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Abstract: Disposal sites without adequate engineering controls pose a significant risk to the environ-
ment. In the present study, the environmental hazards of an abandoned and unrecultivated liquid
waste disposal are investigated with a special focus on soil and shallow groundwater contamination.
After a period of operation from 1994 to 2010, when the wastewater collection of the municipality
was regulated, the disposal site was subsequently decommissioned without further action. Eight
monitoring wells have been established in the disposal basins and in the surrounding area to de-
termine the contamination of the site. Sampling took place in the summers of 2020 and 2021. The
results of the analysis of the soil and water samples collected showed a high level of contamination
in the area. In the borehole profile of the infiltration basin, a well-developed leachate nitrate profile
was observed, with a concentration above 3000 mg/kg NO3

−. The soil phosphate content was also
significant, with a value of over 1900 mg/kg in the upper 40 cm layer. Extremely high concentrations
of ammonium (>45 mg/L) and organic matter (>90 mg/L) were detected in the groundwater of the
basins, indicating that contaminated soil remains a major source of pollutants more than 10 years
after closure. For all micro- and macroelements present in detectable concentrations, a significant
increase was observed in the infiltration basin. Our results have revealed that the surroundings
are also heavily contaminated. NO3

− concentrations above the contamination limit were measured
outside the basins. Recultivation of liquid waste disposal sites of similar characteristics is therefore
strongly recommended.

Keywords: sewage disposal site; landfill; groundwater quality; environmental pollution; soil
contamination

1. Introduction

Inadequate or non-existent wastewater collection and treatment has resulted in con-
siderable contamination of soil and groundwater resources [1–3]. Proper management of
municipal wastewater is essential for sustainability and human health [4,5]. In addition,
eliminating sources of pollution and protecting aquifers has become a major challenge of
the 21st century, even in the more developed regions of the world [6,7]. Therefore, the
potential risk assessment of soil and groundwater contamination due to liquid landfills is
of paramount importance [8].

During the last few decades, dump sites without adequate engineering controls were
used as the final disposal sites for different types of waste, such as solid and liquid munici-
pal or industrial waste [9–11]. These sites often operated without environmental permits
and illegally, while the authorities failed to take action to ensure proper operation [12,13].
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Uncontrolled, badly sited and improperly designed liquid waste sites are considered se-
rious potential sources of pollution [14–16]. However, the level of pollution depends on
a number of factors such as the quantity and composition of the leachate, the operation
time of the site, soil type, groundwater level, and distance from agricultural land or a water
environment [17,18].

The vulnerability of groundwater to landfill leakage has been established by sev-
eral studies [19,20]. High levels of dissolved organic matter, and inorganic nitrogen and
phosphorous compounds of municipal wastewaters pose a significant threat to the envi-
ronment [21–23]. Ammonium (NH4

+) is commonly present in municipal wastewater and
landfill leachate at very high concentrations compared to drinking water or environmental
quality standards. It is also a relatively mobile pollutant under certain conditions. For
these reasons, NH4

+ is commonly used as a key pollutant species in environmental risk
assessments of solid and liquid landfills, sewers and contaminated sites [24]. Oxidation
of NH4

+ results in the generation of nitrite (NO2
−) and—in the final stage of nitrification—

nitrate (NO3
−), which is extremely mobile due to its high solubility in water. In terms

of estimating the temporal and spatial changes of NO3
− in groundwater, the greatest

uncertainty is associated with the amount of nitrogen that is accumulated in the soil, which
is continuously oxidised and leached into groundwater [25–27]. Significant uncertainty
can also surround the estimation of natural infiltration rates from excess precipitation [28].
A similar environmental problem is the adsorption of significant amounts of phosphorus
in wastewater. Stollenwerk’s (1996) [29] investigations in Cape Cod, Massachusetts have
shown that large amounts of phosphate are bound in aquifer sediments. Computer sim-
ulations suggested that desorption of phosphate could contaminate the area for decades,
despite the fact that wastewater disposal was scheduled to be stopped.

Several studies have been conducted on disposal sites worldwide with a focus on
environmental impacts. In developed countries, studies have been carried out since the
end of the last century, while in developing countries the environmental impacts of liquid
landfills have only recently become a focus of research [30–32]. Appleyard (1996) [33],
investigating a liquid waste disposal site near Perth in Western Australia, found that the
contamination plume of the leachate with high ammonium, iron and bacteria content
spread for about 1000 m in the direction of groundwater flow at an average speed of about
40 m/year. Szabó and colleagues (2016) [34] modelled the spread of contamination in the
environment of a recultivated dumpsite using Na+ ions. They found that effluent from the
site had reached a depth of 70 m over a 30-year operational period, which is considered to
be significant. Ringo (2016) [35], investigated a sewage disposal environment in Tanzania,
with results showing high levels of pollution in the sewage disposal environment. The
author suggests immediate multi-stage measures and the application of new techniques to
alleviate contamination.

The European Union (EU) Council Directive concerning urban wastewater treatment
(91/271/EEC) has resulted in major changes in the wastewater treatment practices of the
member states over the last few decades. The UWWTD is a key legislative element of
the water protection policy of the Union, and its full implementation is a prerequisite for
achieving the objectives of the EU Water Framework Directive (2000/60/EC) [36]. The
implementation of the UWWTD imposes substantial financial costs on EU member states,
requiring extensive financial investments to modernise and construct new wastewater
treatment plants to ensure low nitrogen and phosphorus emissions.

In Hungary, significant steps have been taken since the early 1990s to remediate the
damage caused under socialism, and new laws on water quality have rapidly been adopted
to bring Hungary into alignment with EU standards [37]. The European integration process
greatly influenced water and wastewater management in Hungary, and was very much
needed, as infrastructure development was at a low level and unbalanced, since in parallel
with the construction of the drinking water network the sewerage networks and wastewater
treatment plants were not established [38,39]. In accordance with the EU legislation, the
establishment of the sewerage network of municipalities with pollutant loads above 2000
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inhabitant equivalents (IE) is currently ongoing. Very significant progress has been made
in the collection and purification of municipal wastewater in Hungary in the last decade.
The difference in the proportion of homes connected to the water and sewerage network
decreased from 41.1% in 2000 to 12.2% in 2020 [40].

In Hungary, it was common practice that in settlements without a sewerage network,
inhabitants stored their communal wastewater in sewage tanks located within the house-
hold, and after it was filled, sewage was transported to an on-site liquid waste disposal
established near the boundary of the municipality. At present, there are still municipalities
without a sewerage network, but the wastewater generated is typically transported to a
wastewater treatment plant where it undergoes more significant purification. In recent
years, a sewerage network has been established in a large number of municipalities, and
disposal sites have been closed and, in favourable cases, recultivated. However, in several
cases, recultivation has not been carried out, as in the case of the liquid waste disposal site
under examination. There are no official data on the number of similar abandoned sites, as
abandonment without recultivation is considered a so-called shadow zone.

The deterioration of groundwater quality of the investigated area has been stated by
several studies. Mester et al. [39] assessed the groundwater quality of the settlement Báránd
using GIS and different water quality indicators. They found that, as a result of the pollution
that has been going on for decades, the groundwater supply of the municipality has become
heavily polluted. The construction of the sewerage network in 2014 resulted in marked
positive changes in the quality of groundwater resources, although purification processes
will continue for years to come [6]. In the present study, the environmental hazards of an
abandoned and unrecultivated liquid waste disposal are investigated with a special focus
on soil and shallow groundwater contamination. Since the literature focuses mainly on
the environmental impacts of solid waste landfills because of their wider application, and
significantly fewer studies examine the impacts of communal liquid landfills, our study
could therefore be an important addition to the literature in this field. In addition, the
significance of the present study is to highlight the environmental challenges associated
with liquid waste disposals, which exist in many parts of the world and remains unsolved
in numerous cases due to the high costs of recultivation.

2. Materials and Methods
2.1. Site Location and Characteristics

The municipal liquid waste disposal of the settlement at Báránd is located in the
eastern part of the Great Hungarian Plain, in the Nagy-Sárrét region (Figure 1). The area is
part of the alluvial deposit of the Sebes-Körös River, which is classified as a flat plain, with
an average altitude of 85–89 m above sea level. Due to the closeness of the groundwater
level to the surface, the majority of the soils in the area (Vertisol, Solonetz, Chernozem,
Kastanozem according to WRB) were formed under the influence of water [40]. Among
the soils under direct influence of water, saline soils are extensive, covering 36% of the
total area. Meadow chernozem soils not under direct groundwater influence cover 16% of
the area. The climate (Cfb) is moderately warm and dry, with an average precipitation of
520–540 mm per year [41].
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nium maculatum), broad-leaved dock (Rumex obtusifolius) and greater burdock (Arctium 
lappa) (Figure 2). Woody shrubs such as dog rose (Rosa canina) and Populus seedlings are 
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Figure 2. The present state of the liquid waste disposal. (a) Infiltration basin; (b) oxidation basin; (c) 
nitrophilic vegetation in the infiltration basin. (d) last oxidation basin. 
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2611 inhabitants, with a continuous decreasing tendency [42]. The annual water extraction 
of the municipality has been between 90,000 and 120,000 m3 over the last decade, of which 

Figure 1. Location of the liquid waste disposal site and the monitoring wells.

As regards the flora of the area, perennial and annual herbaceous plants that are
nitrophilic and indicative of disturbance are typical. Plant cover is close to 100%, with
negligible annual weeds. Typical dicots are stinging nettle (Urtica dioica), poison hemlock
(Conium maculatum), broad-leaved dock (Rumex obtusifolius) and greater burdock (Arctium
lappa) (Figure 2). Woody shrubs such as dog rose (Rosa canina) and Populus seedlings are
also present in the area.
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Figure 2. The present state of the liquid waste disposal. (a) Infiltration basin; (b) oxidation basin;
(c) nitrophilic vegetation in the infiltration basin. (d) last oxidation basin.

Between 1990 and 2020, the population of the municipality ranged between 2907 and
2611 inhabitants, with a continuous decreasing tendency [42]. The annual water extraction
of the municipality has been between 90,000 and 120,000 m3 over the last decade, of
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which 70,000–90,000 m3 was supplied for domestic use. Since the municipality has sewage
discharges of more than 2000 inhabitants’ equivalent, a sewerage system was constructed
in 2014 in accordance with the relevant legislation.

The liquid waste disposal, located approx. 1.5 km southeast of the municipality, was
authorized in 1992 and operation started in 1994 (Figure 2). During the operating period
between 1994 and 2010, wastewater generated in the settlement was transported to the site
and disposed in the basins without any insulation, which resulted in wastewater leaking
directly into the soil and reaching the groundwater without proper treatment. In accordance
with environmental legislation, from 2010 the wastewater generated in the municipality
was transferred to the wastewater treatment plant in the neighbouring town. The liquid
waste disposal was subsequently decommissioned, and the site has not been restored to its
original state, so the established infrastructure is still in situ at present.

The wastewater was discharged into the infiltration basin at a volume of 100 m3. After
the separation and sedimentation phases, the liquid phase was transferred to the oxidation
basin by the gravity method. A wide oxidation basin with a volume of 3600 m3 provided a
large water surface for the necessary oxygen required for the biological purification pro-
cesses. The biologically treated wastewater flowed to the third basin for further treatment,
from where it was discharged into the area through drainage pipes. Concrete and reliable
data on the volume of disposed wastewater are not available—only approximations can be
made. One municipal report estimated the annual volume at 4000 m3, which is certainly
a significant underestimation compared to the approximately 100,000 m3 of wastewater
generated in the municipality, even if a considerable amount of wastewater leaks from
uninsulated household sewage tanks [43].

2.2. Field Sampling and Laboratory Analysis

In order to identify the environmental impact of the landfill, 8 monitoring wells were
established in its vicinity at a depth of 5 m (Figure 1). The well BL1 was located in the
middle of the infiltration basin, which was expected to be the most contaminated part of
the area. The well BL2 was located in the oxidation basin and the other six wells were
constructed in the vicinity of the disposal site. The BL7 monitoring well was selected as a
control due to its considerable distance from the BL1 well and the absence of nitrophilic
vegetation. The wells were designed with a filtered part in the lower 1-metre section of
the PVC pipe. Soil samples were collected at every 20 cm in the borehole profile during
construction using Eijkelkamp (Eijkelkamp Soil & Water, Giesbeek, The Netherlands) hand
auger. Water sampling from the monitoring wells in the summers of 2020 and 2021 was
carried out following the extraction of water three times the well volume, according to the
MSZ ISO 21464:1998 standard using Eijkelkamp peristaltic pump 12 Vdc.

The results of field measurements with a Satlab SL300 GPS device (SatLab Geosolu-
tions, Vastra Frolunda, Sweden) were used to create a digital elevation model for the dis-
posal site and its surroundings and to determine the absolute height of groundwater levels.

Concentrations of inorganic parameters were determined by standard procedures
according to Hungarian Standards (HS ISO 7150-1:1992; HS 1484-13:2009): determination of
NH4

+ was carried out with Nessler reagent, NO2
− with α-naphthyl amine reagent, NO3

−

with sodium salicylate method, PO4
3− with ammonium molybdate, SO4

2− with BaCl2
and K2CrO4 in aqueous solutions by UV-Vis spectrophotometer. Measurement of Cl−

was performed by the AgNO3-based colorimetric method. Electrical conductivity (µS/cm)
and pH were determined with a Consort C3010 multi-parameter analyser, (Consort bvba,
Turnhout, Belgium). The Chemical Oxygen Demand (COD) was determined using the
KMnO4 method. The results were assessed on the basis of the relevant limits of the Joint
Regulation KvVM-EüM-FVM No 6/2009 (IV. 14) (Table 1).
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Table 1. Contamination limit of the investigated parameters according to Hungarian legislation (Joint
Regulation KvVM-EüM-FVM No 6/2009 (IV. 14).

Parameter Limit Parameter Limit

pH <6.5; 9.0< Aluminium (Al) 200 µg/L
Electrical con. (EC) 2500 µS/cm Barium (Ba) 250 µg/L

Ammonium (NH4
+) 0.5 mg/L Copper (Cu) 200 µg/L

Nitrite (NO2
−) 0.5 mg/L Cobalt (Co) 20 µg/L

Nitrate (NO3
−) 50 mg/L Chromium (Cr) 50 µg/L

Chloride (Cl−) 250 mg/L Nickel (Ni) 20 µg/L
Phosphate (PO4

3−) 0.5 mg/L Lead (Pb) 10 µg/L
Sulphate (SO4

2−) 250 mg/L Zinc (Zn) 200 µg/L
Sodium (Na) 200 mg/L

In the course of soil analysis, the soil texture was determined based on the Köhn pipette
method [44]. Electrical conductivity (EC) was measured in the 1:2.5 soil:water extract with
a Consort C3010 multi-parameter analyser, (Consort bvba, Turnhout, Belgium). Soil organic
matter content was determined by the bichromate oxidation method (by Tyurin). Soil
phosphate content was measured by ammonium lactate extraction and nitrate content
was measured by distilled water extraction using UV-Vis spectrophotometer based on the
relevant standard (MSZ 20135:1999).

The quantitative analysis of the element content of the water samples from BL1 and BL2
monitoring wells was carried out by microwave plasma atomic emission spectrometry (MP-
AES 4200, Agilent Technologies, Santa Clara, CA, USA). The plasma gas was continuously
supplied during measurement by a nitrogen generator (Agilent Technologies 4107, Santa
Clara, CA, USA). The MP-AES instrument operates with a vertical torch alignment together
with an axial observation position. Standards, as well as sample solutions, were introduced
by an autosampler (SPS, Agilent Technologies, Santa Clara, CA, USA) with 30 s of rinsing
between each by 0.1 M HNO3 prepared in ultrapure water. Standard solutions of the macro
elements (Ca, K, Mg, Na) were prepared from the mono element spectroscopic standard
of 1000 mg/L (Scharlau), while the micro elements (Al, Ba, Cu, Co, Cr, Fe, Mn, Ni, Pb, Sr,
Zn) were from the multi element spectroscopic standard solution of 1000 mg/L (ICP IV,
Merck, Kenilworth, NJ, USA). In both cases, a 5-point calibration process was used for
which standard solutions were diluted with 0.1 M HNO3 prepared in ultrapure water.

2.3. Statistical Analysis and GIS

The geo-visualization of the results was performed with SPSS 26 (IBM Corp., Armonk,
NY, USA) and ArcGIS 10.4.1 (Esri, Redlands, CA, USA) software, while the spatial distribu-
tion of the contaminants was with Kriging interpolation using the software Surfer 19 (Esri,
Redlands, CA, USA). The anion–cation composition of groundwater was evaluated on the
basis of a semi-logarithmic Schöeller–Berkaloff diagram.

Geographic information system (GIS) applications are becoming widespread for deter-
mining the spatial distribution of various water quality indicators by integrating spatial
data with other geographic information [45,46]. Visualization of the results was performed
using ArcGIS 10.4.1 software, and spatial distribution of pollutants was determined by Krig-
ing interpolation using Surfer 19 software. Ordinary kriging is among the most frequently
used interpolation techniques in geostatistics for unsampled sites, to create interpolated
(predictive) maps. The semivariogram is used to quantify spatial dependence:

G(h) =
1

2N(h)

N(h)

∑
i=1

[Z(Xi + h)− Z(Xi)] (1)

G(h) indicates the semivariogram as a function of the lag distance or separation vector
h between two points, N(h) represents the number of observation pairs divided by distance
h, and Z(Xi) represents the random variable at position Xi [47].
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The spatial distribution of different parameters can be determined according to the
equation below [47]:

Z(X0) =
n

∑
i=1

n λi Z(Xi) (2)

Z(X0) is the predictable value at X0 points, while n is the number of the sampled
points, Z(Xi) is the recognized value at sampled Xi points, and λ is the weight assigned to
the sampled point.

3. Results and Discussion
3.1. Digital Elevation Model of the Disposal Site

The digital elevation model created for the disposal site and its surroundings is
shown in Figure 3. A longitudinal cross section was created for each basin. A significant
accumulation of disposed sewage sludge on the receiving side of the first basin is clearly
observable, making the shape of the basin asymmetrical. The current depth of almost 2 m
is only reached in the middle of the basin. The cross section of the central stem of the
second basin shows that the walls of the basin are steep on both sides, without significant
accumulation. The third pool is considered the shallowest, with a depth of approximately
1.5 m (Figure 3). The soil excavated during the construction was used to create the basin
dykes and to fill the surrounding area.
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3.2. Physical and Chemical Measurements of the Soil

Chemical analysis of soil samples from the BL1 monitoring well, constructed in the middle
of the first basin, and the BL7 monitoring well, which was used as a control, showed significant
differences for all parameters measured. While NO3

− concentrations in natural soils range
around a few mg/kg, concentrations inside the first disposal basin significantly exceeded
the 500 mg/kg contamination limit with a maximum value of 3706 mg/kg at the depth of
100–120 cm (Figure 4). The vertical distribution of NO3

− values shows a characteristic leaching
profile. The accumulation zone is currently located at the depth of 60–160 cm, where values
are higher than 1000 mg/kg; however, due to the high solubility of NO3

−, this is expected to
shift with precipitation to deeper layers reaching the groundwater table. This suggests that
the accumulation of inorganic nitrogen in the soil will remain a significant source of pollution
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for a long time in the future. In the BL7 control section no NO3
− accumulation zones were

observed, and concentrations were below 20 mg/kg in all layers.
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Figure 4. The vertical distribution of NO3
−, EC, PO4

3−, and organic matter in the monitoring wells
BL1 and BL7.

The electrical conductivity (EC) measured in a 1:2.5 soil suspension in the BL1 borehole
profile shows a high similarity with the vertical distribution of the nitrate values. Thus,
the highest values were found in the 60–160 cm zone as well. In the control, significantly
lower EC values were measured in all layers; however, higher EC values at the depth of
100–200 cm are not directly related to NO3

− concentrations.
Since phosphate (PO4

3−) is significantly less mobile than nitrate and more strongly
bound to soil particles, the distribution of PO4

3− within the borehole section therefore
shows a different vertical distribution with highest values in the upper layers (Figure 4).
Significant differences between the control BL7 and BL1 boreholes are also observed in this
case; while in the BL1 well, high phosphate accumulation was detected, the accumulation
in BL7 well was much lower. The upper 0–40 cm zone of the BL1 borehole was considered
the most contaminated, with 3270 mg/kg at a depth of 0–20 cm and 1986 mg/kg at a depth
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of 20–40 cm at. Although phosphate concentrations decrease gradually in the deeper layers,
at all levels in the 40–220 cm zone it is above 200 mg/kg, which also indicates considerable
accumulation. In the deeper layers, two peaks are observed at depths of 340–360 cm and
420–440 cm, with values of almost 200 mg/kg. In the control section, although a PO4

3−

peak occurs at a depth of 140–160 cm, it does not exceed 50 mg/kg.
The vertical changes in organic matter (humus) content show a similar pattern to

PO4
3−. Organic matter of 20% in the soil of the first basin cannot be explained by natural

humification processes at all; it is clearly the result of accumulated sewage sludge. The
nearly 1% of organic matter measured in the deeper 300–500 cm zone indicates that organic
matter is continuously leaching from the subsurface. In the control section, the highest
humus content was measured at a depth of 40–60 cm, which can be explained by the fact
that the original topsoil was filled with subsoil excavated from the basins.

Since soil texture has a considerable influence on the spread of contamination, the
mechanical composition of the soil was determined in the 5 m borehole section of the BL1
and BL7 monitoring wells (Figure 5). The results indicate that loamy soils are predominant
in the sample area; however, the sand content shows significant variation. In profile BL1,
the sand fraction of over 50% was measured in ten layers, while in the 400–440 cm zone it is
over 80%, resulting in a loamy-sand texture. The lowest sand content was measured in the
40–180 cm zone (<30%), resulting in a clay-loam texture. The clay content varies between
3% and 36% in the borehole section. Increased sand fraction in the deeper layers (>300 cm)
of the BL7 borehole section is also observed, resulting in a sandy clay loam texture. The clay
content varied between 20–45%. The relatively high silt and clay content may contribute to
a reduced spatial extent of contamination; however, the higher ammonium fixation capacity
of clay minerals may significantly increase the presence of contamination over time [48,49].
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3.3. Groundwater Contamination in the Area

Large amounts of raw municipal wastewater have been discharged over nearly two
decades, resulting in serious contamination of the groundwater resources in the area.
Anthropogenic effects were detected for all groundwater monitoring wells during sampling.
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The summary of the parameters measured in the summers of 2020 and 2021 are shown in
Table 2.

Table 2. Summary of the water quality parameters measured in the summers of 2020 and 2021.

2020 2021

pH EC COD NH4
+ NO2− NO3− PO43− Cl− pH EC COD NH4

+ NO2− NO3− PO43− Cl−

Unit µS/cm mg/L mg/L mg/L mg/L mg/L mg/L µS/cm mg/L mg/L mg/L mg/L mg/L mg/L

Limit 6.5/9.5 2500 4.5 0.5 0.5 50 0.5 250 6.5/9.5 2500 4.5 0.5 0.5 50 0.5 250

BL1 7.19 6320 98.4 48.3 0.658 6.8 4.12 790 7.25 9320 74.4 56.3 0.735 8.9 3.69 463.8
BL2 7.26 2610 5.4 0.53 0.125 8.4 0.63 207 7.29 2510 7.8 0.52 0.165 14 0.78 130.2
BL3 6.99 3060 10.9 0.34 0.019 17.3 0.47 544 7.05 4870 9.3 0.63 0.015 12.5 0.53 198.3
BL4 7.16 4590 11.7 0.71 0.058 51.8 0.38 490 7.12 7010 10.9 0.75 0.076 57.6 0.41 241.4
BL5 7.09 3920 18.1 0.67 0.063 393.0 0.61 452 7.08 7060 9.3 6.14 0.059 194.8 0.65 228.5
BL6 6.94 5220 10.1 0.57 0.018 54.5 2.56 286 7.02 6610 18.8 9.67 0.021 12.8 2.84 163.8
BL7 7.24 895 6.9 0.23 0.024 19.3 0.43 48.3 7.18 937 7.8 0.28 0.014 12.1 0.32 38.8
BL8 6.92 2680 9.5 0.35 0.029 30.4 0.55 350.4 6.86 2560 9.3 0.34 0.033 24.3 0.47 319

In order to determine the spatial distribution of the investigated parameters, interpo-
lated maps were created based on the concentrations at the sampling points measured in the
summers of 2020 and 2021. Domestic wastewater contains large amounts of organic matter.
Ten years after the closure of the liquid waste disposal site, chemical oxygen demand (COD)
values close to 100 mg/L were measured in the vicinity of the first basin for both years,
indicating significant contamination (Figure 6). The values measured in all monitoring
wells were above 4.5 mg/L, with concentrations above 10 mg/L in the majority of the area.
The highest values were measured in wells west and south of the first basin.
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The presence of NH4
+ indicates the decomposition of the organic matter content of

the groundwater, which indirectly refers to wastewater load. Ammonium cannot oxidise
to NO2

− and then to NO3
− in the presence of organic carbon and in the absence of

sufficient dissolved oxygen; therefore, concentrations approximately 100 times higher than
the contamination limit of 0.5 mg/L were measured in the BL1 monitoring well in the first
basin (Figure 7). Concentrations of 56 mg/L were detected in the summer of 2021, and
above 45 mg/L in all sampling events. NH4

+ values decrease radically with distance from
the infiltration basin as oxidative conditions are improved; however, concentrations are
above the contamination limit in almost all monitoring wells except the furthest ones, BL7
and BL8. However, concentrations higher than 0.2 mg/L in these wells also indicate the
influence of wastewater discharge.
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NO3
− concentrations have an increasing pattern with distance from the infiltration

basin, unlike the spatial distribution of NH4
+ (Figure 7). The most significant increase

was observed to the west, where the concentration in well BL3 was close to 400 mg/L in
the summer of 2020. Concentrations above the contamination limit of 50 mg/L were also
detected in well BL4 and the BL6 monitoring well located closest to the infiltration basin.
The lowest values were measured in the BL7 monitoring well, with a mean of 24.5 mg/L
(Figure 7).

Chloride (Cl−) is readily soluble in water, and although it occurs in highly variable
concentrations in natural waters, if it occurs with elevated COD or NH4

+ concentrations, it
indicates sewage discharge. In both years studied, the area was found to be highly contami-
nated with chloride, with values significantly exceeding the 250 mg/L limit (Figure 8). The
only exception was well BL7, also used as a control, where the concentration was below
100 mg/L. Electrical conductivity (EC) values due to the spatial distribution of the other
ions are highest in the central, south-western and east-western part of the site. The highest
values fluctuated between 4000 and 9500 µS/cm. Values below the 2500 µS/cm limit were
only measured in well BL7.
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These results are consistent with those of other studies carried out in liquid waste disposal
areas, which have shown high levels of contamination of groundwater resources [50–53].
Brennan et al. [54] investigated the impacts of landfill leachate in municipal wastewater treat-
ment plants, and the results, similar to our measurements, showed significant concentrations
of ammonium in the area. Szabó et al. [34] measured high inorganic nitrogen forms and ele-
vated Na concentrations in a recultivated landfill environment in in the great Hungarian Plain.
Consistent with our results, their results showed that pollutants continued to contaminate the
area for several decades after the elimination of pollution sources.

Water samples from the monitoring wells in the infiltration (BL1) and oxidation
(BL2) basins were analysed for both micro (Al, Ba, Cu, Fe, Mn, Pb, Sr, Zn) and macro
(Na, K, Ca, Mg) elements. Results are presented in Figure 9. For all parameters present
at detectable concentrations, considerable differences were found. For microelements,
manganese showed the largest difference, varying almost tenfold in the different wells.
The concentration of 1920 µg/L in well BL1 decreased to 122 µg/L. The Fe concentration
of 1160 µg/L in well BL1 was almost seven times higher than the 155 µg/L in well BL2.
The considerable amount of Fe is derived from the high Fe content in the aquifer of the
municipality used as the drinking water supply. The high strontium concentration in BL1
(1390 µg/L) was reduced by almost half in BL2 (696 µg/L). Although no values above the
limit were measured for Ba, Cu, Pb and Ni, the higher values in the receiving basin may
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have been caused by vehicles transporting wastewater. Co, Cr and Zn were not detectable
in any of the samples. By investigating the heavy metal contamination of an open land
wastewater disposal site, similar to our sample area, significantly higher concentrations
of iron and manganese were measured near to the source points of pollution compared
to control points [55]. Industrial effluent into municipal wastewater is the main source
of elevated microelement content and has been the subject of several studies [56]. Since
no or only small amounts of industrial effluent have been discharged into the area, the
microelement content of the water samples does not exceed the limit value.
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of 2020.

It was found that Ca, Mg, Na, K values were significantly higher in well BL1 than in
BL2. The cation and anion relations were plotted on a semi-logarithmic Schoeller–Berkaloff
diagram (Figure 10). Potassium was present at more than ten times higher concentrations in
BL1 (69.3 mg/L) than in BL2 (4.6 mg/L). Na+ exceeded the contamination limit of 200 mg/L in
both wells, while 561 mg/L was measured in well BL1. The values for Ca and Mg were twice
and three times higher, respectively, in well BL1 compared to BL2. Elevated Na+ content of
municipal wastewater is stated by several studies [57]. Since Na+ has a low retardation factor,
Szabó et al. [34] used it for the calibration of contaminant transport models.
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4. Conclusions

The study examined the effects of a municipal liquid waste disposal site operating
between 1994 and 2010 on soil and groundwater. After the wastewater collection of the
municipality was regulated, the disposal site was subsequently decommissioned without
recultivation or further action. In order to analyse the current state of the disposal site, a
high precision digital elevation model was created. According to this, considerable accu-
mulation of sewage sludge was detected in the first infiltration basin. This is confirmed by
the results of soil analysis, which detected extremely high NO3

− and PO4
3− concentrations

in the five-meter-deep borehole profile.
Based on the results of water analysis, the significant contamination of the area can

be stated. Effects of wastewater effluent were detected for all groundwater monitoring
wells during sampling. Extremely high concentrations of ammonium and organic matter
were detected in the groundwater of the basins, indicating that contaminated soil remains a
major source of pollutants more than 10 years after closure. NO3

− concentrations above the
contamination limit were measured outside the basins. For all micro- and macroelements
present in detectable concentrations, a significant increase was observed in the infiltration
basin compared to the oxidation basin. Our results have revealed that the surroundings are
also heavily contaminated.

The significance of our study is to highlight the environmental challenges associated
with liquid waste disposal sites, which exist in many parts of the world and in many cases
remain unsolved due to the high cost of recultivation. Our results also highlight the fact
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that even decades after contaminant replenishment has ceased, accumulated contaminants
can still make these sites a serious source of hazard, especially if environmental elements
within the affected area are vulnerable. Recultivation of liquid waste disposal sites of
similar characteristics is therefore strongly recommended.
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35. Marek, D.; Baun, M.; Dąbrowski, M. The challenge of implementing European Union environmental law in the new member

states: The Urban Waste Water Treatment Directive in the Czech Republic and Poland. Environ. Plan. C Polit. Space 2017, 35,
1117–1135. [CrossRef]

36. Somlyódy, L.; Buzás, K.; Clement, A.; Melicz, Z. Strategies for approximating EU legislation in Hungary: The Sajó River case.
Water Sci. Technol. 1999, 40, 87–94. [CrossRef]

37. Somlyódy, L.; Patziger, M. Urban wastewater development in Central and Eastern Europe. Water Sci. Technol. 2012, 66, 1081–1087.
[CrossRef]

38. Mester, T.; Balla, D.; Szabó, G. Assessment of Groundwater Quality Changes in the Rural Environment of the Hungarian Great
Plain Based on Selected Water Quality Indicators. Water Air Soil Pollut. 2020, 231, 1–14. [CrossRef]

39. Hungarian Central Statistical Office. 2021. Available online: https://www.ksh.hu/stadat_files/kor/hu/kor0067.html (accessed
on 3 December 2021).

40. Michéli, E.; Fuchs, M.; Hegymegi, P.; Stefanovits, P. Classification of the major soils of Hungary and their correlation with the
World Reference Base for Soil Resources (WRB). Agrokém. és Talajt. 2006, 55, 19–28. [CrossRef]

41. Dövényi, Z. Magyarország Kistájainak Katasztere [Inventory of Microregions in Hungary]; MTA Földrajztudományi Kutatóintézet—
MTA Geographical Research Institute: Budapest, Hungary, 2010; 876p.

42. Hungarian Central Statistical Office (HSCO). 2021. Available online: https://nyilvantarto.hu/hu/statisztikak?stat=kozerdeku
(accessed on 11 July 2021).

43. Mester, T.; Balla, D.; Karancsi, G.; Bessenyei, É.; Szabó, G. Effects of nitrogen loading from domestic wastewater on groundwater
quality. Water SA 2019, 45, 349–358. [CrossRef]

http://doi.org/10.1134/S0021894416070099
http://doi.org/10.2166/wqrj.2020.004
https://www.ideals.illinois.edu/bitstream/handle/2142/78852/selectionofrefus17hugh.pdf?sequence=1
https://www.ideals.illinois.edu/bitstream/handle/2142/78852/selectionofrefus17hugh.pdf?sequence=1
http://doi.org/10.1007/s13201-012-0072-z
http://doi.org/10.2478/environ-2021-0004
http://doi.org/10.1504/IJHST.2021.116240
http://doi.org/10.1016/j.watres.2004.07.026
http://doi.org/10.1080/09593330.2017.1317842
http://www.ncbi.nlm.nih.gov/pubmed/28394206
http://doi.org/10.1144/1470-9236/04-005
http://doi.org/10.1890/0012-9658(2000)081[0088:DOSNAC]2.0.CO;2
http://doi.org/10.1016/S0960-8524(01)00154-7
http://doi.org/10.1579/05-R-046R1.1
http://doi.org/10.1016/0883-2927(95)00041-0
http://doi.org/10.1186/1471-2458-14-697
http://doi.org/10.1007/s002540050083
http://doi.org/10.1007/s11270-015-2742-6
http://doi.org/10.1177/0263774X16686071
http://doi.org/10.2166/wst.1999.0506
http://doi.org/10.2166/wst.2012.289
http://doi.org/10.1007/s11270-020-04910-6
https://www.ksh.hu/stadat_files/kor/hu/kor0067.html
http://doi.org/10.1556/agrokem.55.2006.1.3
https://nyilvantarto.hu/hu/statisztikak?stat=kozerdeku
http://doi.org/10.17159/wsa/2019.v45.i3.6731


Water 2022, 14, 226 17 of 17

44. Müller, H.W.; Dohrmann, R.; Klosa, D.; Rehder, S.; Eckelmann, W. Comparison of two procedures for particle-size analysis: Köhn
pipette and X-ray granulometry. J. Plant Nutr. Soil Sci. 2009, 172, 172–179. [CrossRef]
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