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Abstract

Shallow groundwater systems of rural municipalities are highly vulnerable to long-term
contamination from former on-site sanitation systems, while the hydrochemical response
of the aquifer after sewerage network development may be delayed by several factors. In
the present study, a total of 147 shallow groundwater samples collected during the summer
sampling campaigns of 2018, 2019, 2023, and 2024 were analyzed for general water-quality
parameters including pH, EC, NH4

+, NO2
−, NO3

−, PO4
−, Cl−, SO4

2−, microelements,
and potentially toxic elements, including As, Pb, Cd, Ni, Cu, Zn, Fe, and Mn. The dataset
was evaluated using descriptive statistics, Piper, Wilcox, and Gibbs diagrams, hierarchical
cluster analysis, principal component analysis, and GIS-based spatial interpolation. The
results indicate that, more than ten years after sewerage network development (2014),
shallow groundwater in the study area still shows considerable contamination, primar-
ily characterized by elevated mean concentrations of ammonium (0.836 mg/L), nitrate
(177.43 mg/L), and chloride (313.26 mg/L), accompanied by high electrical conductivity
(3115 µS/cm) and sodium enrichment (378.12 mg/L). Spatial and boxplot analyses of SAR
further indicated increasing sodium-related heterogeneity after 2018, with higher local
SAR values in 2023–2024. Hydrochemical diagrams revealed a shift towards Ca-Cl type
to Na–Cl types, while multivariate analyses confirmed that salinity enrichment, nitrate
contamination, water–rock interaction and redox-sensitive trace element mobilization act as
overlapping but partly separable controls. The nitrate–chloride source plot indicated mixed
contamination origins, dominated by residual sewage influence and manure-related inputs,
with diffuse agricultural nitrogen leaching. Arsenic was used as a supporting indicator of
mixing with wastewater; however, As was no longer detectable in most of the investigated
wells, suggesting a marked reduction in the former wastewater leakage. These results
support the slow attenuation of contamination in the shallow groundwater system affected
by former wastewater infiltration and highlight the need for continuous monitoring.

Keywords: groundwater pollution; rural development; sewerage; arsenic; multivariate
statistics; GIS

1. Introduction
Groundwater is one of the most important local water resources in rural settlements,

where it supports domestic water supply, small-scale irrigation, livestock watering, garden-
ing, and other household-level water uses [1,2]. At the same time, shallow groundwater
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bodies located beneath settlements are particularly vulnerable to contamination because
they are directly exposed to anthropogenic activities [3–5]. In rural and peri-urban envi-
ronments, the most frequent pollution sources include inadequate wastewater collection,
uninsulated septic tanks, pit latrines, leaking sewage infrastructure, manure storage, garden
fertilization, and agricultural land use surrounding the built-up area [6–8].

Sanitation-related groundwater contamination is a widespread environmental is-
sue, although its dominant mechanisms vary considerably among regions as a function
of infrastructure development, land use history, and hydrogeological vulnerability [9].
Otunola et al. [10] emphasized that septic tanks and pit latrines in African peri-urban areas
may release nitrates, phosphates, ammonia, dissolved solids, and heavy metals into soil
and water, while Kim et al. [11] showed in Jeju Island, South Korea, that total nitrogen
concentrations exceeded effluent standards in 75–92% of the investigated personal sewage
treatment facilities. Their numerical model also indicated that NH4

+ and NO2
− plumes

remained limited near the surface due to nitrification and adsorption, highlighting the
importance of transformation processes in the unsaturated zone. Similar concerns have
been reported by Raza et al. [12], who investigated groundwater contamination related to
decentralized sanitation systems in the peri-urban areas of Islamabad.

In many European rural settlements, however, sewerage infrastructure has been es-
tablished or substantially expanded during recent decades [13,14]. Prior to sewerage
development, domestic wastewater was often stored for several decades in cesspits, pit
latrines, or permeable septic tanks, enabling untreated or only partially treated effluent to
infiltrate into the unsaturated zone and shallow aquifers [15]. Widomski et al. [16] high-
lighted that effective rural wastewater management is essential for reducing environmental
pressure, while Gómez-Espín et al. [17] showed that treated wastewater can also become
a strategic water resource in semi-arid regions; in Vega Alta, Murcia, 92.52% of treated
wastewater is reused, contributing almost 15% of the total water mix. However, sanitation
chains may remain environmentally relevant after sewer development if former on-site
systems are not properly managed. Moonkawin et al. [18] found that poorly maintained
septic tanks may remain a major pressure even after centralized sanitation is established if
they are not removed.

The environmental impact of these systems depends on construction quality, hydraulic
loading, soil texture, groundwater depth, and subsurface residence time. Such inputs may
generate contaminant plumes characterized not only by elevated nitrate concentrations but
also by increased electrical conductivity and higher concentrations of ammonium, chloride,
sodium, potassium, bicarbonate, phosphate, and dissolved organic matter. Furthermore,
wastewater-derived organic loading and associated changes in redox conditions may influ-
ence the mobility of Fe, Mn, and other trace elements. Recent source-apportionment studies
indicate that sewage- and manure-derived inputs may produce overlapping hydrochemical
and isotopic signatures; for example, Biddau et al. [19] reported nitrate concentrations of
1–165 mg/L in groundwater from Sardinia and identified sewage/manure as dominant
nitrate sources using a combined geochemical and multi-isotope approach. Field evidence
from vulnerable shallow aquifers also confirms that sanitation facilities can affect major-ion
chemistry. Rahim et al. [20] found that approximately 50–70% of samples collected near pit
latrines and septic tank latrines exceeded the World Health Organization drinking water
guideline values (WHO, 2017) [21] and the Bangladesh Drinking Water Standards (BDWS,
2005) [22] for EC, TDS, Na+, Cl−, and HCO3

−.
Similar processes have been documented in Hungarian rural environments, where

an uninsulated septic tank produced NH4
+ concentrations above 90 mg/L in nearby

monitoring wells and generated a groundwater dome exceeding 1.1 m within 25 m of
the pollution source [23]. Consequently, post-sewerage groundwater systems may still
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preserve the hydrochemical imprint of former wastewater infiltration even after the main
pollutant source has been reduced or eliminated. These legacy effects may also overlap with
contemporary rural pressures, particularly manure storage, manure application, and diffuse
agricultural nutrient inputs; therefore, the interpretation of groundwater quality in rural
municipal environments requires an integrated hydrochemical approach that considers
both historical sanitation-related contamination and present-day land use pressures.

Potentially toxic elements (PTEs) are of particular environmental concern because they
are persistent, non-biodegradable, and may accumulate in organisms and food chains. Ele-
ments such as Pb, As, Ni, and Cd may be toxic even at low concentrations, while essential
micronutrients, including Cu, Fe, Mn, and Zn, can also pose health risks when they exceed
permissible limits, especially where groundwater is used for drinking without adequate
treatment [24,25]. In alluvial aquifer systems, these elements may originate from both
geogenic and anthropogenic sources; therefore, identifying the sources is essential for un-
derstanding their mobility, fate, and transport within the environment [26]. Their mobility
is strongly controlled by redox conditions, pH, organic matter content, ion exchange, and
groundwater residence time, while domestic wastewater infiltration, agricultural activities,
manure-derived leachates, fertilizers, and pesticides may further modify groundwater
chemistry and enhance the mobilization of redox-sensitive elements, particularly Fe and
Mn [27,28]. Integrated geochemical assessment combining physicochemical parameters,
major ions, trace elements, and hydrochemical classification provides a useful basis for eval-
uating water quality and distinguishing geological from local anthropogenic influences [29].
Recent high-frequency monitoring also highlights the dynamic behavior of groundwater
PTEs. Yi et al. [30] monitored 19 heavy metals and 10 conventional water quality indica-
tors over three years, generating approximately 1.6 million data points, and they found
that heavy-metal anomalies often appeared as short, isolated spikes lasting only several
hours, whereas conventional indicators showed longer, high-amplitude variations. Arsenic
(As) may enter groundwater through both geogenic and anthropogenic pathways [31].
Geogenic As contamination is mainly associated with water–rock interaction, ion exchange,
and the dissolution or reductive mobilization of As-bearing minerals in alluvial sediments.
In addition, mining, industrial activities, and agrochemical inputs may contribute to As
release or redistribution in groundwater systems. Strontium is generally not harmful at
natural background levels, but elevated concentrations in drinking groundwater may have
adverse effects, particularly on bone development in children [32]. Therefore, Sr can be
considered a relevant trace element in groundwater quality assessments.

In this context, the post-sewerage period represents a particularly important phase for
groundwater quality assessment, as the reduction in direct wastewater infiltration does not
necessarily result in the immediate recovery of shallow groundwater systems. Although
sewerage network development can substantially decrease the continuous input of un-
treated domestic wastewater into the subsurface, the chemical composition of groundwater
may still reflect the former contamination due to pollutant accumulation in soils and in the
unsaturated zone. Therefore, evaluating groundwater quality after sewerage development
is essential not only for assessing the effectiveness of sanitation infrastructure but also for
identifying persistent hydrochemical patterns and remaining environmental risks.

The present study aims to assess the contamination status and hydrochemical char-
acteristics of shallow groundwater (2–6 m) in the period following sewerage network
development in a rural settlement of the Great Hungarian Plain. Multivariate statistical
analyses were applied to identify the key relationships among parameters, well groups,
and hydrochemical processes controlling groundwater composition. Special attention is
also given to the spatial distribution of major water quality parameters, major ions, and
selected trace elements in order to determine whether groundwater chemistry still pre-
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serves the imprint of former wastewater infiltration or increasingly reflects post-sewerage
hydrogeochemical conditions. The study hypothesises that, despite the reduction in direct
wastewater input after sewerage network development, shallow groundwater still retains
a legacy contamination signal expressed by elevated nutrient, salinity, and selected trace
element concentrations.

2. Materials and Methods
2.1. Description of the Study Area

The study area is located in Báránd, a rural municipality in the Nagy-Sárrét microre-
gion of the Great Hungarian Plain, eastern Hungary. Geomorphologically, the settlement
belongs to a low-relief alluvial plain associated with the former depositional environment
of the Sebes-Körös River. Surface elevations are generally between 85 and 89 m a.s.l., and
the relative relief is low, reflecting the flat topography that is typical of this part of the
Hungarian lowland. These conditions promote the development of a shallow ground-
water system that is particularly sensitive to both natural hydrological variability and
anthropogenic impacts originating from the built-up area.

The shallow subsurface is dominated by fine-grained alluvial deposits, mainly clayey,
silty, and loamy sediments, although more permeable sandy layers may also occur within
the upper sedimentary sequence [33]. Owing to the shallow groundwater table, soil
development in the region is strongly influenced by periodic or permanent groundwater
effects. The dominant soil types include Solonetz, Vertisol, Chernozem, and Kastanozem
soils, while anthropogenic soil modification is characteristic within the settled area [34]. The
prevalence of loam and clay loam textures is hydrochemically relevant because fine-grained
sediments may enhance sorption, ion exchange, and redox-related processes, thereby
influencing both the retention and delayed mobilization of contaminants in the shallow
aquifer system.

The region has a moderately warm and dry climate, with mean annual precipitation of
approximately 520–540 mm and with the driest and warmest months of June to August [33].
The wider surroundings of the settlement are primarily used for agricultural purposes,
whereas lower-lying areas affected by excess water or shallow groundwater are commonly
associated with meadow and pasture land use. Consequently, groundwater quality in the
settlement may be influenced by a combination of local municipal sources and diffuse
rural pressures, including former wastewater infiltration, garden-scale nutrient inputs,
manure-related effects, and agricultural land use in the surrounding area.

Báránd represents a typical rural municipal environment where the historical develop-
ment of sanitation infrastructure has had a substantial influence on shallow groundwater
conditions. Prior to the construction of the sewerage network, domestic wastewater was
commonly stored in on-site facilities, including cesspits and uninsulated septic tanks [23].
Under shallow groundwater conditions, these systems provided a pathway for the infil-
tration of untreated or only partially treated wastewater into the soil and the near-surface
aquifer. Earlier investigations indicated that this long-term input substantially affected the
chemical composition of groundwater, particularly through increased concentrations of
inorganic nitrogen forms, phosphate, sodium, and organic matter [35].

The sewerage network was constructed as part of the Kaba–Báránd–Tetétlen wastewa-
ter agglomeration in 2014, which serves the municipalities of Kaba, Báránd, and Tetétlen.
The agglomeration has a total population equivalent of approximately 13,855 and is located
within a nitrate-sensitive area under the European Nitrates Directive (91/676/EEC). Al-
though sewerage development substantially reduced direct wastewater discharge into the
subsurface, the hydrochemical response of shallow groundwater may be delayed because
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pollutants accumulated in soils and aquifer sediments can continue to affect water quality
after the main pollution source has been removed.

The settlement has been the subject of long-term groundwater monitoring since 2011,
allowing the evaluation of water quality changes under both pre- and post-sewerage
conditions. The present study aims to assess the post-sewerage hydrochemical status of
shallow groundwater in a rural settlement of the Great Hungarian Plain, with particular
emphasis on major water quality parameters, major ions, and selected trace elements.

2.2. Water Sampling

Groundwater samples were collected during the summer sampling campaigns of
2018, 2019, 2023, and 2024 from the monitoring wells shown in Figure 1. The groundwater
level was measured before sampling. Samples were collected using a peristaltic pump
and transferred into pre-cleaned polyethylene bottles. All samples were transported to
the laboratory under cooled conditions, while the pH and electrical conductivity were
measured in situ at the sampling sites. The regular sampling program was interrupted
during 2020–2022 due to the COVID-19 pandemic; no sampling was conducted in 2020
and 2021, while the datasets from 2022 did not contain the complete and methodologically
comparable parameter set required for the present assessment.

Figure 1. Location of the study area and the monitoring wells.

2.3. Analytical Measurements

The elemental concentration of the samples was determined by inductively coupled
plasma optical emission spectrometry (ICP-OES 5110 Vertical Dual View, Agilent Tech-
nologies, Santa Clara, CA, USA). Auto samplers (Agilent SPS4), OneNeb type nebulizers,
and double pass spray chambers were used, and a five-point calibration procedure was
applied (ICP VI, Merck, Darmstadt, Germany). The ICP-OES operating conditions and
measurement parameters are indicated in Tables 1 and 2, respectively. Standard solutions of
As, Ca, K, Mg, Na, P, and S were prepared from the mono-element spectroscopic standard
of 1000 mg L−1 (Scharlau), while Al, B, Ba, Bi, Cd, Co, Cu, Cr, Fe, Li, Mn, Ni, Pb, Sr, and Zn
from the multi-element spectroscopic standard solution of 1000 mg L−1 (ICP IV, Merck).
Both cases and the 5-point calibration process were used, for which standard solutions
were diluted with 0.1 M HNO3 prepared in ultrapure water.
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The concentration of NH4
+, NO2

−, NO3
−, and PO4

3− ions was determined in ac-
cordance with Hungarian Standards (HS ISO 7150-1:1992; HS 1484-13:2009) [36,37]. The
pH and electrical conductivity (EC) were measured in situ at the sampling sites using
an Aquaread AP5000 multiparameter (Broadstairs, UK). The results were assessed based
on the contamination limits specified in Joint Regulation KvVM-EüM-FVM No. 6/2009
(IV. 14) [38].

Table 1. Descriptive statistics of the investigated parameters.

Unit N Total Mean Stan.
Dev. Min. 1st Quartile

(Q1) Median 3rd Quartile
(Q3) Max. Interquartile

Range

pH - 147 7.391 0.455 6.7 7.05 7.29 7.6 8.87 0.55

EC µS/cm 147 3115.531 1712.382 695 1976 2700 3930 9770 1954

NH4
+ mg/L 147 0.836 0.86 0.081 0.344 0.587 0.952 5.488 0.608

NO2
− mg/L 147 0.498 2.058 0.00 0.04 0.156 0.399 24.62 0.359

NO3
− mg/L 147 177.43 194.734 1.71 45.63 108.9 246.65 1120.48 201.02

PO4
3− mg/L 147 0.586 0.539 0.03 0.181 0.438 0.89 2.76 0.709

COD mg/L 147 7.597 4.648 1.1 4.644 6.86 9.83 36.81 5.186

Na+ mg/L 147 378.12 312.535 50.7 196 288.45 467.41 2019.77 271.41

Cl− mg/L 147 313.26 368.35 23.63 103.4 189.6 428.53 3112.89 325.13

HCO3
− mg/L 147 6.17 6.99 0.00 0.00 4.17 11.11 25.92 11.11

Al mg/L 147 0.19 0.207 0.003 0.021 0.1 0.43 0.84 0.409

Ca mg/L 147 419.10 330.26 62.5 156 295.32 654 1193 498

Mg mg/L 147 122.19 84.564 17.28 55.05 106.49 164.2 504 109.15

Fe µg/L 147 163.69 182.622 0 62 100 240 1410 178

Mn µg/L 147 1940.91 3010.94 3 31 160 6630 11,400 6599

Cu µg/L 147 42.43 24.642 0 20 45.5 60 100 40

Sr µg/L 147 956.41 622.93 0.00 480 830 1300 3850 820

Zn µg/L 147 90.53 86.07 0.00 0.00 90 140 460 140

B µg/L 147 1012.0 375.48 320.0 760.0 910.0 1130.0 2130 370

Ba µg/L 147 62.946 44.955 0.00 33.50 50.0 80.00 300 46.5

Pb µg/L 147 8.047 11.267 0.00 0.00 0.000 16.25 44.00 16.25

Table 2. Contamination limits and limit exceedances in the investigated years.

Parameter Limit Exceed
2018 (%)

Limit Exceed
2019 (%)

Limit Exceed
2023 (%)

Limit Exceed
2024 (%)

Hungarian Limit
for Groundwater [38]

pH 0.00 0.00 0.00 0.00 6.5–9.0

EC 45.45 43.59 59.46 78.95 2500

NH4
+ 48.48 35.90 48.65 94.74 0.5 mg/L

NO2
− 21.21 15.38 27.03 23.68 0.5 mg/L

NO3
− 51.52 66.67 81.08 78.95 50 mg/L

PO4
3− 42.42 33.33 37.84 57.89 0.5 mg/L

COD 84.21 67.57 74.36 72.73 200 mg/L

Na+ 21.21 28.21 56.76 47.37 200 mg/L
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Table 2. Cont.

Parameter Limit Exceed
2018 (%)

Limit Exceed
2019 (%)

Limit Exceed
2023 (%)

Limit Exceed
2024 (%)

Hungarian Limit
for Groundwater [38]

Al 31.57 82.35 56.41 88.21 200 µg/L

Cu 0.00 0.00 8.11 36.84 200 µg/L

Fe * 11.35 15.38 36.79 5.26 -/200 µg/L *

Mn * 42.40 41.03 98.71 97.37 -/50 µg/L *

Zn 3.03 0.00 18.92 15.79 200 µg/L

B 0.00 0.00 92.11 97.25 500 µg/L

Ba 0.00 0.00 0.00 0.00 700 µg/L

Pb 0.00 0.00 69.23 84.85 10 µg/L

Cd 0.00 0.00 0.00 0.00 5 µg/L

Co 0.00 0.00 0.00 0.00 20 µg/L

Cr 0.00 0.00 0.00 0.00 50 µg/L

Ag 0.00 0.00 0.00 0.00 10 µg/L

Li * 0.00 0.00 0.00 0.00 not defined
* No groundwater contamination limit is defined; the indicated threshold refers to drinking water.

2.4. Data Processing and Visualization

The hydrochemical dataset was organized in tabular format before statistical, graph-
ical, and GIS-based analyses. Descriptive statistics, including mean, standard deviation,
minimum, maximum, median, quartiles, and interquartile range, were calculated using
IBM SPSS Statistics 29; boxplot diagrams were created using OriginLab 2025 Pro.

Hydrochemical diagrams were prepared in Grapher 19 software. Piper diagrams
were used to classify groundwater facies, Wilcox diagrams to evaluate irrigation suitability
based on salinity and sodium hazard, and Gibbs diagrams to interpret the dominant
controls on groundwater chemistry, including water–rock interaction and evaporation-
related concentration.

Multivariate statistical analyses were performed in OriginLab 2025 Pro. Spearman
correlation heatmaps were used to evaluate relationships among the investigated parame-
ters, while hierarchical cluster analysis and principal component analysis were applied to
identify similar parameter groups, well clusters, and the main hydrochemical gradients
controlling groundwater composition.

Spatial interpolation maps were created in ArcGIS 10.4.1 using the inverse distance
weighting (IDW) interpolation method to visualize the distribution of selected groundwater
quality parameters and to identify local contamination hotspots within the monitoring net-
work. IDW estimates values at unsampled locations as a weighted average of neighboring
measured values, where the weights decrease with increasing distance according to the
following equation [39]:

Ẑ(x0) =

∑n
i=1

Z(xi)

dp
i

∑n
i=1

1
dp

i

where
di =∥ x0 − xi ∥
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and where Ẑ(x0) is the estimated value at the unsampled location, Z(xi) is the measured
value at sampling point i, di is the distance between the prediction location and sampling
point, p is the power parameter, and n is the number of sampling points used for the
estimation. The resulting maps were used to visualize the spatial distribution of selected
groundwater quality parameters and to identify local contamination hotspots within the
monitoring network.

3. Results
3.1. General Hydrochemical Characteristics and Limit Exceedances

A total of 147 groundwater samples were evaluated to characterize the post-sewerage
hydrochemical status of the shallow groundwater system in the study area. The descriptive
statistics indicate that the groundwater was generally neutral to slightly alkaline, while
nutrient-related parameters showed considerable variability. The pH values ranged from
6.70 to 8.87, with a median of 7.29 and an interquartile range of 7.05–7.60, indicating
relatively stable acid–base conditions across the dataset. In contrast, the nitrogen and
phosphorus forms showed pronounced enrichment in several samples, indicating localized
phosphate enrichment potentially related to residual impacts of former domestic wastewa-
ter infiltration. Phosphate concentrations ranged from 0.030 to 2.760 mg/L, with a median
of 0.438 mg/L and an interquartile range of 0.181–0.890 mg/L. Ammonium concentrations
ranged from 0.081 to 5.488 mg/L, with a median of 0.587 mg/L and Q1–Q3 values of
0.344–0.952 mg/L. Thus, the median value already exceeded the 0.5 mg/L groundwater
contamination limit, suggesting that reduced nitrogen forms remained relevant in the
post-sewerage period.

Nitrate represented the most significant nutrient-related contamination indicator.
Concentrations varied from 1.71 to 1120.48 mg/L, with a mean of 177.43 mg/L, a median
of 108.90 mg/L, and an interquartile range of 45.63–246.65 mg/L. The fact that the median
nitrate concentration was more than twice the 50 mg/L limit indicates widespread nitrate
contamination in the shallow aquifer. The descriptive statistics, therefore, suggest that the
post-sewerage groundwater system is still affected by nutrient accumulation, particularly
in relation to nitrate and ammonium.

This pattern is further supported by the boxplot diagrams in Figure 2, where nitrate
and electrical conductivity show the strongest variability among the selected parameters.
Electrical conductivity ranged from 695 to 9770 µS/cm, with a median of 2700 µS/cm and
an interquartile range of 1976–3930 µS/cm. The high median value and wide interquartile
range indicate substantial mineralization of the groundwater, while the extreme maximum
value suggests the presence of strongly affected local hotspots. Nitrate shows a similarly
heterogeneous distribution, with a broad interquartile range and several high outliers.
Together, the EC and nitrate boxplots indicate that salinity and nutrient contamination
are not uniformly distributed across the settlement but are controlled by local hydrochem-
ical conditions, former wastewater-related inputs, and spatially variable groundwater
transport processes.

Strontium in groundwater is mainly derived from the dissolution of Sr-bearing car-
bonate and sulphate minerals, and it often indicates stronger water–rock interaction, longer
residence time, or more mineralized groundwater. In the investigated samples, Sr con-
centrations ranged from <LOD to 3850 µg/L, with a mean of 956.42 µg/L and a median
of 830 µg/L. The interquartile range of 480–1300 µg/L and the elevated values shown
by the boxplot indicate substantial spatial variability. Together with the high EC values,
this suggests that Sr enrichment is mainly linked to groundwater mineralization and
sediment–water interaction rather than to a single direct pollution source.
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Figure 2. Box plots of NO3
−, EC, pH, and Sr concentrations by year.

B exhibited relatively high and widespread concentrations, ranging from 320 to
2130 µg/L, with a mean of 1012 µg/L, a median of 910 µg/L, and an interquartile range of
760–1130 µg/L. This indicates that B enrichment affected a large proportion of the samples
and may be associated with mineralized groundwater, former domestic wastewater inputs,
and evaporative concentration processes. In contrast, Ba concentrations were considerably
lower, ranging from <LOD to 300 µg/L, with a median of 50 µg/L and Q1–Q3 values of
33.5–80 µg/L, suggesting moderate variability and no pronounced enrichment across the
dataset. Pb showed the most asymmetric distribution. Although the mean concentration
was 8.05 µg/L, the median was 0 µg/L, while the upper quartile reached 16.25 µg/L and
the maximum was 44 µg/L. This indicates that Pb was absent or very low in most sam-
ples, but localized exceedances occurred in a smaller subset of wells, probably reflecting
site-specific inputs.

As shown in Table 2, the annual exceedance patterns were evaluated against the
Hungarian legal threshold values defined for groundwater contamination. The results
indicate the persistence of elevated nutrient and salinity-related parameters in the post-
sewerage groundwater system. EC exceedances increased from 45.45% in 2018 and 43.59%
in 2019 to 59.46% in 2023 and 78.95% in 2024. Nitrate exceedances were also consistently
high, rising from 51.52% in 2018 to 66.67% in 2019, 81.08% in 2023, and 78.95% in 2024.
Ammonium showed an especially pronounced increase in 2024, when 94.74% of the samples
exceeded the 0.5 mg/L groundwater contamination limit. Phosphate exceedances varied
between 33.33% and 57.89%, while sodium exceedances remained high in all years, ranging
from 67.57% to 84.21%. These results suggest that the shallow groundwater system still
retains a marked nutrient and salinity imprint after sewerage network development.
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The higher exceedance rates in 2023 and 2024 may partly reflect the hydrological
response of the shallow aquifer to a 2–3 m decline in groundwater level and drier summer
periods. Reduced recharge and dilution can promote solute concentration and longer
groundwater residence time, thereby enhancing EC, nitrate, sodium, and strontium enrich-
ment in the post-sewerage groundwater system.

3.2. Hydrochemical Facies, Salinity Characteristics, and Controlling Processes

The Piper diagram in Figure 3 shows that the groundwater samples are mainly char-
acterized by Ca–Na + K dominance on the cation side and a strong shift towards Cl-rich
composition on the anion side. The samples from 2018 are mainly associated with Ca–Cl
type waters, while the samples from 2019 and especially from 2023 show a shift towards
mixed Ca–Na–Cl and partly Na–Cl compositions. This hydrochemical evolution reflects in-
creasing Na + K proportions and a strong Cl− imprint, suggesting that the original Ca-rich
groundwater composition is modified by sodium enrichment, chloride accumulation, ion
exchange, and residual wastewater-related salinity inputs.

 
Figure 3. Piper diagram showing the hydrochemical facies of groundwater samples in 2018, 2019,
and 2023.

The Wilcox diagram in Figure 4 indicates that irrigation suitability is limited mainly
by salinity rather than sodium hazard. Most samples fall into the C3–C4 salinity classes,
reflecting the high EC values observed in the dataset. Sodium concentrations were also
elevated, with a median of 288.45 mg/L, Q1–Q3 values of 196.00–467.41 mg/L, and a
maximum of 2019.77 mg/L. Although most samples remain within the low-to-moderate
SAR range, several 2019, 2023, and 2024 samples reach higher sodium hazard fields. This
suggests that shallow groundwater use for irrigation would require caution, especially on
poorly drained or salt-sensitive soils.

https://doi.org/10.3390/w18131559

https://doi.org/10.3390/w18131559


Water 2026, 18, 1559 11 of 22

Figure 4. Wilcox diagram illustrating salinity and sodium hazard classes of groundwater samples in
2018, 2019, 2023, and 2024.

The SAR spatial prediction maps and boxplots in Figure 5 indicate increasing spatial
heterogeneity after 2018. In 2018, SAR values were generally low and uniform, with a me-
dian of 1.7–2.0 and an interquartile range of about 1.2–2.4. By 2019, the distribution widened
markedly, with Q1–Q3 values of 2.0–5.5 and outliers exceeding 10. In 2023 and 2024, median
SAR values remained around 5, while the upper outliers reached approximately 14–16,
indicating the persistence of localized sodium enrichment. This pattern corresponds with
the elevated Na concentrations and suggests that sodium accumulation, ion exchange, and
salinity-related processes remained active during the post-sewerage period.

 

Figure 5. Spatial distribution and annual variability of sodium adsorption ratio (SAR) in groundwater
samples between 2018 and 2024.
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The Gibbs diagrams in Figure 6 indicate that groundwater chemistry is controlled by
both water–rock interaction and evaporation-related concentration. In the Na/(Na + Ca)
plot, samples occupy a broad range between rock dominance and evaporation dominance.
In the Cl/(Cl + HCO3) plot, many samples are shifted towards chloride-rich composition,
which is consistent with the elevated Cl and EC values. The combination of high EC,
high Cl, and high Na suggests that natural hydrogeochemical processes are modified by
anthropogenic salt inputs, most probably related to former wastewater infiltration and
rural land use pressures.

 

Figure 6. Gibbs diagrams showing the dominant hydrochemical processes controlling groundwater
chemistry based on TDS, Na/(Na + Ca), and Cl/(Cl + HCO3) ratios.

3.3. Multivariate Assessment of Groundwater Hydrochemical Patterns

The Spearman correlation matrix in Figure 7 identifies two main parameter groups.
The first group is related to salinity and nutrient enrichment. EC correlates strongly
with Cl (r = 0.761), NO3 (r = 0.635), Mg (r = 0.624), Na (r = 0.543), and Sr (r = 0.517).
This indicates that nitrate contamination and mineralization are partly connected and
may share similar sources or migration pathways. The second group includes trace and
redox-sensitive elements. Al shows strong positive correlations with Fe (r = 0.813), Mn
(r = 0.739), Zn (r = 0.714), and Cu (r = 0.696), while Cu and Zn are also strongly correlated
(r = 0.711). These relationships suggest that trace element distribution is influenced by
common mobilization processes, including redox variability, sorption–desorption, and
interaction with fine-grained alluvial sediments.

The matrix also shows several relevant significant negative correlations, mainly involv-
ing pH and Ca. pH was negatively correlated with Sr (r = −0.603), Mg (r = −0.476), NO3

(r = −0.440), EC (r = −0.385), Cu (r = −0.364), Al (r = −0.342), and Fe (r = −0.308), indicat-
ing that slightly lower pH conditions are associated with more mineralized, nitrate-rich,
and trace element-enriched groundwater. Ca also showed negative correlations with Cu
(r = −0.633), Al (r = −0.622), Fe (r = −0.597), HCO3 + CO3 (r = −0.581), and Zn (r = −0.483).
These inverse relationships suggest that Ca-dominated waters and trace element-enriched
waters represent partly distinct hydrochemical pathways, likely reflecting differences in
ion exchange, carbonate equilibrium, and metal mobilization processes.

The hierarchical cluster analysis confirms that the monitoring wells and parameters
do not form a single homogeneous hydrochemical system (Figure 8). The parameter
dendrogram separates several recurring hydrochemical groups. A mineralization–salinity
group is mainly represented by EC, Cl, Na, Ca, Mg, and Sr, indicating the joint behavior of
dissolved salts and major ions. Nitrate is positioned close to this group in several years,
suggesting that nitrate enrichment is partly associated with the overall mineralization of
groundwater. A second group includes nutrient and organic matter-related parameters,
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particularly NH4
+, NO2

−, PO4
3−, and COD, while Al, Fe, Mn, Cu, and Zn form a trace

element/redox-sensitive group with year-dependent internal structure. pH and HCO3 +
CO3 generally show a more separate position, reflecting carbonate buffering and acid–base
conditions as a distinct hydrochemical control.

Figure 7. Spearman correlation heat matrix showing relationships among nutrients, major ions, and
trace elements in groundwater samples.

Figure 8. Hierarchical cluster analysis heatmaps showing the annual grouping of groundwater
quality parameters and monitoring wells based on standardized hydrochemical data.

https://doi.org/10.3390/w18131559

https://doi.org/10.3390/w18131559


Water 2026, 18, 1559 14 of 22

The well dendrograms also show clear year-to-year differences. In 2018 and 2019,
most wells were characterized by low-to-moderate standardized values, with only a few
localized enrichments. This indicates that contamination signals were present but relatively
compartmentalized. In 2023 and 2024, the separation among wells becomes stronger;
one group of wells remains dominated by low or near-average values, whereas another
group shows simultaneous enrichment in EC, Cl, Na, Ca, Mg, Sr, and, in some cases,
nitrate and trace elements. This pattern indicates that the later post-sewerage period was
characterized by more pronounced spatial structuring of groundwater chemistry. The
clustering, therefore, suggests that groundwater quality changes were not uniform across
the settlement but were controlled by local hydrogeological conditions, variable flushing
of former wastewater-derived solutes, groundwater-level decline, and the persistence of
site-specific contamination hotspots.

The PCA biplots in Figure 9 further support the multi-process control of groundwater
chemistry. In 2018, PC1 and PC2 explained 19.24% and 16.88% of the variance, respectively,
together accounting for 36.12% of the total variability. The relatively low explained variance
indicates a diffuse hydrochemical structure, with no single dominant controlling gradient.
In this year, EC, NO3, Cl, and Na were mainly associated with the positive side of PC2, while
Ca, Mg, and Sr were aligned along the positive side of PC1, suggesting a partial separation
between salinity/nutrient enrichment and alkaline earth element-related mineralization.

 

Figure 9. Principal component analysis (PCA) biplots showing the annual relationships among
groundwater quality parameters and monitoring wells.

In 2019, PC1 became the dominant axis, explaining 34.93% of the variance, while PC2
explained 11.42%. The first two components, therefore, accounted for 46.35% of the total
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variance. EC, NO3, Cl, Ca, Mg, and Sr were mainly oriented towards the positive side
of PC1, indicating a clearer mineralization and salinity gradient. In contrast, NH4, PO4,
pH, and Zn were more strongly associated with PC2, suggesting that reduced nitrogen,
phosphorus, and selected trace elements were partly controlled by different local processes.
The position of well 12 as a clear outlier on the positive PC1 side indicates a strongly
mineralized sample compared with the rest of the monitoring network.

In 2023, PC1 and PC2 explained approximately 28.81% and 18.78% of the variance,
respectively, together accounting for 47.59%. The 2023 biplot shows a strong PC1 gradient
associated mainly with Cl, NO3, Ca, Mg, and Sr, while EC, Mn, Fe, NH4, COD, and Zn
are more strongly related to PC2. This indicates that salinity/mineralization and redox or
organic matter-related processes were partly separated in this year. Wells 30 and 37 are
positioned on the strongly positive PC1 side, suggesting elevated mineralization, whereas
well 34 is clearly separated along PC2, indicating a different hydrochemical signature
linked to trace elements or redox-sensitive parameters.

In 2024, PC1 explained 35.30% and PC2 14.63% of the variance, together representing
49.93% of the total variability. The positive side of PC1 was mainly associated with EC, NO3,
Na, Cl, Ca, Mg, and Sr, confirming the dominant role of mineralization, salinity, and nitrate
enrichment. PC2 was more closely related to NH4, Mn, Al, Fe, COD, and NO2, indicating
the influence of reduced nitrogen forms and trace element mobilization. Wells 13 and 30
were separated along the positive PC1 axis, while well 29 was clearly distinguished along
PC2, suggesting the persistence of well-specific hydrochemical anomalies. Overall, the PCA
confirms that groundwater chemistry is controlled by overlapping but partly separable
processes, including salinity enrichment, nitrate contamination, water–rock interaction,
and redox-sensitive trace element mobilization.

3.4. Spatial Patterns of Trace Elements and Mineralization Indicators

The spatial prediction maps of Fe and Sr in Figure 10 show different temporal patterns.

Figure 10. Spatial prediction maps of Fe and Sr concentrations in groundwater samples in 2018, 2019,
2023, and 2024.

Fe displayed strong temporal variability, with the most extensive enrichment in 2023.
Across the full dataset, Fe had a median of 100 µg/L, Q1–Q3 values of 62–240 µg/L,
and a maximum of 1410 µg/L. This suggests episodic redox-controlled mobilization. Sr
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showed a more persistent enrichment pattern, especially in 2023 and 2024. Its high median
concentration of 830 µg/L and strong association with EC and Mg indicate that Sr is mainly
linked to mineralized groundwater and water–rock interaction rather than isolated point
source pollution.

The Cu and Zn prediction maps in Figure 11 reveal increasing spatial heterogeneity in
the later years. Cu concentrations had a median of 45.5 µg/L, Q1–Q3 values of 20–60 µg/L,
and a maximum of 100 µg/L. Zn had a median of 90 µg/L, Q1–Q3 values of 0–140 µg/L,
and a maximum of 460 µg/L. The stronger Cu and Zn enrichment observed in 2023 and
2024, together with their positive correlation, suggests that these elements may be controlled
by similar geochemical processes, particularly sorption–desorption reactions, redox-related
mobilization, and local settlement-related inputs.

 

Figure 11. Spatial prediction maps of Cu and Zn concentrations in groundwater samples in 2018,
2019, 2023, and 2024.

3.5. Indicators of Former Wastewater Influence and Contamination Sources

Arsenic was used as a supporting indicator for identifying the possible origin of
contamination, because the deeper groundwater historically used in the settlement was
characterized by elevated As concentrations. Consequently, domestic wastewater generated
before sewerage network development also contained elevated As, and its infiltration
through on-site sanitation systems contributed As to the shallow groundwater system. To
evaluate whether this signal decreased after sewerage development, the pre-sewerage As
concentrations from 2012 were compared with the 2024 data (Figure 12). Although elevated
As concentrations were still detected in three shallow wells in 2024, especially wells 8,
12, and 15, As was no longer detectable in the majority of the investigated shallow wells
approximately ten years after sewerage development. This indicates a substantial reduction
in the wastewater-related As signal across most of the monitoring network. The remaining
elevated concentrations in the three wells may be related to later household connection
to the sewerage system, which could have prolonged wastewater infiltration locally. The
102 m deep well showed naturally elevated As concentrations in both years, reflecting the
As-rich deeper groundwater rather than shallow groundwater contamination.
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Figure 12. Arsenic concentrations in selected groundwater wells before and after sewerage network
development compared with the drinking water limit.

The nitrate–chloride source plot (Figure 13) was used to support the interpretation of
contamination origin, because chloride is both a conservative groundwater tracer and an
important indicator of wastewater-derived or salinity-related inputs, while nitrate is more
directly associated with nitrogen sources such as sewage, manure, and agricultural leaching.
Therefore, the nitrate/chloride ratio, together with absolute chloride concentration, can
help distinguish between sewage influence, manure input, soil nitrogen contribution, and
mixing processes.

 
Figure 13. Source identification of groundwater contamination based on chloride concentration and
nitrate/chloride ratio.
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Most samples plot within the range of approximately 1000–20,000 µmol/L Cl, while
the nitrate/chloride ratio generally varies between 0.05 and 1.0. This distribution indi-
cates mixed contamination sources rather than a single dominant input. Several samples,
especially from 2018 and 2019, occur close to the manure input field, with chloride concen-
trations around 5000–15,000 µmol/L and nitrate/chloride ratios of approximately 0.3–1.0.
In contrast, some 2023 and 2024 samples are shifted towards higher chloride concentrations
and lower nitrate/chloride ratios, reaching up to approximately 50,000–80,000 µmol/L
Cl, which is consistent with stronger sewage-related or mixed salinity influence. Only a
limited number of samples approach the soil nitrogen or agricultural input fields, while
no clear precipitation-dominated signal is observed. Overall, the plot indicates that the
shallow groundwater system still preserves a wastewater-related chloride imprint after
sewerage development, but this signal is locally mixed with manure-derived and diffuse
agricultural nitrogen inputs.

4. Discussion
The results of this study indicate that sewerage network development (2014) reduced

the direct input of untreated domestic wastewater into the shallow groundwater system but
did not lead to complete decontamination within the investigated period (2018–2024). This
interpretation is consistent with the earlier results of Mester et al. (2025), who showed that
before sewerage development, leakage from uninsulated septic tanks produced extremely
high NH4

+ concentrations and a local groundwater dome, whereas after sewerage expan-
sion, groundwater levels declined and some pollution indicators decreased [40]. However,
their results also showed that nitrate and sodium contamination remained detectable in
several parts of the settlement. The persistence of NH4

+, NO3
−, Na+, Cl−, and EC anoma-

lies in the present study, therefore, suggests a transitional post-sewerage hydrochemical
state rather than immediate recovery. This is also supported by Robertson (2021), who
reported that septic tank effluent is typically dominated by ammonium-N, with values of
18–108 mg/L, which can later be transformed into nitrate during transport through the
unsaturated zone [41]. Similarly, Richards et al. (2016) described septic tank discharges as
multi-pollutant hotspots, contributing not only nitrogen forms but also chloride, sodium,
phosphorus, and organic matter to groundwater systems [42]. McCobb et al. (2021) also
demonstrated in Cape Cod that the replacement of septic systems by municipal sewers does
not immediately produce measurable groundwater improvement everywhere, because the
rate of change depends strongly on aquifer flushing and groundwater residence time [43].

This delayed recovery is well explained by the broader concept of nitrogen legacy.
Van Meter et al. (2016) emphasized that anthropogenic landscapes can accumulate large
nitrogen stocks in soils and groundwater, which continue to affect water quality long after
inputs are reduced [44]. At the global scale, Ascott et al. (2017) estimated that the vadose
zone stored 605–1814 Tg N around 2000, particularly in regions with long agricultural
histories, such as Europe, North America, and China [45]. Sebilo et al. (2013) provided
direct tracer evidence for this mechanism. More than 25 years after fertilizer application,
12–15% of the labeled nitrogen still remained in soil organic matter, 8–12% had leached
toward the hydrosphere, and further nitrate export was expected for decades [46]. Vautier
et al. (2021) similarly showed in western France that nitrate concentrations in some wells
may remain almost unchanged 5–15 years after a sudden stop in nitrogen input because of
groundwater residence time and saturated-zone transport [47]. Liu et al. (2024) confirmed
this at the river-basin scale, showing that groundwater nitrogen accounted for 50% of N
delivery to streams in the Rhine, 66% in the Mississippi, 56% in the Yangtze, and 65%
in the Pearl River basin in 2015 [48]. Sanford and Pope (2013) also demonstrated that
groundwater transport may delay water quality improvement for decades, even after land
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surface nitrogen reduction measures are implemented [49]. These findings strongly support
the interpretation that the elevated nitrate and salinity indicators in Báránd are partly
controlled by delayed flushing of legacy solutes rather than by present-day wastewater
input alone.

The mixed origin of contamination is also consistent with international nitrate source
studies. Biddau et al. (2023) reported nitrate concentrations of 1–165 mg/L in Sardinian
groundwater and found that sewage and manure were dominant nitrate sources, while
hydrochemical evolution ranged from Ca–HCO3-type waters at low salinity to Na–Cl-type
waters at higher salinity [19]. This pattern is comparable to our study area, where the Piper
diagram indicated a shift towards Ca–Na–Cl and partly Na–Cl water types, suggesting
chloride accumulation, sodium enrichment, and residual wastewater-related salinity input.
Gao et al. (2024) further demonstrated that NO3

−/Cl− ratios are useful for separating
nitrate sources. High Cl− and low NO3

−/Cl− ratios usually indicate sewage or manure
influence, whereas higher NO3

−/Cl− ratios with lower chloride concentrations point to
agricultural or soil nitrogen sources [50]. Their model showed that soil nitrogen contributed
60.1–68.4% of nitrate, while manure and sewage contributed 16.5–35.5%, confirming that
mixed rural sources are common in intensively used settlement–agricultural environments.
Kyte et al. (2023) also showed that after 44 years of manure application, shallow ground-
water nitrate ranged from <0.1 to 1350 mg-N/L, with the highest concentrations linked to
cumulative manure loading and irrigation [51]. These results support the interpretation
that the nitrate–chloride plot reflects overlapping residual sewage and manure-related and
diffuse agricultural nitrogen inputs rather than a single dominant source.

5. Conclusions
The aim of this study was to assess the post-sewerage hydrochemical status of shallow

groundwater in a rural village located in the Great Hungarian Plain and to determine
whether the groundwater system still preserves the imprint of former wastewater infiltra-
tion. The results showed that, more than a decade after sewerage network development
in 2014, groundwater quality remained affected by elevated nutrient enrichment and
spatially heterogeneous contamination. Nitrate was the dominant pollution indicator,
with a median concentration of 108.90 mg/L, exceeding the 50 mg/L limit by more than
twofold. Ammonium, phosphate, sodium, chloride, and EC also showed frequent limit
exceedances, particularly in 2023 and 2024, suggesting that groundwater purification is de-
layed and strongly influenced by groundwater-level decline, reduced dilution, and longer
residence times.

Hydrochemical diagrams and multivariate analyses confirmed that groundwater com-
position is controlled by interacting natural and anthropogenic processes. The Piper and
Gibbs diagrams indicated a shift towards Ca–Na–Cl and Na–Cl type waters, reflecting
chloride accumulation, sodium enrichment, ion exchange, evaporation-related concen-
tration, and residual wastewater-related salinity inputs. Correlation analysis, HCA, and
PCA further showed that salinity, nitrate contamination, water–rock interaction, and redox-
sensitive trace element mobilization are partly separable but overlapping controls. Spatial
prediction maps also indicated that contamination is not uniform across the settlement but
occurs in localized hotspots.

The comparison of arsenic concentrations between 2012 and 2024 indicated a substan-
tial decline in former wastewater-derived mixing, as As was no longer detectable in most
shallow wells after sewerage development. The nitrate–chloride source plot showed mixed
contamination origins, dominated by residual sewage influence, manure-related inputs,
and diffuse agricultural nitrogen leaching. The results suggest that sewerage network
development reduced several former contamination-related impacts; however, long-term
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monitoring remains necessary to assess delayed hydrochemical improvement and the
persistence of rural land use pressures.
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