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ABSTRACT

Municipal waste landfill is a potential, or actual, source of groundwater pollution. Even landfill with a ground containment
system can generate leachate that will migrate to aquifers. In this context, it is important to monitor water and leachate and
to rationally analyze the existing situation. The purpose of this article was to assess groundwater contamination in the region
of the municipal landfill site in Poczesna (Southern Poland) using the Landfill Water Pollution Index (LWPI). Certain
physicochemical parameters such as pH, electrical conductivity (EC), total organic carbon (TOC), polycyclic aromatic
hydrocarbon (PAH), Cd, Pb, Zn, Cu, Cr, and Hg, were analyzed from samples from six piezometers in the years 2015-2019.
The LWPI index values in the groundwater samples ranged from 0.97 to 3.11 (P<0.05). Indicator values that are within the
range 2-5 reflect poor water quality with a high visible landfill impact, and those >5 suggest strongly polluted water with a
very high landfill impact. The results of this study indicated that the quality of the groundwater in the area around the landfill
was better in the case of the Jurassic aquifer compared to the Quaternary aquifer. The results provided by this index are very useful
in the context of a quick assessment of groundwater quality. For the purposes of further risk analyses, it is important to consider
other variables (chemical components) which can influence groundwater quality in the region of municipal landfill sites.
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1. Introduction and improperly operated, it can pose a threat to soil
(DELANG, 2017) and groundwater quality (BHALLA
Data on the municipal economy in Poland show  ET AL, 2012; DABROWSKA ET AL., 2018). Leachates
that the thermal processing of municipal waste is  constitute a complex matrix of various chemical
developing dynamically. In 2018, almost 23% of substances: organic matter, inorganic components,
the municipal waste generated was intended for heavy metals (PRZYDATEK & KANOWNIK, 2019).
thermal processing for energy recovery (Czop, 2020). The current legal arrangements, i.e., Council
Although economic development has a significant  Directive 1999/31/EC of 26 April 1999 on the
impact on the level of waste generation (MINELGAITE  landfill of waste, and the Polish Regulation of the
& LIOBIKIENE, 2019), landfilling is still one of the Ministry of the Environment of 30 April 2013
most popular methods used for the disposal of (Journal of Laws, No. 523) on landfill, impose an
discarded materials (VAVERKOVA & ADAMCOVA, obligation to conduct monitoring in the region of
2015; WONG ET AL., 2015; VAVERKOVA ET AL, 2018A)  municipal landfill sites. Monitoring of groundwater
causing repeated land degradation (VAVERKOVAET  has a strategic role (ESMAEILIAN ET AL., 2018) in
AL, 2018B). Land degradation is not the only negative =~ these waters in the supply of drinking water and
effect of landfill. If landfill is incorrectly secured it is related to their protection and qualitative
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activities (WITKOWSKI & DABROWSKA, 2017). Without
reliable information on groundwater quality, it is
not possible to undertake comprehensive and
rational management of the entire water economy.
It is necessary to conduct reliable groundwater
monitoring (quality and quantity), which will allow
for a proper assessment of the impact of the pollution
source on groundwater and in planning ways to
counteract the negative effects (GRATH ET AL., 2000;
NIELSEN, 2006; QUEVAUVILLER ET AL., 2009). The law
defines the minimum number of piezometers and
their location in the hydrodynamic system as well
as the sampling frequency and minimum range of
the field and laboratory tests in relation to specific
EC, pH, TOC, Cu?+, Zn2+, Pb2+, Hg?*, Cd?*, Cré+ and
PAHs (BOJAKOWSKA, 1994).

Such a small range of determinants allows the
use of mathematical indicators that may be useful
for the assessment of groundwater vulnerability
(WITKOWSKI & KOWALCZYK, 2004) to pollution and
for the assessment of groundwater quality in the
area of pollution sources. It should be noted that
in the case of industrialized areas, it is possible to
determine specific vulnerability (SOLTYSIAK ET AL.,
2018). There are lots of methods which allow
the assessment of groundwater vulnerability to
contamination (VRBA & ZAPOROZEC, 1994; WACHNIEW
ET AL, 2016), including estimation methods,
parameter methods, ranking methods, modelling,
neural networks and statistical methods
(MACIEJEWSKI ET AL. 2006; LEIBUNDGUT ET AL.,
2009; OKE ET AL., 2016; SOLTYSIAK & DABROWSKA,
2016; NOURANI ET AL., 2017; BAGHANAM ET AL., 2020).
Assessment of the vulnerability of water to
pollution also takes into account elements of the
risk assessment using the following phases:
planning, acquisition, development, testing, proper
placement of IT systems (PRITCHARD, 2013).

There are lots of studies which have proposed
different indices for groundwater risk assessment
(GIBRILLA ET AL., 2011; MOR ET AL., 2018). The most
popular index probably is Horton’s water quality
index (BIEDKA & TALALAJ, 2016). The Backman
pollution index is also quite popular (BACKMAN ET AL.,
1998; DABROWSKA AT AL., 2018; KRCMAR ET AL., 2018).
Indices are an effective way of providing information
about the quality of the water for citizens and policy
makers (ZHAO ET AL., 2018). It is worthwhile to
note that indices help in classifying groundwater
and effectively determining the properties of water
(WU ET AL., 2010). Unfortunately many indicators
are not applicable to groundwater in the area of
pollution sources due to the need for too much data,
too large a range of parameters, or the necessary
amount of tests to be performed for the studied
area. It should be borne in mind that in the case
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of landfill, usually only the scope of tests specified
in the regulations is performed. Also in the case of
landfill, groundwater quality assessment requires a
consideration of the spatial and temporal variability
of the monitored components. Hence, it is very
difficult to assess the real impact of landfill on
groundwater quality (KUMAR & ALAPPAT, 2005).

One of the methods for the mathematical
description of groundwater susceptibility to pollution
is the use of an indicator specifying the degree of
groundwater pollution in relation to the value of
individual components in the inflow of groundwater
to the landfill area. This indicator is the Landfill
Water Pollution Index (TALALAJ, 2014). This index
takes into account 10 parameters which should
be obligatorily monitored in groundwater in the
region of municipal landfill in every phase of their
exploitation. Due to the availability of such data, it is
possible to calculate the index for each pollution
source that is monitored.

Therefore, the authors hypothesized that the use
of the LWPI index would enable the description of
pollution in the region of the landfill in Poczesna.
The aim of this study was to identify changes in the
physical and chemical components of groundwater
on the basis of the values of the LWPI index for six
observation points belonging to the monitoring
network of the municipal landfill in Poczesna
(Southern Poland) in 2015-2019.

2. Study area

The landfill for non-hazardous and inert waste
is located in the municipality of Poczesna, in the
Silesian Province (Southern Poland). In terms of
physical and geographic regionalization, the research
area is located in the Polish Upland Province, the
Silesian-Krakow Upland Sub-Province, the Krakow-
Czestochowa Upland Macroregion and the Upper
Warta Lowering Mesoregion (KONDRACKI, 2009).
The Sobuczyna stream flows west of the landfill,
and the River Brzezinka flows to the north (Fig. 1).

The total area of the landfill is 128.4 ha. The landfill
was established in 1983. It was then that the
construction of the first landfill site began, in the
post-exploitation areas of iron ore mines, in
particular in the areas of storage of flint rocks
mined in the neighboring iron ore mines. The first
site with an area of 16.8 hectares is currently
closed and reclaimed, while storage site II, is
currently approved for use and has an area of
7.77 hectares. The first site, unlike the second one,
does not have a ground protection system (DIEHL,
2015). The landfill is equipped with a leachate
collection and drainage system, as well as a
degassing and landfill gas utilization system. The



bottom of the new site was sealed with a 2 mm
thick PEHD geomembrane, while the leachate
drainage branches were made of perforated PVC
pipes with a diameter of 80 mm.

The waste is stored above the level of the
ground, in longitudinal layers up to a height (after
compaction) of 1.85 m, then it is covered with an
insulating layer with a thickness of 0.15 m made
of waste approved for recovery, or mineral material.
The cycles are repeated 9 times until an elevation
of 18 m above the terrain elevation measured at
the base of the landfill sites is reached, this is then
followed by coverage of the deposited waste with
a layer of earth or inert material. The leachate
captured by the drainage system from the waste
storage sites, amounting to approx. 49,100 m3/ year,
is directed through an underground collector to
the leachate tank. Wastewater from the leachate
tank is treated in a membrane treatment plant,
used for sprinkling the waste, then discharged
into the catchment basin of the water supply or
discharged via the sewage system.

There is also a Waste Management Plant in the
area of the landfill, consisting of a municipal waste
sorting plant, waste composting plant, bulky waste
demolition station, construction debris shredding
station, and a municipal hazardous waste collection
point (http://www.czpk.czestochowa.um.gov.pl/).

The landfill site is located within the Silesian-
Krakéw monocline. Formations of the older subsoil
fall towards the north-east, towards the axis of
the Miechéw Trough. Triassic formations lie directly
on the Palaeozoic sediments. The Lower Jurassic
sediments are represented by sands and sandstones.
Middle Jurassic sands and iron sandstones, are
the so-called Koscielisko layers. Protection against
contamination of groundwater is provided by a
well-insulating complex of Doggerian clay with a
thickness of 30-35 m (MASZCZYNSKA & TRZESZCZYNSKA,
2003). On the ]Jurassic formations, there are
Quaternary sediments composed mainly of sands
with an admixture of gravel, silt and tills
(BARDZINSKI ET AL., 1986).
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Fig. 1. Map of the study area (based on Topuszczak, 2018)

The analyzed area of research is located within
Groundwater body number 99, which has four
aquifers - Quaternary, Cretaceous, Jurassic and
Triassic (ZEMBAL ET AL., 2010). In the area of the
landfill, only two aquifers deserve attention, i.e.
Quaternary and Jurassic.

The groundwater monitoring network consists of
six piezometers (two monitoring the Quaternary
aquifer - Cz-1, Cz-2 and four monitoring the
Jurassic aquifer - K-1 - K-4). The K-1 piezometer
is located at the inflow of waters to the landfill,
the Cz-2 piezometer is located west of the landfill,
and the K-3 piezometer to the east. The remaining
piezometers are located at the outflow of
groundwater from the landfill (Fig. 1).
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The Quaternary aquifer is characterized by its
small thickness and includes water of a poor
chemical state. Water taken with piezometers Cz-1
and Cz-2 has a lowered pH, which means that
they should be included in the fourth quality class.
The Middle Jurassic level is formed in fractured,
fissured sandstones as well as sands and gravels,
the thickness of which varies between 20-40 m.
The waters of this aquifer are characterized by
the concentration of most of the components
typical for quality class I or II, but the pH value
indicates class IV (Regulation of the Minister of
Maritime Economy and Inland Navigation of 11
October 2019 on the criteria and method of



assessing the state of groundwater bodies, Journal of
Laws 2019, item 2148).

The groundwater table is located at a depth of
approx. 1 m below ground level for the Quaternary
aquifer (piezometer Cz-2) and up to 9 m
below ground level for the Jurassic aquifer (K-4
piezometer).

3. Methodology

This study investigates the physicochemical
and chemical parameters in groundwater on the
basis of monitoring data gathered from the
piezometers belonging to the observation network
of the municipal landfill in Poczesna between
2015-20109. Six piezometers (Cz-1, Cz-2, K-1, K-2,
K-3, K-4) were installed in accordance with the
movement of groundwater and are located
downstream from the landfill. For further analyzes,
all parameters that are mandatory for the
monitoring of groundwater in the area of landfills,
were used (EC, pH, TOC, Cu?+, Zn2+, Pb2+, Hg?",
Cdz+, Cré* and PAHs). The tested values for
individual parameters have a normal distribution
(based on Lilliefors test) with significance
correction value > 0.2. Dell Statistica 13 program
was used to analyze the data.

The scope of the monitoring studies carried
out around the landfill dictated the choice of the
quality index for groundwater impacted by a landfill
which was the LWPI index (BAGHANAM ET AL.,
2020). The calculation of this index was performed
using the equation proposed by TALALAJ (2014).
In this equation S; is calculated based on values of
Cp and Cy using formula (1).

_ %
Cp

S

(1)

where:

C, is the concentration of the i th parameter in
each of the samples

Cp is the concentration of the i th parameter in
the inflow groundwater sample.

Based on these calculated ratios, individual
weights for the parameters were selected and the
final values of the index were calculated using the
formula (2).

1L
EE':J_S'-;W-;

wi

LWPI = (2)

where:
w; is the weight of the i th pollutant variable,
n is the number of groundwater pollutants.

The weight values were calculated for parameters
on the basis of TALALAJ (2014). Detailed data is
presented in Table 1.
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Table 1. Weights of parameters required to calculate LWPI

Parameter Required Proposed
weight (wi) weight (wi)
EC 1 5
pH 2 2
PAHs 5 1
TOC 4 4
Pb, Cu, Cr, Hg, Zn, Cd 3 3
Sum of weights 30 30

The value of the contamination index increases
along with an increase in the concentration of
individual parameters (DABROWSKA ET AL., 2018).
An index value greater than 3 suggests heavily
transformed areas. The interpretation of the LWPI
value is as follows:
<1 - water under no landfill impact
(1<LWPI<2) - moderately polluted water
due to a small landfill impact
(2<LWPI<5) - poor water with high visible
landfill impact
>5 - strongly polluted water (TALALAJ, 2014).

Data from the K-1 piezometer were used as
reference values for the inflowing waters. Due to
the fact that monitoring of the Quaternary aquifer
consists of only two piezometers, the data from
these points were not included in the LWPI main
calculations, and served only for comparative
purposes, if the geochemical background was
also the value from the piezometer capturing the
Jurassic aquifer.

In order to compare how the number of
observation points and the LWPI value affect the
general interpretation of groundwater quality in
the area of landfill, the value of this indicator was
interpolated using a kriging method (NIELSEN &
WENDROTH, 2003). Kriging is one of the simplest
and most effective interpolation methods (KOKESZ,
2010). This method can be used with diverse datasets.

4. Results and discussion

Values of EC, pH, TOC, Cu?+, Zn2+, Pb2+, Hg2+, Cd+,
Cr6* and PAHs were applied for determination of
groundwater status and were also used for
calculations of LWPI values for piezometers of
the Jurassic aquifer. For the groundwater, mean
values for the most significant physicochemical
parameters are shown in Table 2.

The pH values for all groundwater samples were
lower than 7. In most cases the measured value
indicated a water quality class of IV (poor chemical
status). In terms of the electrical conductivity of



water from K-1 and K-2 piezometers, these should
be classified as class I, and in the case of K-3 and
K-4 piezometers as class IlIl. The TOC and PAHs
are parameters of dissolved organic matter in the
analyzed groundwater samples. TOC values in the
water of the Jurassic Floor mean that these
waters are classified as class 1. The same is the
case with PAHs. It is worth noting that for most
landfill sites the value of the PAHs parameter is
below the limit of quantification. This proves that
it should not be taken into account as a typical
indicator of pollution in the area of municipal
waste landfill sites (DABROWSKA ET AL., 2018). The
concentration of heavy metals in groundwater
near the analyzed landfill was relatively low. The
highest concentrations of metals were observed

in the case of copper. The list of the minimum,
maximum and average results for individual
parameters can be found in Table 3.

Analytical results for the Landfill Water Pollution
Index values (with required and proposed weights)
for the analyzed landfill are shown in Table 4.

The obtained values of the index show that the
waters of the Jurassic floor belong to moderately
polluted water due to a small landfill impact. In
the analyzed time period, the values of the indicator
for water without landfill impact were found to
be twice those for the K-4 piezometer. The indicator
showing poor water with a high visible landfill
impact was obtained once for the piezometer located
farthest north of the K-2 facility (outflow zone).

Table 2. Basic statistics for the selected parameters in groundwater

Parameter Unit Cz-1 Cz-2 K-1 K-2 K-3 K-4
pH - 6,88 6,65 6,4 6,09 6,05 6,33
EC uS/cm 1916,75 1776,45 327,8 346,65 773,65 874,25
TOC mg/1 11,39 10,14 1,012 1,33 2,194 1,45
Table 3. Minimum, maximum and average results for individual parameters

Piezometer 2015 2016 2017 2018 2019
K-1 1 1 1 1 1
K-2 1,26/1.23 2,14/1,68 1,08/1,10 1,24/1,26 1,58/1,56
K-3 1,28/1.28 1,27/1,53 1,81/1,37 1,04/1,26 1,75/1,33
K-4 1,22/1.33 1,21/1,42 0,98/1,24 1,03/1,27 0,97/1,32

Table 4. LWPI values in piezometers monitoring the Jurassic aquifer in the years 2015-2019

Piezometer 2015 2016 2017 2018 2019
Cz-1 1,9/2,39 2,96/3,14 3,11/3,57 3,06/3,79 2,67/3,58
Cz-2 1,58/1,90 2,88/3,04 2,97/2,52 2,95/3,62 2,64/3,42

The LWPI pollution index takes into account those
parameters that are necessary for monitoring the
quality of groundwater in the area of a landfill site.
Analyzing the obtained results for the Jurassic
aquifer, it can be concluded that the described
landfill does not pose any threat to groundwater.

The selection of weights for the indicator can
be viewed with a critical eye, as it is the EC value
that largely indicates water pollution. Certainly
the weights for EC and PAHs should be reversed.
Due to the fact that PAHs are not typical indicators of
pollution for municipal waste.

Different results were obtained when calculating
the pollution index for piezometers monitoring
the Quaternary aquifer. Unfortunately, there is no
localized piezometer monitoring the Quaternary
aquifer at the inflow of water to the landfill area.
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In order to illustrate the variability of the index,
a hydrochemical background was used, based on
data from the K-1 piezometer. The LWPI values (with
required and proposed weights) for piezometers
monitoring the Quaternary floor are summarized
in Table 5.

The LWPI values for the Quaternary aquifer
(except for 2015) indicate that we are dealing
with poor water with a high visible landfill impact.
It is worth noting that the index values show an
upward trend. Higher values of the index were
observed in the piezometer located on the line of
water flow from the old closed quarters than in
the piezometer located west of the second quarter.
It should be emphasized, however, that this is
mainly determined by the TOC value, which is
higher in the water of the Cz-1 piezometer.



Table 5. LWPI values in piezometers monitoring the Quaternary aquifer in the years 2015-2019

Para- pH EC TOC Cu Zn Pb cd Cr Hg PAHs
Year |_meter
Unit uS/cm mg/1 mg/1 mg/l mg/l mg/l mg/l ug/1 ng/l
2015 Max 6.58 | 1847.75 4.75 <0.031 0.2145 <0.005 | <0.00053 <0.01 <0.05 <0.030
Min 6.34 346.75 1.05 <0.010 0.051 <0.005 <0.0004 <0.01 <0.05 <0.030
Avg 6.44 954.21 2.7 0.096 <0.005 <0.01 <0.05 <0.030
2016 Max 7 2237 11+2 <0.004 0.091 <0.004 0.00084 <0.01 <0.10 0.0103
Min 6 312 <2.0 <0.004 0.01 <0.004 | 0.000265 <0.01 <0.10 | <0.0050
Avg 6.45 1119.5 <0.004 0.034 <0.004 0.00039 <0.01 <0.10
2017 Max 7.1 1392 14 0.0075 0.065 <0.004 0.0007 <0.010 <0.10 | <0.0050
Min 5.8 270 <2.0 <0.004 0.006 <0.004 <0.0005 <0.010 <0.10 | <0.0050
Avg 6.3 770 0.026 <0.004 <0.010 <0.10 | <0.0050
2018 Max 6.93 1961 13.8 0.007 0.078 <0.009 <0.0005 <0.01 <0.1 <0.005
Min 5.85 304.75 <2.0 <0.004 0.012 <0.004 <0.0005 <0.01 <0.1 <0.005
Avg 6.27 1019.58 0.028 <0.0005 <0.01 <0.1 <0.005
2019 Max 6.9 2347 12 <0.004 0.128 <0.023 <0.001 <0.01 <0.1 <0.028
Min 6 302 <2.0 <0.004 <0.024 <0.004 <0.001 <0.01 <0.1 <0.006
Avg 6.53 1149.7 <0.004 <0.001 <0.01 <0.1

The strength of the potential relationship
among the index values was determined through
correlation analysis at a significance level of P < 0.05.
In particular, a significant and positive relationship
was found between Cz-1 and Cz-2 piezometers
(r=0.99). The calculated values showed only partial
differences between the Quaternary and Jurassic
piezometers.

The results of the obtained indicators are rather
low, compared, for example, to the work of
TALALAJ (2014). The obtained indicator values are
about 4 times lower.

Figure 2 shows the isoline distribution of this
indicator for all piezometers located in the
observation network of the landfill (A) using
required weights and the isoline distribution of
this indicator only for piezometers monitoring
the Jurassic aquifer (B) using the kriging method.
Additionally, analogous data sets are presented in
Figures C and D, but with the use of the weights
proposed earlier.

Interpolation for selected observation points
covered the entire study area, regardless of the
number of piezometers included. When interpolating
the index values for 4 and 6 points, a different
isoline pattern was obtained in the western part
of the analyzed area. The results of the analysis of
the obtained maps indicate that reducing the
number of piezometers by 2 resulted in a change
in arrangement of the isolines, simplifying the
distribution of the indicator used. Additionally,
the distribution shown in Fig. 2B appears to be

more reliable. This is also due to the fact that all
interpolation methods lose their accuracy when
analyzing data from points located close to each
other. This is the case for the Cz-1 and K-4
piezometers. The change in weights for EC and
PAHs parameters resulted in an increase in LWPI
indices for piezometers capturing the Quaternary
aquifer. In the case of piezometers capturing the
Jurassic aquifer, significant changes were observed
only in the case of the K-4 piezometer. A slightly
different arrangement of isolines is presented by
the map with interpolation only for piezometers
capturing the Jurassic aquifer (Fig. 2). In the case
of interpolation for the entire observation network,
the pattern of isolines remains practically unchanged
(Fig. 2C).

It often happens that the measurement points
are located too close, or too far from each other,
so the results of chemical analyzes do not reflect
the actual hydrogeochemical conditions of a
given area. For better accuracy and assessment of
the impact of this landfill on groundwater, other
physicochemical parameters should also be taken
into account (apart from the absolute minimum)
and another piezometer should be drilled which
is located at the groundwater inflow to the landfill
and which would monitor the Quaternary aquifer.

It should be remembered that when using the
interpolation method in an automatic manner,
one must also refer to hydrogeological knowledge
from the studied area in order not to make any
interpretation errors.
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Fig. 2. Distribution of LWPI values in the studied area: A - for piezometers capturing the Quaternary and Jurassic aquifer;
B - for piezometers capturing only the Jurassic aquifer

Conclusions

Facilities that constitute potential, or actual
pollution sources, such as waste landfill sites,
should have a monitoring network enabling the
assessment of the chemical status of groundwater
in their area. The extent and magnitude of the
impact of a landfill on groundwater can be assessed
using a variety of methods, including vulnerability
or risk analysis methods. One example of a
mathematical description of the impact of landfills
on groundwater is the Landfill Water Pollution
Index. The scope of the physicochemical parameters
used for its calculation complies with the applicable
law. This allows the calculation of this measure
for each site. However, it seems reasonable to
change the parameters used and to extend the
indicator to other, more characteristic indicators
of groundwater pollution in the area of landfill
(e.g. chlorides, sulphates, ammonium ion). It is
also debatable to assign fairly low weights to
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parameters such as EC or pH, and relatively large
PAHs or heavy metals, which are often absent in
most known municipal landfill sites.

The calculations performed show that the
waters of the Jurassic aquifer at the study site are
not likely to be endangered by the landfill, as its
impact is quite low. However, taking into account
the results obtained for the two piezometers
monitoring the waters of the Quaternary aquifer,
they have poor water quality with high visible
landfill impact. It should be noted once again that
these are assessments made on the basis of the
scope of this indicator.

In order to obtain reliable and representative
results of groundwater quality monitoring tests,
an observation network appropriate to the
hydrogeological and spatial conditions should be
constructed. The spatial quality is ensured by the
location of measurement points covering the entire
research area.



References

Baghanam A., Nourani V. Aslani H. Taghipour H. 2020.
Spatiotemporal variation of water pollution near landfill
site: Application of clustering methods to assess the
admissibility of LWPL. Journal of Hydrology, 591: 125581.

Bardzinski W., Lewandowski ]., Wieckowski R., Zielinski T.
1986. Objasnienia do szczegétowej mapy Polski w skali
1:50000. Arkusz Czestochowa. Wydawnictwa geologiczne.
Warszawa: 72.

Bhalla G., Swamee PK,, Kumar A., Bansal A. 2012. Assessment
of groundwater quality near municipal solid waste landfill
by an Aggregate Index Method. International Journal of
Environmental Sciences, 2, 2: 1492-1503.

Bojakowska 1. 1994. Wplyw czynnika antropogenicznego na
procesy geochemiczne w powierzchniowych warstwach
litosfery. Instrukcje I metody badan geologicznych, 53.
Panstwowy Instytut Geologiczny, Warszawa.

Czop M. 2020. Popioty lotne ze spalania odpadéw komunalnych
jako dodatki mineralne do cementu, Przemyst chemiczny,
99, 4: 629-632.

Dabrowska D., Witkowski A., Sottysiak M. 2018. Application
of pollution indices for the assessment of the negative
impact of a municipal landfill on groundwater (Tychy,
southern Poland). Geological Quarterly, 62, 3: 496-508.

Delang C. 2017. Causes and distribution of soil pollution in
China. Environmental & Socio-economic Studies, 5, 4: 1-17.

Diehl J. 2015. Miejscowy plan zagospodarowania przestrzennego
dla obszaru strefy I gminy Poczesna, obejmujqcego zasadniczq
czes¢ sotectw: Brzeziny Kolonia i Brzeziny Nowe (w tym
czes¢ miejscowosci Sobuczyna) oraz fragment sotectwa Huta
Stara B Prognoza oddziatywania na Srodowisko. ,TEREN”
Sp. z 0.0., Lodz.

Esmaeilian B., Wang B., Lewis K, Duarte F., Ratti C., Behdad
S. 2018. The future of waste management in smart and
sustainable cities: A review and concept paper. Waste
Management, 81: 177-195.

Gibrilla A., Bam E.K.P., Adomako D., Ganyaglo S., Osae S., Akiti
T.T., Kebede S., Achoribo E. Ahialey E. Ayanu G.,
Agyeman E.K. 2011. Application of Water Quality Index
(WQI) and Multivariate Analysis for Groundwater Quality
Assessment of the Birimian and Cape Coast Granitoid
Complex: Densu River Basin of Ghana. Water Quality,
Exposure and Health, 3: 63-78.

Grath ], Scheidleder A., Uhlig S., Weber K., Kralik M., Keimel
T., Gruber D. 2001. The EU Water Framework Directive:
Statistical aspects of the identification of groundwater
pollution trends and aggregation of monitoring results.
Final report. Austrian Federal Ministry of Agriculture and
Forestry, Environment and Water Management.

Kokesz Z. 2010. Uwarunkowania stosowania krigingu
zwyczajnego do sporzadzania map izoliniowych. Biuletyn
Paristwowego Instytutu Geologicznego, 439. Warsaw:
403-408.

Kondracki J. 2009. Geografia regionalna Polski. PWN, Warsaw.

Krémar D., Tenodi S., Grba N., Kerkez D., Watson M., Ronéevi¢
S., Dalmacija B. 2018. Preremedial assessment of the
municipal landfill pollution impact on soil and shallow
groundwater in Subotica, Serbia. Science of the Total
Environment, 615: 1341-1354.

Kumar D., Alappat BJ. 2005. Evaluating Leachate Contamination
Potential of Landfill Sites Using Leachate Pollution Index.
Clean Technologies and Environmental Policy, 7: 190-197.

Leibundgut C., Matoszewski P., Kills Ch. 2009. Tracers in
hydrology. Wiley-Blackwell, Chichester.

Maciejewski S, Maloszewski P, Stumpp C, Klotz D. 2006.
Modelling of water flow through typical Bavarian soils

42

(Germany) based on lysimeter experiments: 1. Estimation of
hydraulic characteristics of the unsaturated zone.
Hydrological Sciences Journal, 51, 2: 285-297.

Minelgaité A, Liobikiené G. 2019. Waste problem in European
Union and its influence on waste management behaviours.
Science of the Total Environment, 667, 1: 86-93.

Mor S., Negi P., Ravindra K. 2018. Assessment of groundwater
pollution by landfills in India using leachate pollution index
and estimation of error. Environmental Nanotechnology,
Monitoring & Management, 10: 467-476.

Nielsen D.M. (ed.) 2006. Practical handbook of environmental
site characterization and ground-water monitoring. 2nd
ed. CRC Press Taylor & Francis Group.

Nielsen D.R, Wendroth O. 2003. Spatial and Temporal
Statistics: Sampling Field Soils and their Vegetation.
Castera Verlag, Reiskirchen.

Nourani V., Mousavi S., Dabrowska D., Sadikoglu F. 2017.
Conjunction of radial basis function interpolator and
artificial intelligence models for time-space modeling of
contaminant transport in porous media. Journal of
Hydrology, 548: 569-587.

Oke S., Vermeulen D., Gomo M. 2016. Aquifer vulnerability
assessment of the Dahomey Basin using the RTt method.
Environmental Earth Sciences, 75: 1-9.

Pritchard C. 2013. Zarzqgdzanie ryzykiem w projektach. WIG-
Press, £.6dz.

Przydatek G., Kanownik W. 2019. Impact of small municipal
solid waste landfill on groundwater quality. Environmental
Monitoring Assessment, 191: 169.

Quevauviller P., Fouillac A.M, Grath ], Ward R. 20009.
Groundwater monitoring. Water Quality Measurements
Series. John Willey& Sons, Ltd.

Sottysiak M., Dgbrowska D. 2016. The smoothing methods
used in assessing the influence of pollution sources on
groundwater quality - a case study of metallurgical
landfill in Lipéwka (southern Poland). Environmental &
Socio-economic Studies, 4, 4: 61-67.

Soltysiak M., Dgbrowska D., Jatowiecki K., Nourani V. 2018. A
multi-method approach to groundwater risk assessment:
A case study of a landfill in southern Poland. Geological
Quarterly, 62, 2: 361-374.

Talalaj I. 2014. Assessment of groundwater quality near the
landfill site using the modified water quality index.
Environmental Monitoring Assessment, 186, 6: 3673-3683.

Talalaj I, Biedka P. 2016. Use of the Landfill Water Pollution
Index (LWPI) for Groundwater Quality Assessment near
the Landfill Sites. Environmental science and Pollution
Research, 23, 24: 24601-24613.

Topuszczak ]. 2018. Raport z badarn realizowanych w ramach
monitoringu sktadowiska odpadéw innych niz niebezpieczne i
obojetne zlokalizowanego w Sobuczynie. JARS. Mystowice.

Vaverkova M.D., Adamcova D. 2015. Long-term temperature
monitoring of a municipal solid waste landfill. Polish
Journal of Environmental Studies, 24, 3: 1373-1378.

Vaverkova M.D,, Elbl J,, Radziemska M., Adamcova D., Kintl A,
Baldkova L. Bartoni S, Hladky ], Kynicky ], Brtnicky M.
2018b. Environmental risk assessment and consequences of
municipal solid waste disposal. Chemosphere, 208: 568-
578.

Vaverkova M.D., Radziemska M., Barton S., Cerda A., Koda E.
2018a. The use of vegetation as a natural strategy for
landfill restoration. Land Degradation & Development, 29,
10: 3674-3680.

Vrba ]., Zaporozec A. (eds.) 1994. Guide book on map ping
groundwater vulnerability. [AH International Contributions to
Hydrogeology, 16.

Wachniew P., Zurek A, Stumpp C. Gemitzi A, Gargini A,
Filippini M., Rozanski K., Meeks ]., Kvaener ]., Witczak S.



2016. Towards operational methods for the assessment
of intrinsic groundwater vulnerability: a review. Critical
Reviews in Environmental Science and Technology, 46:
827-884.

Witkowski A., Kowalczyk A. 2004. A simplified method of regional
groundwater vulnerability assessment. International
Conference on Groundwater Vulnerability Assessment
and Mapping, Ustron, Poland.

Witkowski A.J., Dgbrowska D. 2017. Diagnosis of the legal
and organizational status of groundwater monitoring in
Poland. Przeglqd Geologiczny, 65,11/2: 1393-1397.

Wong J.T.F.,, Chen X.W,, Mo W.Y,, Man Y.B., Ng CW.W., Wong
M.H. 2015. Restoration of plant and animal communities
in a sanitary landfill: a 10-year case study in Hong Kong.
Land Degradation & Development, 27, 3: 490-499.

43

Wu Q., Zhao C., Zhang Y. 2010. Landscape river water quality
assessment by Nemerow pollution index. 2010 International
Conference on Mechanic Automation and Control Engineering:
2117-2120.

Zembal M., Cudak ]., Stachura A. 1997. Baza danych GIS Mapy
hydrogeologicznej Polski 1:50 000, pierwszy poziom
wodonosny - wystepowanie i hydrodynamika. Arkusz
Czestochowa. Polish Geological Institute, Warsaw, 43.

Zhao Y., Zhang ]., Chen Z. Zhang W. 2018. Groundwater
Contamination Risk Assessment Based on Intrinsic
Vulnerability, Pollution Source Assessment, and
Groundwater Function Zoning. Human and Ecological
Risk Assessment: An International Journal, 25, 7: 1-17.



