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Abstract: This paper addresses groundwater pollution and the potential presence of pesticides within
the catchment areas of two reservoirs that are sources of drinking water. The two reservoirs are
Goczałkowice and Kozłowa Góra, both in Southern Poland. Agricultural and rural areas dominate
both catchments. Archival data showed local groundwater contamination with nitrates. This
indicated the possible presence of pesticides in shallow groundwater. In total, 13 groundwater
samples from shallow sandy aquifers were collected. All the samples were tested for the presence of
35 organophosphate pesticides and 28 organochlorine pesticides. Additionally, in order to determine
the current groundwater conditions, physicochemical parameters were measured in the field, and
water samples were subjected to analysis of their chemical composition (incl. the determination
of nitrates). The research outcomes showed that pesticides were not detected above the detection
limits in any of the samples. Due to variations in the persistence and degradation rates of pesticides,
the occurrence of these substances in the groundwater environment and the possibility of their
migration to aquifers should not be completely excluded. Natural processes and factors (e.g., sorption,
biodegradation, hydrolysis and redox conditions) may gradually reduce the pesticide concentrations
in groundwater. The chemical analyses revealed high concentrations of nitrates in the groundwater.
This suggests the possible influence of agriculture and fertilizer application on groundwater quality;
however, a proportion of NO3

- ions may be connected with improper sewage management within the
two catchments. The absence of pesticides in groundwater impacted by agriculture may result from
processes occurring in the aquifer and the rapid degradation of these compounds due to photolysis
and prevailing weather conditions. In the vicinity of dwellings, nitrates also originate from domestic
wastewater. Thus, the occurrence of pesticides in groundwater contaminated with NO3 cannot
always be expected.

Keywords: pesticides; emerging contaminants; nitrates; agriculture; groundwater quality

1. Introduction

Pesticides are chemicals that are widely used all over the world as plant protection
products, which allow plant growth to be controlled and pests to be repelled. These
substances are applied in agriculture since they significantly improve crop yields, deter
pests such as insects, and kill weeds. The use of pesticides in high doses may contribute to
contamination of the water environment, since chemicals may be leached from soils and
migrate to shallow aquifers [1–7]. Pesticides and their metabolites have the potential for
bioaccumulation and toxicity, and there are concerns regarding the effect of the drinking of
contaminated water on human health [8–10]. Therefore, in some countries, pesticides in
groundwater have been included in monitoring programs, e.g., in Spain [11], Ireland [4]
and New Zealand [12].

Unfortunately, pesticide determination is a costly exercise, and is far more expensive
than the determination of nitrates, which are the predominant form of inorganic nitrogen
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in groundwater within agricultural areas. Therefore, to minimize costs connected with
groundwater quality assessments, there have been attempts to link increased concentrations
of nitrates in groundwater to the presence of pesticides, especially in cases of domestic
wells [13,14]. One example is a monitoring study conducted in Minnesota, USA [15], which
revealed that high concentrations of nitrates are related to the presence of pesticide residues
in shallow aquifers. It was reported that in groundwater with the highest amount of NO3,
the probability of pesticide detection was 89%, whereas the total pesticide concentrations
reached up to 50 µg/L. According to this study, both the detection frequency and the
observed pesticide concentrations increased with the increasing nitrate concentration.
Similar correlations between nitrates and pesticides in groundwater were also found in
other studies conducted by Maanen et al. [16], Kraft et al. [17], Baroudi et al. [18] and
Close and Humphries [12], in which the highest concentrations of nitrates in sampled
water were accompanied by pesticides. Since groundwater within agricultural areas is
often contaminated with NO3 and linked with agricultural activities, the co-occurrence of
nitrates and pesticides in such aquifers seems to be highly probable.

Groundwater within rural areas is often enriched in nitrates [19–21]. The application of
fertilizers and manure is a widespread practice; however, agricultural activity is not the only
factor responsible for elevated concentrations of NO3. Another important source of nitrates
in such areas is domestic wastewater [22]. THis applies primarily to unsewered areas,
where nitrogen compounds may migrate from leaking septic tanks to an aquifer [23,24].
Several pollution sources may affect the groundwater chemical composition, and thus
concentrations of some components are higher. In the case of mixed land use and the
presence of potential pollution sources other than arable lands, nitrate concentrations and
the occurrence of pesticide in groundwater are less likely to correlate.

In Poland, intensive farming practices were introduced at the beginning of the 1970s.
Since then, the use of fertilizers as well as agricultural chemicals has increased. Not only
has this led to groundwater being polluted with nitrates in rural areas, but also to the possi-
bility of pesticides being present in shallow aquifers [17,25,26]. In the past, the quantity of
pesticides applied in Poland for agricultural purposes was 0.6–0.8 kg/ha (expressed as ac-
tive substances) [27]. Over the last decades, the average pesticide application has increased
(up to 2.2 kg/ha in 2017), although pesticide use in Poland is lower in comparison to
other European countries (e.g., Italy—6.1 kg/ha, Germany—4.0 kg/ha, France—3.6 kg/ha).
Nevertheless, in Poland a clear upward trend has been observed for pesticide application
(the relative change for the period 1990–2017 was +500%), in contrast to Western Europe
as a whole (the relative change was −10%) [28]. Moreover, the sale of plant protection
products (herbicides) has also increased [29]. Thus, the migration of pesticides from surface
to groundwater may still be expected. It is noteworthy that recent research confirmed that
pesticides may still occur locally in the groundwater of Poland [30,31]. In spite of this, the
monitoring of pesticides in groundwater bodies is not mandatory in this country [32].

In order to assess the groundwater contamination with pesticides and their correlation
with nitrate concentrations, two areas dominated by agriculture were selected, the catch-
ment areas of two reservoirs located in the Silesian Voivodeship, Poland: Goczałkowice
and Kozłowa Góra. Previous investigations revealed increased nitrate concentrations in
groundwater in both areas [33,34]. In these areas, pesticide determination for the reservoirs
(Goczałkowice and Kozłowa Góra) and inflowing rivers (Vistula and Brynica) was included
in studies on the status of surface water bodies [35]. To date, there has been no research on
the occurrence of pesticide in shallow aquifers within these two catchments. Since there
are many reports on the co-occurrence of nitrates and pesticides in groundwater within
rural areas, the authors decided to test this premise in the two catchments. In the case of
pesticides, two of the most common groups were taken into account: organophosphate
and organochlorine pesticides.
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2. Materials and Methods

The study areas comprise the catchments of two water reservoirs: Goczałkowice and
Kozłowa Góra (Figure 1). In the past, groundwater quality monitoring was conducted in
the shallow aquifers for the following scientific projects: ZiZoZap in the Goczałkowice
catchment [36] and PROLINE-CE in the Kozłowa Góra catchment [37]. However, the
determination of pesticides was not included in the groundwater monitoring. There are
22 piezometers and 35 private wells in the monitoring network within the Goczałkowice
catchment and 24 private wells within the Kozłowa Góra catchment. The representativeness
of the monitoring points varies depending on the land use in their vicinity.

Figure 1. Location of sampling points (based on [38]).

The Goczałkowice catchment area is 38.4 km2, of which 21.8 km2 (52.7%) is agricultural,
especially in the northern and southwestern regions. The remaining area of the catchment
includes forests (9.5 km2; 24.7%), residential areas (7.2 km2; 18.6%) and wetlands (1.5 km2;
4.0%). The Kozłowa Góra catchment area is 188.5 km2, and 77.2 km2 (41.0%) is occupied by
crops, mainly in central, eastern and southern parts of the catchment. The other parts of the
catchment are covered by forests (90.3 km2; 47.8%), residential areas (20.8 km2; 11.1%) and
mining areas (0.1 km2; 0.1%). In both catchments, agricultural areas constitute a significant
part of land use (Figure 2). Moreover, there are no industrial areas, and in residential
areas there are predominantly dispersed buildings and farmhouses [39]. In general, the
sewage network is poorly developed. Apart from the northern part of the Goczałkowice
catchment and the central part of the Kozłowa Góra catchment, wastewater is directed to
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septic tanks or discharged directly to watercourses. Therefore, in both catchments, apart
from agriculture, the quality of groundwater may be impacted by residential areas with
improper sewage management (e.g., leaky septic tanks). In this study, there was an attempt
to sample groundwater in the vicinity of agricultural areas, but since wells are usually
located near dwellings, at some sampling points the combined effect of both pollution
sources could be observed.

Figure 2. Land use and groundwater vulnerability in the study areas, based on [39–42].
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During a field campaign in August 2019, 13 groundwater samples were collected
within two study areas: eight samples in the catchment of the Goczałkowice reservoir and
five samples in the catchment of the Kozłowa Góra reservoir (Figure 1). Samples were
taken from four piezometers and nine private wells, the depth of which varied from 3.25 m
to 30 m. The piezometers are situated to the north of the Goczałkowice reservoir catchment
and belong to the monitoring network created for the ZiZoZap project —an integrated
system supporting the management and protection of water reservoirs [33,36]. The details
of all sampling points are presented in Table 1.

Table 1. Characteristics of sampling points.

Sampling
Point

Type of
Well 1

Surface
Elevation
(m a.s.l.)

Well Depth
(m)

Water Table
Elevation
(m a.s.l.)

Water Table
Depth (m)

Land Use
Type 2 Details on Potential Pollution Sources

The catchment area NO. 1—Goczałkowice

P1 P 266.6 6.8 262.7 3.9 A Immediate surroundings of arable lands

P2 P 257.1 7.0 256.7 0.4 A/R 100 m from arable lands; 250 m
from dwellings

P3 P 260.0 7.0 256.1 3.9 A/R 100 m from arable lands; 250 m
from dwellings

P4 P 262.1 8.3 256.8 5.3 A/R 100 m from arable lands; 250 m
from dwellings

P5 DW 268.5 30.0 257.9 10.6 A/R 50 m from arable lands; 200 m
from dwellings

P6 DW 266.9 8.3 259.3 7.6 A/R Immediate surroundings of arable lands;
250 m from dwellings

P7 DW 256.4 3.8 253.8 2.6 A Immediate surroundings of arable lands

P8 DW 258.8 4.7 256.2 2.7 A/R 50 m from arable lands; 150 m
from dwellings

The catchment area NO. 2—Kozłowa Góra

P9 DW 341.6 3.3 339.0 2.7 A/F Immediate surroundings of arable lands;
200 m from forests

P10 DW 336.3 5.3 333.5 2.9 A/R 50 from arable lands; 200 m
from dwellings

P11 DW 309.7 4.1 307.2 2.6 A/R 100 m from arable lands; 400 m
from dwellings

P12 DW 286.3 5.3 282.2 4.1 A/F Immediate surroundings of arable lands;
300 m from forests

P13 DW 300.2 4.7 297.3 2.9 A/R 200 m from arable lands; 250 m
from dwellings

1 P—piezometer; DW—domestic well. 2 A—agricultural area; R—residential area; F—forests.

Groundwater samples were taken from shallow sandy aquifers which are recharged
directly through rainfall infiltration. Both in Goczałkowice and Kozłowa Góra catchment
areas, aquifer thickness is variable, and the water table level is usually several meters deep,
but locally it reaches up to 15 m [33,34,43,44]. Generally, these are unconfined aquifers,
and in some parts of the catchments they are only covered with thin loamy deposits (e.g.,
the northern part of the Goczałkowice catchment area, where sampled piezometers are
located). Apart from a considerable area devoted to the cultivation of agricultural products,
another factor favoring groundwater pollution is groundwater vulnerability due to poorly
isolated aquifers against pollution originating from the surface. Within the catchments
under investigation, groundwater vulnerability is characterized as very high or high in
almost the entire area, with the approximate travel time of pollutants to groundwater
estimated at <5 years and 5–25 years, respectively [40–42,45]. Despite this, groundwater
from the water-bearing horizons is often abstracted by private wells for domestic purposes.
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The selection of sampling points was based on the location (proximity to agricultural
areas), as well as on the results of archival chemical analyses of groundwater, i.e., choosing
sampling sites with high concentrations of nitrates that may suggest a possible effect of
applied fertilizers and manure on groundwater [33,34]. In addition to domestic wells,
groundwater from piezometers in the northern part of the Goczałkowice catchment was
also sampled. At this site, samples were taken from three observation wells, where screens
are placed in the same aquifer and along the groundwater flow path [33]. This sampling
allowed the lateral migration of contaminants to be tracked in order to determine the
difference in concentrations within one sandy aquifer.

As the nearest surroundings of the sampled wells were arable lands, the most probable
pollution source was agriculture (Table 1). However, some points were located close to
residential areas without a wastewater collection system. Within these areas, leaking septic
tanks and domestic sewage may also have influenced groundwater quality in terms of
nitrate concentrations.

The main objective of this study was to determine the occurrence of pesticide residues
in shallow aquifers contaminated with nitrates, but since natural conditions and water
chemistry affect pesticide persistence, basic measurements of water properties and chem-
ical composition analysis were also carried out. During the fieldwork, physicochemical
parameters (temperature, pH, redox potential, conductivity, O2 concentrations) were mea-
sured using portable equipment: ELMETRON meters CP-401, CC-411 and CP-315, as well
as the WTW Oxi 315i oxygen meter.

Samples were gathered in 100-mL polyethylene vials. Fully filled vials were stored at
+4 ◦C and transported to the laboratory. Each sample was filtered through a
0.45-µm cellulose membrane filter. The analysis of groundwater chemical composition
was performed at the Laboratory of Water Analysis at the Faculty of Natural Sciences of
the University of Silesia, using ion chromatography (Metrohm 850 Professional IC). All
groundwater samples were analyzed for major ions (SO4

2−, Cl−, Ca2+, Mg2+, Na+, K+), as
well as inorganic nitrogen compounds (NO3

−, NO2
−, NH4

+). In the case of HCO3
−, its

concentration was calculated on the basis of alkalinity, determined by titration with HCl.
Groundwater samples for pesticide determinations were taken as separate samples.

Analyses of pesticide residues were performed at the JARS S.A. accredited laboratory. For
these analyses, each water sample was collected in a 1 L amber glass bottle, filling approxi-
mately 90% of its volume. The samples were stored in a refrigerator and transported to
the laboratory within a few hours. The pesticide analyses included 35 organophosphate
compounds and 28 organochlorine compounds, including pesticide metabolites and sub-
stances which are currently prohibited. The determination of organophosphate pesticides
in water was performed using gas chromatography (Agilent 7890 coupled with a mass
spectrometer) after dichloromethane extraction. In the case of organochlorine pesticides,
the method of gas chromatography (Perkin Elmer 590 combined with Electron Capture
Detector) after liquid–liquid extraction was applied. The analyses of organophosphate
and organochlorine pesticide residues were performed in accordance with the standards
PN-EN 12918:2004 and PN-EN ISO 6468:2002, respectively [46,47].

The studied compounds, along with the limits of quantification (LOQ) for the methods,
are listed in Table 2.
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Table 2. The list of analyzed pesticides.

Organophosphate pesticides

Compound USE 1 LOQ2 Compound USE 1 LOQ 2 Compound USE 1 LOQ 2

Dichlorvos I <0.050 Cypermethrin I <0.050 Pirimiphos-ethyl I. A <0.050

Diazinon I <0.10 Deltamethrin I <0.050 Mecarbam I. A <0.050

Parathion-ethyl I, A <0.050 Fluopicolide F <0.050 Methidathion I <0.050

Parathion-methyl I <0.050 Captan F <0.050 Fensulfothion I <0.050

Malathion I <0.050 Mefenpyr-diethyl H <0.050 Azinphos-methyl I <0.050

Chlorpyrifos-ethyl I <0.030 Oxyfluorfen H <0.050 Phosalone I. A <0.050

Chlorpyrifos-methyl I <0.030 Trifloxystrobin F <0.050 Isoproturon H <0.050

Chlorpyrifos I <0.030 λ-cyhalothrin I <0.050 Fenvalerate I <0.050

Chlorfenvinfos I, A <0.050 β-cyfluthrin I <0.050 Fenpropathrin I <0.050

Fenitrothion I <0.050 Bifenthrin I <0.050 Permethrin I <0.050

Malaoxon I <0.050 Procymidone F <0.050 Metribuzin H <0.050

Pyrazophos I, F <0.050 Ethoprophos I. N <0.050 Diflufenican H <0.050

Triazofos I, A, N <0.050 Pirimiphos-methyl I <0.050

Organochlorine pesticides

Compound USE 1 LOQ 2 Compound USE 1 LOQ 2 Compound USE 1 LOQ 2

Aldrin I <0.010 α-HCH I <0.010 Endosulfan I I. A <0.010

Dieldrin I <0.010 β-HCH I <0.010 Endosulfan II I. A <0.010

Endrin I, R <0.010 δ-HCH I <0.010 Endrin aldehyde I. R <0.010

Isodrin I <0.010 γ-HCH. lindane I <0.010 Methoxychlor
(DMDT) I <0.010

o.p-DDT I <0.010 Hexachlorocyclohexane
(HCH) I <0.010 Trifluralin H <0.010

p.p-DDT I <0.010 Total HCH I <0.010 Alachlor H <0.010

o.p’-DDE I <0.010 Heptachlor epoxide B I <0.010 Endosulfan sulfate I. A <0.010

p.p’-DDE I <0.010 Heptachlor I <0.010 Hexachlorobenzene
(HCB) F <0.010

o.p’-DDD I <0.010 α-chlordan I <0.010

p.p’-DDD I <0.010 γ-chlordan I <0.010
1 I–insecticide, A–acaricide, N–nematicide, F–fungicide, H–herbicide, R–rodenticide. 2 LOQ–limit of quantification, in µg/L.

3. Results and Discussion

The field measurements conducted in the Goczałkowice catchment indicated that
water temperature ranged between 11.8 ◦C (P1) and 17.6 ◦C (P6). Groundwater pH ranged
from slightly acidic to slightly alkaline, and the measured values were between 5 (P1) and
7.37 (P5). Electrical conductivity ranged from 213 µS/cm (P7) to 785 µS/cm (P5). The values
of redox potential ranged from slightly reducing to neutral conditions (according to [26]),
i.e., from −52.5 mV (P8) to 241.1 mV (P1), whereas concentrations of dissolved oxygen
varied from 2.31 mg/L (P3) to 12.41 mg/L (P5). As for the Kozłowa Góra area, the water
temperature ranged from 15 ◦C (P10) to 18 ◦C (P13), pH values from 6.21 (slightly acidic;
P9) to 7.08 (neutral pH; P12), electrical conductivity from 390 µS/cm (P9) to 1033 µS/cm
(P13), redox potential values indicated neutral conditions, from 105.5 mV (P12) to 173.2 mV
(P9) and dissolved oxygen concentrations ranged from 0.89 mg/L (P11) to 4.06 mg/L (P13).

The chemical composition of groundwater in terms of major ions varied depending
on the sampling area. With regard to samples taken from piezometers in the northern
part of the Goczałkowice area, the dominant anion was SO4

2− and the dominant cation
was Ca2+. In the other groundwater samples collected in this catchment, HCO3

− was
the most abundant anion. The same constituents as the dominant ions were observed
in groundwater within the Kozłowa Góra area, with the exception of the P13 sampling
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point, where the main anion was SO4
2−. In this well, distinctive groundwater chemistry

was manifested by elevated concentrations of such ions as sulphates, chlorides, calcium
and sodium, indicating the input of pollutants from an additional source, presumably
improper wastewater management. The details on the chemical composition of the sampled
groundwater with regard to the major ions are presented in Table 3 and Figure 3.

Table 3. Physico-chemical properties of groundwater samples.

The catchment area NO. 1—Goczałkowice

Sample
Temp. pH PEW Eh O2 HCO3− SO42− Cl− Ca2+ Mg2+ Na+ K+ NH4

+ NO2− NO3−

◦C - µS/cm mV mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L

P1 13.3 5 311 241.1 6.77 9.20 48.20 34.75 32.54 10.34 8.58 2.05 0 0.08 55.27

P2 11.8 5.35 282 228.5 9.25 21.40 79.82 17.73 31.49 8.13 10.59 2.24 0 0.07 23.32

P3 11.9 5.47 658 235.4 2.31 33.60 208.94 37.35 79.88 18.58 22.37 14.33 0 0.29 77.21

P4 12.5 5.3 494 252.5 4.03 27.40 172.54 27.35 54.32 14.89 24.01 4.35 0 0.14 33.50

P5 12.9 7.37 785 114.2 12.41 329.50 147.81 25.34 120.83 13.92 37.27 32.99 1.76 0.30 33.52

P6 13.1 6.33 457 200.6 8.34 152.60 57.69 15.56 58.68 11.92 17.15 14.64 0 0.15 58.57

P7 17.6 6.59 213 197.2 4.31 85.40 11.43 3.25 22.86 3.23 3.26 20.16 0 0.11 26.22

P8 13.9 6.66 563 −52.5 7.99 250.20 78.23 30.54 88.69 8.37 29.42 1.89 0.44 0.22 0.78

The catchment area NO. 2—Kozłowa Góra

Sample
Temp. pH PEW Eh O2 HCO3

− SO4
2− Cl− Ca2+ Mg2+ Na+ K+ NH4

+ NO2
− NO3

−

◦C - µS/cm mV mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L

P9 15.1 6.21 390 173.2 3.46 91.50 38.16 11.64 53.30 6.51 9.79 18.26 0 0.16 105.36

P10 15 7.04 721 144.2 4.04 305.10 43.81 20.87 131.03 10.67 11.03 23.53 0 0.29 145.16

P11 16.9 6.64 462 136.8 0.89 118.90 75.87 18.09 66.32 5.39 16.00 11.73 0 1.15 68.72

P12 13.5 7.08 434 105.5 3.98 106.80 64.18 21.42 64.81 7.12 12.40 10.81 0 0.23 72.57

P13 18 6.57 1033 148.7 4.06 122.00 409.65 105.21 154.29 35.56 63.08 10.33 0 0.38 44.41

Figure 3. Piper diagram for groundwater chemical composition in the study sites.

Generally, the results of chemical analyses indicated high concentrations of nitrates,
especially in groundwater within the Kozłowa Góra catchment, where NO3

- concentra-
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tions reached up to 145.16 mg/L (P10; Table 3). In the Goczałkowice area, the highest
concentration of nitrates was 77.21 mg/L (P3; Figure 2). The concentration of nitrites
in the study areas was significantly lower (up to 0.30 mg/L in P5 in the Goczałkowice
catchment and up to 1.15 mg/L in P11 in the Kozłowa Góra area). In two samples collected
from domestic wells in the Goczałkowice area, ammonium ions were detected (1.76 mg/L
in P5 and 0.44 mg/L in P8). These results point to the different redox conditions in the
Goczałkowice catchment (oxic conditions in the northern part and reducing conditions in
the south) [33]. Nevertheless, slightly reducing conditions were encountered only locally,
and nitrates were the most abundant of the inorganic nitrogen compounds in groundwater
within the studied catchments.

Table 4 shows the hydrogeochemical types of sampled groundwater according to the
classification by Szczukariew-Prikłoński [48]. In this classification, the hydrogeochemical
type of natural water includes major ions (HCO3

−, SO4
2−, Cl−, Ca2+, Mg2+, Na+) which

account for at least 20% of the total concentrations separately for anions and cations,
in meq/L. However, there is a modified version of this classification that is applied for
groundwater in which the chemistry is altered due to human impact. In the modified
version, constituents other than major ions (which occur at at least 17%) are also taken into
account [48]. It is notable that in eight water samples, nitrates accounted for more than
17% of the total concentration of anions (expressed as meq/L). Such high relative nitrate
concentrations in the samples (from 17% in sample P3 to 39% in sample P9) indicate the
negative impact of human activity on groundwater quality. This entails changes to the
hydrogeochemical types, since the NO3

- ion appears in the formulae (Table 4).

Table 4. Hydrogeochemical types of sampled groundwater.

Sampling Point
Hydrogeochemical Type

Szczukariew-Prikłoński Modified Version (Incl. NO3)

The catchment area NO. 1—Goczałkowice

P1 SO4–Cl–Ca–Mg SO4–Cl–NO3–Ca–Mg

P2 SO4–Ca–Mg SO4–Ca–Mg

P3 SO4–Ca–Mg SO4–NO3–Ca–Mg

P4 SO4–Ca–Mg–Na SO4–Ca–Mg–Na

P5 HCO3–SO4–Ca HCO3–SO4–NO3–Ca

P6 HCO3–SO4–Ca HCO3–SO4–Ca

P7 HCO3–Ca HCO3–NO3–Ca

P8 HCO3–SO4–Ca HCO3–SO4–Ca

The catchment area NO. 2—Kozłowa Góra

P9 HCO3–SO4–Ca NO3–HCO3–SO4–Ca

P10 HCO3–Ca HCO3–NO3–Ca

P11 HCO3–SO4–Ca HCO3–SO4–NO3–Ca

P12 HCO3–SO4–Ca HCO3–SO4–NO3–Ca

P13 SO4–Cl–Ca–Mg–Na SO4–Cl–Ca–Mg–Na

The results of the pesticide analyses revealed that in collected samples neither
organophosphate nor organochlorine pesticides were detected at concentrations above the
limit of quantification (LOQ) established for the applied methods. Seemingly, groundwa-
ter that was free of pesticide pollution could indicate no impact of agricultural activities
on water quality in the study areas, especially since the negative results also relate to
organochlorine pesticides, which are considered to be the most persistent substances [48,49].
However, high concentrations of NO3

− ions were observed in both of the study catchments.
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With the exception of water from the P8 sampling point, the concentration of nitrates in
all the remaining samples was significantly above the level of the natural background
concentration for NO3

−, i.e., more than 5 mg NO3
−/L [26]. Moreover, in seven out of

13 samples, nitrates exceeded the limit for drinking water, i.e., 50 mg NO3
−/L [50]. Such

large quantities support the idea that these ions primarily originate from anthropogenic
sources. In the light of land use patterns and possible pollution sources associated with hu-
man activity in the research areas, the application of fertilizers and manure on arable land
seems to be responsible for the considerable input of NO3

− to shallow aquifers. Elevated
NO3 concentrations in groundwater were observed in the near vicinity of arable lands
(P1, P6, P9 and P12). Within these areas, only agricultural activities lead to groundwater
pollution with nitrates. In the case of the other sampling points, the exact extent of the
impact of agricultural and residential areas is challenging to assess based only on nitrate
concentrations and the location of sampling points. For this reason, additional studies
could be applied to determine the main origin of NO3, e.g., isotopic analysis [51].

It is worth recalling that, in general, agriculture is considered to be the main pollution
source of nitrates, since it accounts for 70% of the excessive amounts of NO3

− in groundwa-
ter [27]. Nonetheless, the absence of a sewage system in some parts of the catchments may
also be connected with the high concentration of nitrates. In addition, a certain amount of
NO3

− ions may be introduced to groundwater through leaking septic tanks [51]. Hence,
groundwater quality may be affected by agricultural areas alone or by both agricultural
and residential areas [33]. In such areas, the correlation between nitrate concentration and
the occurrence of pesticide is not always apparent [14].

We did not manage to obtain detailed information on the types and quantity of
pesticides used in the study areas. The absence of pesticide residues does not necessarily
indicate the absolute cessation of the use of plant protection products. The results below
the detection limits may indicate the low quantity of applied chemicals, which in some
agricultural areas is often lower than the average pesticide application. One example is
an agricultural region in Morocco, where no pesticides were detected in soil and shallow
groundwater despite high nitrate concentrations. In these areas, the amount of applied
pesticides did not exceed 0.5 kg/ha [14]. However, high groundwater vulnerability within
some areas (related to soil permeability and its sandy texture) favors the migration of
potential contaminants to the groundwater, and the pesticides may reach the aquifer
despite the low usage of chemicals [40–42,52]. Although groundwater vulnerability was
assessed as being very high or high in both the studied catchments (Figure 2), the pesticides
were not detected. As the soil and aquifer parameters foster the migration and occurrence
of contaminants in groundwater, other factors should be considered as responsible for the
absence of pesticides within these areas.

Pesticides vary in terms of their chemical structure and properties; thus, in combina-
tion with the variability of natural conditions, the persistence of these compounds in the
environment also differed. In the soil and groundwater environment, pesticides undergo a
range of processes, leading to a decrease in their concentration. Therefore, groundwater
quality deterioration caused by intensive agricultural activities may be manifested by high
concentrations of NO3

− alone, regardless of the application of pesticides.
One of the most important processes is adsorption, which occurs on the surface of

soil particles and suspended particulate matter. The sorption depends on the solubility of
a particular pesticide, as well as water pH and chemical composition. The same factors
play a crucial role in the bioaccumulation of pesticides [26,49]. It is noteworthy that pesti-
cides have different sorption tendencies, which, in general, are higher in organochlorine
pesticides (log Kow: 3.20 to 6.91) in comparison with organophosphate pesticides (log Kow:
−0.79 to 3.69) [53]. Furthermore, organophosphate pesticides are characterized by higher
solubility, and they are more biodegradable. In addition, the rate of these processes, as well
as the degree of hydrolysis of some pesticides, increases with increasing temperature.

Biodegradation also depends on the presence of microorganisms and proceeds more
slowly in aquifers than in soil due to the less favorable living conditions for the microor-
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ganisms. Nevertheless, pesticide biodegradation is often reported as the main process that
viably reduces pesticide contamination in aquifers [5,54]. It should also be noted that under
warm and moist conditions, especially at the low depths close the root zone, microbes
degrade pesticides, leading to their complete transformation to harmless molecules, such
as water and CO2 [14,52,55].

Another important process that leads to a decrease in pesticide concentrations is the
chemical breakdown of molecules, known as hydrolysis. This process particularly concerns
organophosphate pesticides [56,57]. Hydrolysis happens rapidly in high temperatures and
in alkaline water with a pH value between 8 and 9 [58]. In the case of the two catchments,
groundwater was mostly slightly acidic (pH values between 5 and 7.37) (Table 3). The
groundwater temperature was relatively high (from 11.8 ◦C to 18.0 ◦C) (Table 3); however,
hydrolysis is active mainly near the soil surface since the rate of the process slows along
with the decrease in temperature at greater depths [59,60]. Therefore, pesticides are mostly
detected in shallow groundwater with lower temperatures and pH values [12]. Hydrolysis
is a process that commonly occurs in the water environment, nevertheless, with regard
to the results of physicochemical measurements, it seems to serve a diminished role in
pesticide degradation within the two catchments.

Redox conditions are another important factor affecting the degradation rate of pesti-
cides. In many cases, faster degradation and higher mobility of pesticides are observed in
oxic groundwater conditions compared with anoxic conditions. In low-oxygen conditions,
hydrolysis or oxidation processes are considerably slower, and thus pesticide degradation
is slower as well [54,61]. However, even in low-oxygen conditions, the presence of nitrates
in groundwater may accelerate pesticide degradation and lead to lower concentrations in
anoxic conditions [62]. Groundwater conditions were mostly defined as slightly reducing
and neutral in the two catchments. Despite this, pesticides were not detected in any of the
water samples, and the influence of nitrates on pesticide degradation cannot be excluded.

Due to all these processes and chemical properties, pesticide residence time in the
environment differs depending on particular compounds. In general, it varies from two
to six months [49,63]. Among the pesticides, organochlorine compounds are some of
the most persistent components, especially DDT, DMDT, γ-HCH, HCB, aldrin, dieldrin,
heptachlor and isodrin, which have half-lives that exceed one year. These substances are
also more likely to bioaccumulate. Although DDT and dieldrin are currently prohibited
due to their high toxicity, in some areas they are still present in the aquatic environment
due to their very long decay time of up to several decades. The pesticides commonly
applied prior to the introduction of the ban were replaced by other chemicals, mostly by
organophosphate pesticides, i.e., the pesticide group considered to be less toxic and less
persistent in the water environment [27,48,49]. In some cases, pesticides are detected only
shortly after application due to their rapid degradation and short half-lives not exceeding
2–3 weeks [14,64]. The groundwater within the study areas was sampled only once, in
August. In the case of organophosphate compounds, the low t1/2 values for the pesticides
in current use indicate that the contaminants could have been degraded shortly after their
application during spring or early summer. This would probably have been facilitated by
the high temperatures, low precipitation and intense sunlight that favors the photolysis
of pesticides before their migration to the soil and groundwater [59]. The variability of
weather conditions throughout the year is relevant as it has an effect on the degradation
rate of pesticides, migration feasibility and hydrogeological conditions that are firmly
linked with the persistence of contaminants, their mobility and the possibility of leaching
to an aquifer. With regard to a number of factors that determine the presence of pesticides
in aquifers, the co-occurrence of nitrates and pesticides in groundwater cannot always be
anticipated. The correlation between pesticides and nitrates may not be observed even
in areas under a strong agricultural influence [65]. Moreover, nitrates in groundwater
within rural areas are often of mixed origin, as NO3

− ions are derived from agricultural
activities and domestic wastewater infiltration from leaky septic tanks to the aquifer.
Thus, nitrates should not be regarded as an indicator of pesticide pollution, and both
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these constituents ought to be monitored simultaneously [66]. In the case of the studied
catchment, further research on a more frequent basis should be considered. This would
facilitate a better understanding of the processes that are occurring and enable fluctuations
or trends over time to be determined. It would also enable the calculation of the potential
risk of groundwater pollution in other seasons.

4. Conclusions

Although the significant influence of human activity (agriculture combined with
poor sewage management) on groundwater quality was manifested through elevated
concentrations of nitrates (up to 145.16 mg/L), the results of the investigation showed
that pesticides were absent or nearly so. Over the last few years, both the application
and sale of pesticides have increased; however, they were not detected in wells under
the potential combined impact of agriculture and improper sewage management, nor in
sampling points located in agricultural areas far from households and other buildings.
It can be assumed that nitrates in the groundwater from sampling points P1, P7, P9 and
P12 only originated from agricultural activity. In this regard, it should be concluded
that groundwater contaminated with NO3 originating from agricultural sources does not
necessarily indicate the presence of pesticide residues. Negative results were obtained
concerning organochlorine pesticides (more persistent in the environment) as well as
organophosphate compounds (with lower half-lives). Nonetheless, the absence of pesticide
residues in aquifers within the studied catchments does not imply that groundwater bodies
in other parts of Poland (where agricultural dominates) are also free from pollution. It
is still the case that little is known about the co-occurrence of nitrates and pesticides
in thr groundwater of Poland; therefore, more research should be considered to assess
the possible correlations between nitrate concentrations and the presence of pesticides
in aquifers.
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agreed to the published version of the manuscript.

Funding: This study was performed in the framework of the project titled “The modification of
groundwater chemical composition in selected aquifers under conditions of diversified human
activity with regard to emerging contaminants”, financed from a grant of the Ministry of Sciences
and Higher Education of Poland for conducting research by young scientists and PhD students.

Data Availability Statement: The data presented in this study are available within this article.

Acknowledgments: The authors would like to thank Piotr Siwek for his assistance during fieldwork.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Jankowska, M. Pesticides in natural water. Ochr. Śr. 1998, 68, 13–16.
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