown in Table 2 (data based on well field monitor-
ing). The surface water chemistry is characterized by high nitrate
concentrations (usually >30 mg/l but in some periods >100 mg/l).
High nitrite levels were also characteristic (at times >1 mg/l) and
a significantly higher concentration downstream of the waste-
water effluent is evident (Table 2). Ammonia concentrations are
relatively low (<0.2 mg/l) but very high concentrations of ammo-
nia appear downstream of the TWE periodically (16.5 and
28.2 mg/l). The concentrations of the remaining components
(mainly chloride, sodium and potassium) are also significantly
higher downstream of the TWE. Boron concentrations follow this
behaviour also.

The Ciemna River that flows through the study area (Fig. 3)
is located on an area of intensive agricultural production, a ni-
trate vulnerable zone (NVZ) and was also tested in 2010 and
2013 for pesticide residues (Drozdzynski, 2020). Sums of de-
tected pesticides were, in spring and autumn season 2010, 2.64
and 0.28 ugl/l, respectively. In spring and autumn 2013 the
sums were similar, 3.22 and 0.24 ugl/l, respectively. The results
quoted indicate a significant anthropogenic impact on surface
waters in the monitored area.

GROUNDWATER CHEMISTRY

Over a relatively small area, distinct differences in ground-
water chemistry occur (Dragon et al., 2016). The concentration
of chloride in piezometers (shallow aquifer zone) in the area be-
tween the drainage ditch and wells were at levels between 37
and 65 mg/l (Table 3). The sulphate concentrations were be-
tween 228 and 272 mg/l. The sodium and potassium concentra-
tions were also variable and were between 11 and 23 mg/l and
between 2.2 and 3.4 mgl/l, respectively. The concentrations of
nitrogen compounds were very variable. The nitrate concentra-
tions were between <0.002 and 33.4 mg/l, and nitrite was at lev-
els between <0.001 and 0.191 mg/l. The most variable was am-
monia concentration, at between zero and 1.74 mg/l.

Distinct changes in groundwater chemistry were also ob-
served in productive wells (deep aquifer zone). The chloride and
sulphate concentrations varied between 38 and 54 mg/l and be-
tween 143 and 247 mgl/l, respectively. The sodium and potas-
sium concentrations were more stable in the wells and ranged
between 19 and 22 mg/l (sodium) and 2.5 and 5 mg/l (potas-
sium). The highest concentrations of nitrate were documented in
well IV (16.8 mg/l). This is the well located closest to the drainage

Table 2
Changes in the surface water chemistry
. 2012 2013 2014 2016 2018 2020

Parameter Unit

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 61 758
Alkalilnity | meg/l 4.2 8.0 3.7 4.3 44 6.1 45 5.2 6.7 5.0 48
vty | nS/em | 1051|1306 | 1007 | 1179 | 988 1226 | 969 [1113 | 1287 |1263 | 1281
Iron mg/| 0.09 0.20 0.21 0.23 0.03 0.03 - - 0.15 0.11 0.13
Manganese | mg/l 0.02 0.05 0.07 0.06 | 0.01 0.02 - - 0.06 0.02 0.02
Boron pg/l — - 104.5 138.2 |103.0 111.5 46.1 77.9 92.0 221 47.8
Fluoride mg/l 0.30 0.68 0.32 0.71| 0.29 0.31 0.20 0.60 0.98 0.35 0.66
Chloride mg/| 76.3 117.3 92.1 129.2 | 134.9 132.3 35.0 29.0 174.0 120.4 139.5
Nitrite mg/l 0.230 0.400 0.031 1.01 0.43 1.21 0.542 0.996 0.704 0.027 0.031
Nitrate mg/| 65.1 31.6 85.2 32.4 59.8 345 118.3 93.7 13.1 133.5 100.4
Ammonia mg/| 0.182| 28.2 0.106 16.5 0.095 0.121 0.050 0.030 0.430 0.109 0.118
Sulphate mg/l | 144.4 129.5 142.2 1256 |111.6 107.8 250.0 128.0 74.0 199.2 171.1
Calcium mg/l | 139.1 118.5 159.7 138.7 96.2 106.5 150.0 110.0 100.0 202.7 152.0
Magnesium | mgl/l 26.6 26.8 21.9 22.3 23.5 23.1 19.0 21.0 23.0 32.6 31.4
jotal | mean | 9.1 8.1 4.2 71 | 67 72| 85 | 74 | 138 | 128 | 102
Sodium mg/| 274 101.9 27.6 894 |101.4 104.8 28.0 87.0 160.0 36.7 75.3
Potassium mg/l 8.17 25.9 9.99 23.1 234 25.2 9.0 22.0 26.0 10.2 18.6
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Table 3

The groundwater chemistry of the Tursko well field (groundwater sampling performed in 2020)

Parameter Unit P3 [\ P4A P4B 1 Il
Distance from
the drainage ditch m 820 920 1320 1340 1350 2020
pH - 7.49 - 7.35 7.64 7.19 7.14
Electrical conductivity uS/cm 1165 866 998 1050 1136 883
Iron mg/l <0.03 1.60 1.03 2.24 4.54 2.77
Manganese mg/l 0.74 0.82 0.81 1.03 1.02 0.70
Boron ug/l - - - - - -
Chloride mg/I 65 39 37 53 38 54
Nitrite mg/I 0.112 0.007 0.191 <0.001 0.049 0.028
Nitrate mg/l 334 16.8 27.6 <0.002 0.080 0.510
Ammonia mg/Il <0.001 0.430 0.610 1.74 0.560 0.330
Sulphate mg/I 250 143 272 228 247 160
Calcium mg/I 180 130 170 170 190 120
Magnesium mg/l 27 24 22 26 33 20
Total hardness meq/| 11.2 8.40 10.2 10.6 12.2 7.60
Sodium mg/l 23 19 11 21 19 22
Potassium mg/I 2.20 2.50 3.40 2.50 2.90 5.00
Table 4
Results of pharmaceutical compound investigation
Parameter Unit LOQ Wastewater P3 \Y P4A P4B 1 Il
Distance from
the drainage ditch m - - 820 920 1320 | 1340 | 1350 | 2020
Acesulfam <0.010 4.76 nd nd nd nd nd 0.067
Bisfenol A <0.050 0.064 0.090 nd nd nd nd nd
Caffeine <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 ug/l <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 concen-
trations - 32.7 0.863 | 0.175 | 0.133 | 0.038 nd 0.096
LOQ - limit of quantification; nd — not detected
ditch (Fig. 2). The lowest nitrate concentrations in well Il were DISCUSSION

documented at a level of 0.08 mg/l. The total hardness ranged
between 7.6 meg/l in well Il and 12.2 meg/l in well lII.

Pharmaceutical compounds were also determined in the
groundwater (Table 4). In 2020 in piezometer P3 7 these sub-
stances were detected at a total concentration of 0.863 pg/l,
while in well IV 5 substances at a total concentration of
0.175 pg/l were found. The lowest concentrations of pharma-
ceutical compounds were detected in sampling point P4A (2
substances at a total concentration of 0.133 ug/l), P4B (one
substance at a concentration of 0.038 pg/l), and well Il (3 sub-
stances at a concentration of 0.096 ug/l). In well lll pharmaceu-
tical compounds were not discovered.

SPATIAL VARIATION OF GROUNDWATER
CHEMISTRY

The apparent spatial groundwater chemistry was docu-
mented in 2020, and was consistent with trends from a previous
study (Dragon et al., 2016). The highest nitrate concentrations
occurred closest to the drainage ditch (in sampling point P3
>30 mg/l). Along the flow paths, the concentrations decreased
to 27.6 mg/l in piezometer P4A and <0.002 in the deeper
piezometer P4B. In well IV (deeper aquifer zone) located be-



8 Krzysztof Dragon et al. / Geological Quarterly, 2022, 66: 14

tween piezometer P3 and P4A the nitrate concentration was
16.8 mg/l (Table 3). This behaviour also followed the chloride
concentrations: 65 mg/l in P3, 39 and 37 mg/l in well IV and
sampling point P4A, respectively, as well as sodium. The sul-
phate concentrations show opposite trends: the smallest con-
centrations were observed in well IV (143 mg/l) and the largest
in well Il bis (247 mg/l). This trend also followed the total hard-
ness: lowest in sampling points P3 and P4A and well IV (11.2,
10.2 and 8.4 meq/l, respectively) and significantly higher in well
I (12.2 meg/l).

The concentrations of pharmaceutical compounds in gen-
eral follow clear trends of nitrate changes (and also of chloride
and sodium). The highest pharmaceutical compound concen-
trations occurred closest to the drainage ditch and clearly de-
creased along groundwater flow lines (Table 4). This trend is
not represented by changes in well Il (located farthest from the
drainage ditch), where 2 substances were detected. This differ-
entiation may be caused by infiltration of surface water from the
Ciemna River but this question needs further research.

TEMPORAL CHANGES IN GROUNDWATER
CHEMISTRY

Analysis of groundwater chemistry took place in the context
described by Dragon et al. (2016) and complemented by further
water analyses (between 2016—2020). Temporal changes in
groundwater chemistry are illustrated in Figure 4 (wells) and
Figure 5 (piezometers). A distinct increase in chloride, sulphate,
total hardness, and iron and manganese is visible from 2007 in
wells Il and Il (the operation of well IV was started in 2007).
This situation was created by the start of constant well field op-
eration since the spring of 2007 (previously, exploitation was
sporadic). As the dynamic water level decreased (as the cone
of depression formed), the contaminants moved from the shal-
low part of the aquifer to the deepest parts (well screen interval),
especially in wells Il and Ill, where unconfined conditions occur.
From 2016 a sharp increase in sulphate concentration was ob-
served, to levels of >450 mg/l. An increase of total hardness
was also noted at this time, with a concentration of >12 meq/l.
Concentrations of both compounds exceeded the parametric
value for drinking water which is 10 meg/I (500 mg CaCOz/l)
(Rozporzadzenie, 2017). At the same time, concentrations of
chloride increased by ~10—20 mg/l. Concentrations of iron and
manganese (and also alkalinity) were relatively stable after the
sharp increase in 2007. The concentration of ammonia after a
clear sharp in 2007 was also relatively stable. In contrast, ni-
trate concentrations differed especially in well IV, where a sta-
ble concentration increase was visible first after starting well op-
eration in 2007 and then from 2014. In wells Il and Ill, after small
increases in 2007 (at low concentrations), the nitrate level re-
mained relatively low.

Groundwater chemistry in the shallow aquifer zone has
been investigated in a piezometer network since 2012, and
showed similar temporal changes to those observed in the
wells. The most distinct is a clear sharp increase in sulphate
concentrations observed from 2016 to 2018. Similar increases
were observed in chloride and total hardness. A distinct in-
crease in nitrate was observed in 2019 in shallow piezometers
(P3 and P4A).

IDENTIFICATION OF TREATED WASTEWATER IMPACT
ON GROUNDWATER CHEMISTRY

The main processes influencing groundwater chemistry in
the recharge zone of the Tursko well field are the oxidation of
organic matter and sulphides in the vadose zone and denitrifi-
cation (Dragon et al., 2016). Both processes create quite similar
groundwater chemistry changes, while their difficulty in interpre-
tation stem from both processes (especially denitrification) be-
ing controlled by local biogeochemical conditions that are usu-
ally spatially and temporally variable (Rivett et al., 2008). In the
case of oxidation of organic matter, there is an increase in sul-
phate and iron concentrations as well as in total hardness
(Porowski et al., 2019), while denitrification causes increase in
sulphate and total hardness (denitrification products — Benne-
kom et al., 1993). Autotrophic denitrification was indicated as a
dominant process previously (Dragon et al., 2016). In general,
the current study supports the earlier findings. Sulphate con-
centrations and total hardness (denitrification products) oc-
curred in groundwater still at a very high level, especially in well
lll, where both parameters exceeded the parametric value for
drinking water (Fig. 4), while very high levels were also found in
the shallow zone in water sampled in piezometers. Sulphate
concentrations persisted at concentrations higher than 200
mg/l, and total hardness at a level >10 meq/l. As a result of
denitrification, nitrate concentrations are very low in the wells
(Fig. 4 and Table 3).

The clear sharp increase in sulphate concentration and total
hardness level is related to hydrological conditions. These in-
creases are observable in relative wet (rainy) conditions that oc-
cur after a long hydrological drought. This was the case in 2016
when the rainy season occurred after the long dry season in
2011-2014 and the very dry year 2015 (Fig. 6). This caused a
sharp increase in sulphate and total hardness levels (Figs. 4
and 5). An evident and sharp concentrations increase was also
observed in 2020, especially in the shallow aquifer zone (Fig.
5), following wet weather conditions after dry seasons occurred
in Poland in 2018 and 2019 (Fig. 6). This is the reason for the in-
fluence of both processes — denitrification and organic matter
oxidation — during the dry season (lower water level). Both pro-
cesses occur mainly in the shallow aquifer zone. The migration
of the products of both processes after more intensive effective
infiltration during the wet season to the deeper parts of the aqui-
fer, especially during a wet season preceded by a long dry pe-
riod (Figs. 4 and 5).

Both documented processes (organic matter oxidation and
denitrification) are evident in wells |l and lll, while groundwater
chemistry in well IV has a different origin. This is the well located
closest to the drainage ditch, near to the floodplain boundary
(Figs. 2 and 3). This well most probably receives shallow
groundwater percolating through the aquitard in the marginal
part of the floodplain (Dragon et al., 2016). The hydrogeo-
chemical evidence suggests that an unrecognized “hydrogeo-
logical window” occurs there. This vertical percolation occurs
before water reaches the floodplain terrace (Fig. 2). As a result,
a high concentration of nitrate was documented there (and its
increase during well operation), relatively low and stable con-
centrations of sulphate and of and total hardness (Fig. 4). This
is because this water is only partially denitrified.
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Fig. 4. Temporal changes of groundwater chemistry in the wells (deep aquifer zone)

In the period between IV 2010 and XIl 2013 well 1l was not operated

The spatial differentiation of groundwater chemistry indi-
cates that the primary source of groundwater pollution is the
drainage ditch which carries polluted water from drainage pipes
and TWE from the sewage treatment station. It is known that ni-
trogen compounds are supplied to groundwater by both TWE

and drainage systems (DeSimone and Howes, 1998; Foster
and Chilton, 2004; Dragon et al., 2016). The concentrations of
nitrate are the highest close to the ditch and decrease along
flow lines due to denitrification. As a consequence, the nitrate
concentrations in wells Il and Il are very low (<2 mg/l), but
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Fig. 5. Temporal changes in groundwater chemistry in observation wells (shallow aquifer zone)

denitrification products increase (total hardness and sulphate
exceed the parametric value for drinking water in well Ill). The
influence of drainage water is limited to the relative wet periods
because during hydrological droughts (as in 2018 and 2019)
the drainage pipes are not active. In these periods, the ditch re-
ceived only TWE from the sewage treatment station because
this recharge component is stagnant. In that case, during dry
seasons the drainage ditch carries only wastewater. This

causes a recharge by groundwater carrying a high content of
organic matter. This matter activates or intensifies denitrifi-
cation by enriching electron donors and nutrients for denitrifying
bacterial growth (Feast et al., 1998; Rivett et al., 2008). The
wastewater also supports the oxidation of organic matter in re-
charging the aquifer with additional, oxidisable organic matter.

The influence of TWE is shown by pharmaceutical com-
pounds detected in both source surface water (at very high con-
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centrations) and groundwater. These anthropogenic chemicals
are used as a tracer of TWE influence (Van Stempvoort et al.,
2013). The spatial differentiation of the pharmaceutical com-
pounds in the groundwater expressly indicates the TWE influ-
ence (Fig. 7). A clear decrease in pharmaceutical compounds
was observed especially in 2020. Close to the drainage ditch,
the sum of pharmaceutical compound concentrations and the
number of substances detected was the highest (in the P3 sam-
pling point). Then the concentrations and numbers of detected
substances decrease systematically along flow paths (Table 4).

Pharmaceutical compounds were detected in productive well IV
(located closest to the ditch and receiving shallow groundwater
through “hydrogeological window” percolation). Along the flow
path, the concentrations of the pharmaceutical compounds de-
creased systematically and in well Il these substances was not
detected. The spatial differentiation of these substances most
probably is controlled by biodegradation (Maeng et al., 2010;
Kruc et al., 2019). Additionally, drugs show a similar differentia-
tion. Caffeine was detected in the P3 and P4A sampling points,
decreasing along the flow path, while paraxanthine (a caffeine
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metabolite) was detected in the P3 sampling point (nearest to
the contamination source).

The detection of pharmaceutical compounds in groundwa-
ter and their spatial differentiation means these substances can
be used as anthropogenic tracers of TWE influence, and for the
identification of contamination origin. Investigation of pharma-
ceutical compounds in TWE and groundwater indicates that in-
filtration of wastewater is a significant factor influencing ground-
water drinking-water quality. This research shows a need for
pharmaceutical compound monitoring in drinking water as well
as monitoring of groundwater in the recharge zone of well fields.
Understanding the environmental consequences of waste-
water-derived contaminants is crucial for the adequate protec-
tion of water supply aquifers. The distinct increase of water
components concentrations over time indicates a serious haz-
ard as regards groundwater quality deterioration. This finding
should be taken into consideration in thinking about water re-
sources protection for the next generations (Dragon, 2012).

CONCLUSIONS

Anthropogenic impact on groundwater in the water supply
aquifer was documented in the Tursko well field’s recharge
zone (South Wielkopolska, Poland). The infiltration of surface
water causes groundwater contamination. The surface water
is contaminated by both drainage systems and treated waste-
water effluent. The drainage ditch, located in the well field’s re-
charge area, receives drainage water from arable land and
treated wastewater from the sewage treatment station. This
causes the surface water to be strongly contaminated with a
high content of organic matter, nutrients, and macrocompo-
nents. In recent years also a high content of pharmaceutical
compounds was investigated. The contaminated water from
the ditch infiltrates into the groundwater system and then mi-
grates along flow lines from the contamination source to pro-
ductive wells.

In the context of a previous investigation, it was docu-
mented that the contaminated surface water impact is the main
hydrogeochemical factor influencing groundwater chemistry.
The infiltration of this water activates or intensifies hydrogeo-
chemical processes in the aquifer (mainly denitrification) be-
cause a supply of groundwater with organic matter and nutri-
ents for bacterial growth are indispensable for the development
of denitrification. The primary source of contamination is treated

wastewater effluent because the drainage water influence is
limited to the wet periods when the drainage pipes are active.
During the last dry period (in the years 2018 and 2019), the
drainage systems were active only occasionally (after heavy
rain). In contrast, the treated wastewater effluent is active all the
time and provides constant recharge of surface water.

High levels of groundwater contamination were docu-
mented, reflected mainly by high nitrate concentrations. These
concentrations are the highest close to the ditch and decrease
systematically along the flow lines due to denitrification. At the
same time, increasing concentrations of sulphate and total
hardness occur (denitrification products), exceeding the para-
metric value for drinking water in the productive wells. However,
the contamination level is significantly higher during wet periods
following long hydrological droughts when sharp increases in
sulphate and total hardness were observed due to oxidation of
organic matter and sulphides. These processes have similar ef-
fects on groundwater chemistry and overlap with those from
denitrification.

The occurrence of pharmaceutical compounds allows iden-
tification of the influence of treated wastewater on groundwater
chemistry, by using these substances as anthropogenic trac-
ers. The investigation shows a very high level of pharmaceutical
compounds in the treated wastewater. These substances infil-
trate into the groundwater system and then migrate along flow
paths. As a result, the concentration of pharmaceutical com-
pounds in groundwater is higher in sampling points located
closest to the contamination source (the drainage ditch) and
systematically decreases along the flow lines.

This research is an example of how an anthropogenic tracer
(pharmaceutical substances) can be used for identification of
wastewater impact as well as for the determination of contami-
nation sources. It indicates a requirement for pharmaceutical
compound monitoring in drinking water as well as monitoring of
groundwater in the recharge zones of well fields. Understanding
the environmental consequences of wastewater-derived con-
taminants is crucial for the effective protection of water supply
aquifers.
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