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ABSTRACT

Aim of the study

Landfilling is an activity, which may threaten the destruction or contamination of the soil and water environ-
ment. Pollution can be generated both by leachate and by landfill gas. Legal conditions impose on landfill
managers to monitor groundwater around the landfills. The impacted soils and groundwater show high chlo-
rides, sulphates, heavy metal concentrations especially as compared to natural hydrochemical background
values. Monitoring results can be analyzed using pollution indicators. The objective of this study was to
determine the quality of groundwater in a landfill in Wojkowice (southern Poland) using the Backman index.

Material and methods

The novelty of the paper results from the use of a different range of parameters than initially included in the
formula. The results of water quality monitoring for three piezometers from 2013-2020 were considered. The
contamination index was calculated separately for each of the analysed water samples, taking into account
the electrolytic conductivity and the concentration of total organic carbon (TOC), Cd, Pb, Zn, Cu, Cr and the
sum of N-NO;, N-NO, and N-NH,,.

Results and conclusions

The Backman index values range in the groundwater samples were —5.3 to 603. The value of the Backman
index increases with the increase in the concentration of individual parameters in groundwater. In the case of
heavily transformed areas, the water pollution index has high values, exceeding 3. The results of this index
indicated that the quality of the groundwater around the landfill is bad. In the future, it is planned to expand

the range of parameters for calculating the index.
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INTRODUCTION

Landfilling is the most popular method for waste dis-
posal (Vaverkova and Adamcova, 2015; Dabrowska
et al., 2018a; Dabrowska et al., 2018b). This mainly
affects developing countries (Hussein et al., 2021),
but is also common worldwide (Renou et al., 2008).
The greatest threat to the soil and water environment
in the case of landfills is leachate (Naveen et al.,
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2017; Dabrowska et al., 2019; Rykata and Dabrows-
ka, 2020). Legal regulations regulate the necessity to
create ground protection systems when creating land-
fills, but it was not practiced in the past (Wong et al.,
2015). Due to the lack of a liner system, many land-
fills have been closed, but the fact that they are still in
operation is not synonymous with the environmental
risk they still pose (Mor et al., 2018). This is related
to the migration of pollutants from leachate, which are
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generated because of the infiltration of precipitation
into the landfill body (Elbl, et al., 2015; Soltysiak and
Dabrowska, 2016; Minelgaité and Liobikieng, 2019).

The monitoring of the quality and quantity of
leachate is extremely important in the context of de-
signing the leachate drainage system and landfill re-
cycling system (Freyssinet et al., 2002). To check the
impact of leachate on the soil and water environment,
leaching tests (static and dynamic) and lysimeter tests
are carried out (Maciejewski et al., 2006; Swati et al.,
2011; Sottysiak et al., 2017; Sottysiak et al., 2018).

It is important to prevent the migration of pollut-
ants to aquifers, but control of potential pollution is
done by monitoring the groundwater (Slack et al.,
2005; Nielsen eds. 2006). Water quality monitoring
in landfills in Poland is imposed by the Polish Reg-
ulation of the Minister of Environment of April 30,
2013 (Journal of Laws, No. 523). Even though the
most important contaminants of groundwater in the
area of landfills are chlorides, sulphates, and ammo-
nium ion, the regulation provides only for monitor-
ing of EC, pH, TOC, Cu?*', Zn*, Pb*, Hg*, Cd*,
Cr®" and PAHs (Talalaj and Biedka, 2016). Lots of
publications focus only on heavy metals (Sakawi
et al., 2011; Taha et al., 2011; Syahirah et al., 2013;
Syafalni et al., 2014).

The simplest form of groundwater quality assess-
ment is to classify the waters based on the Regulation
of the Minister of Maritime Economy and Inland Nav-
igation of October 11,2019, on the criteria and method
of assessing the status of groundwater bodies (Journal
of Laws 2019, item 2148). It is also possible to analyse
and forecast these changes using statistical methods
based on trend analysis — linear model, Holt model,
Winters model, etc. (Sun et al., 2020).

Based on the monitoring data, numerous methods
have been developed to assess the vulnerability of
groundwater to pollution and risk analysis (Boufekane
and Saighi 2013; Singh et al., 2015; Bhuiyan et al.,
2016; Hermanowski and Ignaszak, 2017). It should be
noted that although the term ‘groundwater vulnerabil-
ity to contamination’ has been operating since the 60s
of the twentieth century (Witkowski and Kowalczyk,
2004), new methods of its assessment are still develop-
ing. Methods based on statistical methods (Dabrowska
et al., 2015), including artificial intelligence (Sotty-
siak et al., 2016; Nourani et al., 2017a; Nourani et al.,
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2017b; Potap, 2018; Nourani et al., 2021), geostatistics
(Panagopoulos et al., 2006; Dabrowska et al., 2016),
creating a vulnerability map (Witczak et al., 2007) as
well as indicator methods (Backman et al., 1998; Gogu
and Dassargues, 2000; Kabbour et al., 2006; Talalaj,
2014) are characterized by great popularity and com-
plexity.

Unfortunately, not every method is applicable
to every pollution sources due to the available data
range. Many landfills are monitored only to the extent
required by law. Machine learning methods require
large amounts of data to make appropriate predictions,
statistical methods require large amounts of param-
eters, parametric methods require a large amount of
field work and laboratory determinations. In this con-
text, indicator methods are the best, which can be used
even when using data from the minimum monitoring
scope (Kumar and Alappat, 2005).

One of the methods of mathematical description of
groundwater vulnerability is the Backman contamina-
tion index (Backman et al., 2018). This index allows to
specify the degree of groundwater pollution in relation
to the value of natural hydrochemical background. In
its original form, it included only the basic groundwa-
ter components, but can be extended to include calcu-
lations for other parameters.

The aim of this paper is to identify the changes in
the physical and chemical parameters of groundwa-
ter because of values of the Backman index for three
piezometers belonging to the monitoring network of
the municipal landfill in Wojkowice (southern Poland)
in 2013-2020. A novelty in the approach to the index
formula is taking into account other components than
the formula initially assumed. It is important because
this procedure shows the greater impact of the landfill
on groundwater in this area. Additionally, it is the first
time that the groundwater pollutant vulnerability mea-
sure has been used for this area.

STUDY AREA

The landfill for non-hazardous and inert waste in Woj-
kowice is located in the northern part of the city, south-
ern Poland (see: Fig. 1). In terms of physics and geog-
raphy, the research area belongs to the macroregion
of the Silesian Upland, the Hummock of Tarnowskie
Gory mesoregion, which is the northern part of the
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Fig. 1. Study area

Silesian Upland (Kondracki, 2009). There are no other
groundwater pollution sources in the area of the land-
fill. The Quaternary and Tertiary formations take part
in the geological structure of the area, below which
there are Triassic and Carboniferous formations.

The Gogolin limestones, which build most of the
hills around Wojkowice, were the subject of opencast
mining for the cement industry. In the area described
under the Quaternary formations, there are the forma-
tions of the rite and lower motley sandstone (Ciecha-
nowska-Zurek, 2013). The formations of the Triassic
carbonate series build dome-shaped hills with a tec-
tonic-erosive genesis, separated from each other by
clay outcrops of the lower mottled sandstone or by
Carboniferous and Permian outcrops. The Quaternary
is represented by the sediments of Pleistocene accu-
mulation terraces. Lithologically, they are formed in
the form of layers of clay and silty clay, gravel, and
sand gravel as well as fine and dusty sands lying on the
tertiary layers of clay. The thickness of the Quaternary
in the area of the landfill ranges from 1.5 m to 12.5 m
(Dindorf et al., 2005).

There are three aquifers in the area of the landfill
in Wojkowice: Quaternary and two Triassic. The Qua-
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ternary aquifer is formed as sands with various grain
sizes and degrees of slagging. Water in these rocks ap-
pears locally at the foot of the hills. The recharge of
this layer is presumably carried out directly by precip-
itation, and the level is exposed to potential pollution
sources (Dindorf et al., 2005). Two aquifers have been
identified in the Triassic formations. The first layer is
related to the calcareous-marly-dolomitic formations
of the rite that occur in the western part of the area
in question. The second layer is found in the shale of
lower motley sandstone in the eastern part of the land-
fill (Dindorf et al., 2005).

The owner of the landfill is RECYKLING Wojko-
wice Ltd. The total capacity of the landfill is 262,700 m?.
The landfill is sealed with a natural geological barrier
and an artificial geological barrier. The natural geolog-
ical barrier is formed by the Lower Triassic formations
with a thickness of 8 to 10 m. The hydraulic conductivi-
ty of these formations is 1 x 107¢ m/s. The artificial geo-
logical barrier is created using a bentomat waterproof-
ing mat with a weight of 3000 g/m?* with a hydraulic
conductivity of 4.5 x 10~"" m/s. The bottom was lined
with PEHD smooth foil and the slopes with 2 mm thick
textured foil. The landfill also has a synthetic insulation
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in the form of 250 g/m? geotextile. The landfill also has
leachate drainage through the seepage water drainage
layer laid on the bottom in a coarse sand filtration layer
with a thickness of 0.5 m and a hydraulic conductivity
of 1 x 10~* m/s. The groundwater monitoring network
consists of 3 piezometers marked P1, P2, P3. The P1
piezometer is located at the water inflow to the landfill,
and the P2 and P3 piezometers at the outflow. The wa-
ters in the P1 and P2 piezometers belong to the Triassic
carbonate series complex, and from the P3 piezometer
to the aquifer layer of the Swierklanieckie layers. Addi-
tionally, there are no other observation points.

METHODOLOGY

The C, contamination index -Backman index (modi-
fied version of formula proposed by Hakanson (1980))
was used to evaluate the variability of temporal and
spatial changes in chemical composition of ground-
water in the region of the landfill in Wojkowice. This
index shows the effect of diverse natural and anthro-
pogenic environmental factors influencing quality of
groundwater. The design of the indicator was proposed
by Backman et al. (1998). The formula for calculating
the index depends on the value of the hydrochemical
background (Dragon, 2004).

The Backman index (C,) is calculated from the formu-
la (Backman et al., 1998; Bhuiyan et al., 2016):

C,=YC, (1)
i=1
C; is the contamination index for the i-th component.
and
C,
C,=—4_ (2)
7 CNi

C,, 1s the analytical value for the i-th component.

C,; is the upper range of the hydrochemical backgro-
und values.

n is number of components.

The contamination index was calculated on the
basis of available data from the monitoring of the
landfill from 2010-2020 i.e., specific electric conduc-
tivity (EC), pH, TOC, Cu?*', Zn*', Pb?", Cd*', Cr®",
and N-NO,, N-NO, and N-NH,,. The results of moni-
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toring tests from three piezometers (P1, P2, P3) were
considered. It is worth noting that not all piezometers
were tested in all years. The reason for this was the
lack of water in the piezometer. If it is not possible to
obtain the value of the natural hydrochemical back-
ground, the data from the piezometer located at the
inflow of groundwater to the pollution sources area
are considered.

The hydrochemical background was taken as the
mean arithmetic values of particular concentrations
of components from piezometer P1 located in the
inflow of groundwater to the landfill region. These
values were calculated from monitoring data in years
2010-2020. In the case of values that were below the
limit of quantification, half of this limit was used for
further calculations. The hydrochemical background
calculated from the P1 piezometer data is dictated by
the fact that no other data are available from the land-
fill area.

The contamination index was calculated using the
following values of parameters (see: Table 1):

Table 1. Hydrochemical background values (Ciechanow-
ska-Zurek, 2013)

Parameter Value
EC (uS/cm) 601,34
pH - 7,3884
TOC (mg/dm?®) 2,0300
Cu (mg/dm?®) 0,0017
Zn (mg/dm?) 0,0522
Pb (mg/dm?®) 0,0034
Cd (mg/dm?) 0,0003
Cr (mg/dm?) 0,0039
N-NO, (mg/dm?) 2,9738
N-NO, (mg/dm?) 0,0213
N-NH, (mg/dm?) 0,1543

The particular interpretation of the values of index
was presented in HONG-GUI ET AL., 2012. Howev-
er, even values in the range of 1-2 suggest potential
contamination.
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RESULTS

On the basis of the groundwater monitoring results
obtained in the area of the landfill in P1 piezometer, it
can be concluded that all parameters indicate a good
chemical status. Most of the values are in the I class
of good chemical status. In the case of the P2 pie-
zometer, all monitoring parameters are included in
classes with a good chemical status, while the elec-
trical conductivity already at this point is classified as
II class of groundwater quality. In the case of the P3
piezometer, increased values of the electrical conduc-

tivity can be observed, which make the water of this
piezometer classified into IV and V quality classes
(see: Fig. 2A-D). Only the water from the piezometer
P3 shows a poor chemical state. Among the parame-
ters that show increased values, attention should be
paid to total organic carbon, zinc, and lead. Changes
in the content of these components are shown in Fig-
ure 2B-D. The values of total organic carbon in the
P3 piezometer can be assigned to quality class IV or
V. The zinc and lead content allows to classify water
from the analyzed piezometers into quality class II
or III.
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Basic statistics on selected parameters monitored
in the waters of the described piezometers are summa-
rized in Table 2.

The values of the neglect index for the analyzed
period of research varied from -5.3 (P1) to about 603
(P3). The calculated values of the index indicate that
the greatest pollution is concentrated in the area of the
piezometer P3.

In the case of the P1 piezometer, for which the av-
erage values of individual parameters were used as hy-
drochemical background, the average value of this in-
dicator was -0.3. The maximum value of the index for
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this piezometer was obtained in 2011 and was 19.5. The
high concentration of lead, copper and zinc is responsi-
ble for the high value of the index for this piezometer.

For the P2 piezometer, the average pollution index
was 5.04. The minimum value of this indicator was
calculated for 2017 and amounted to —3.36. The high-
est value was obtained for 2012 and it was 38.56. This
high value was mainly influenced by the lead and cop-
per content. The share of lead pollution in the waters
of this piezometer was about 81.3%.

In the case of the P3 piezometer, the average val-
ues of this indicator were approx. 66.8. The minimum
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Table 2. Basic statistics

Piezometer Parameter Unit Min value Max value Avg. value
P-1 pH - 7 7.9 7.39
P-2 pH - 6.8 7.32 7.03
P-3 pH - 6.6 7.77 7.04
P-1 EC pS/cm 487 670 601.34
P-2 EC uS/cm 710 1043 898.23
P-3 EC uS/cm 721 5790 1912.03
P-1 Pb mg/dm? 0.0005 0.031 0.0034
P-2 Pb mg/dm?’ 0.0005 0.11 0.009
P-3 Pb mg/dm? 0.0005 0.088 0.0098
P-1 Cd mg/dm? 0.00015 0.002 0.0003
P-2 Cd mg/dm? 0.000015 0.0005 0.0002
P-3 Cd mg/dm? 0.00015 0.002 0.0004
P-1 Cu mg/dm? 0.0005 0.011 0.0017
P-2 Cu mg/dm? 0.0005 0.021 0.0033
P-3 Cu mg/dm? 0.0005 0.032 0.0047
P-1 Zn mg/dm? 0.023 0.462 0.0522
P-2 Zn mg/dm? 0.0052 0.52 0.093
P-3 Zn mg/dm? 0.0025 0.77 0.1152
P-1 Cr mg/dm? 0.0005 0.005 0.0039
P-2 Cr mg/dm? 0.0005 0.005 0.0039
P-3 Cr mg/dm? 0.0005 0.005 0.0039
P-1 TOC mg/dm? 0.5 16.6 1.9344
P-2 TOC mg/dm’ 0.5 18.9 2.4129
P-3 TOC mg/dm? 0.7 37.5 8.5781
P-1 N-NO, mg/dm? 0.5 15.0961 2.495
P-2 N-NO, mg/dm? 1.75 16.2914 6.7997
P-3 N-NO, mg/dm? 0.22 1416.64 163.4246
P-1 N-NO, mg/dm? 0.005 0.1314 0.0213
P-2 N-NO, mg/dm? 0.005 0.0657 0.0207
P-3 N-NO, mg/dm? 0.005 1.8068 0.1338
P-1 N-NH, mg/dm? 0.0053 1.2365 0.1543
P-2 N-NH, mg/dm? 0.0053 0.773 0.1885
P-3 N-NH, mg/dm? 0.0167 3.5806 0.4884
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value of the index for this point was —2.29 and was
determined for 2012, while the highest, 603.63, was
calculated for 2013. In the case of this piezometer, the
high value of the index this year is determined by the
content of nitrates, nitrites, and copper. The content of
nitrates determined the value of the index in almost
79%. Several other high index values at this point
were also influenced by the high copper content.

The reason for the increased values of the index
in 2011 for P1 and P2 piezometers is not known. No
incidents have been documented that could adversely
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affect groundwater quality in this area. Higher values
of the index and the content of metals in waters are
observed with a one-year delay in the case of the P3
piezometer. This is due to the time when pollutants mi-
grate along the flow path. This phenomenon may be
subject to further research.

Detailed index changes for all piezometers are
shown in Figs. 3A-C.

The calculations of the pollution index indicate
that the waters of piezometers located at the outflow of
groundwater from the landfill area are under its influ-
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Fig. 3A. Changes of the contamination index values in piezometer P1
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Fig. 3B. Changes of the contamination index values in piezometer P2
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Fig. 3C. Changes of the contamination index values in piezometer P3

ence. This is especially evident in the P3 piezometer.
The greatest fluctuations in the index values were ob-
served for the P1 piezometer. The greatest differences
in values were observed for the P3 piezometer.
Similar research was performed in the region of the
landfill in Sosnowiec (southern Poland). The results
of contamination index determined by the Backman
method based on data from the monitoring of ground-
water in 2014-2019 from the municipal landfill indi-
cate high groundwater contamination in its area (Kno-
pek and Dabrowska, 2021). There, the C, index was
determined on the basis of the parameters that most
exceed the criteria of the Regulation of the Minister of
Maritime Economy and Inland Navigation of October
11, 2019, on the criteria and method of assessing the
status of groundwater bodies, i.e., EC, SO;, CI', Na*
and Fe?". Various hydrochemical backgrounds were
determined based on the monitoring of the landfill
and the monitoring of the nearby Maczki-Bor sand
mine. The average value of the index is 280.36. The
highest value for background monitoring at the wa-
ter inflow to the landfill is 19.79, the average value is
5.93, and the lowest is —3.21. Average values of the
index for monitoring from the landfill were 33 times
higher than for the water inflow to the landfill. The
main parameters influencing the quality changes are
sulphates and chlorides. Iron ions also have a high
influence, but these may be of geogenic origin. The
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electrolytic conductivity of the EC had no significant
effect on the index value.

Observing the changes in the value of this index in
the waters of piezometers belonging to the observation
network of the landfill in Wojkowice, it can be assumed
that the quality of groundwater in this area is improving,
and the values of this index show a downward trend.

CONCLUSIONS

Landfills, similarly, to waste incineration plants, com-
posting plants, and sorting plants should be subject
to groundwater monitoring. According to the current
regulations, the scope of the monitoring performed is
often too narrow. In addition to the traditional assess-
ment of groundwater quality changes, mathematical
indicators can be taken into account to determine the
status of groundwater or its vulnerability to pollution.

An example of an indicator that can be used for this
is Backman’s pollution index. The choice of this indi-
cator for the assessment of groundwater susceptibility
to pollution is dictated by the fact that it is an objective
measure in which the weights of individual parameters
cannot be chosen freely. In the case of the described
municipal waste landfill, the values of this indicator are
over 600. Taking into account the fact that the value
of the pollution index equal to 3 indicates a negative
impact of the landfill on the quality of groundwater, it
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can be concluded that this facility affects groundwater.
It is worth noting, however, that obtaining such a high
value of the index is a single case. Among the available
indicators for water quality assessment, the C, pollu-
tion indicator deserves attention due to its applicability
for various parameters, not only metals.

Studies (Backman et al., 1998) using the contam-
ination index show that the water-quality parameters
reflect the influence both of natural and anthropogenic
environmental factors on groundwater quality. The au-
thors of the latest research (Knopek and Dabrowska,
2021) using this index state that the use of this mea-
sure to assess the vulnerability of groundwater to pol-
lution is correct, although this indicator in compared
to the Landfill Water Pollution Index is more sensitive
to changes in the background value for described by
them landfill. The authors of this article obtained the
index value exceeding 1400.

When using this and similar measures to unambig-
uously assess the quality of groundwater and analyze
these changes in the spatio-temporal system, not only
single results should be considered, but also based on
a large database. The results should be analyzed while
also determining the position of the piezometer against
the hydrodynamic system. It is also worth mentioning
that this index can be used in further research to con-
duct a risk analysis for this area.
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OCENA ZMIAN JAKOSCI WOD PODZIEMNYCH W REJONIE SKLADOWISKA KOMUNALNEGO

W WOJKOWICACH

ABSTRAKT

Cel pracy

Sktadowanie to czynno$¢, ktora moze grozi¢ zniszczeniem lub skazeniem $rodowiska gruntowo-wodnego.
Zanieczyszczenia moga by¢ generowane zarowno przez odcieki, jak i przez gaz wysypiskowy. Uwarunko-
wania prawne nakladaja na zarzadcow sktadowisk monitorowanie wod gruntowych na terenie sktadowisk.
Gleby i wody podziemne wykazuja wysokie stgzenia chlorkdw, siarczanow i1 metali cigzkich, zwlaszcza w
poréwnaniu z naturalnymi hydrochemicznymi warto$ciami tta. Wyniki monitoringu mozna analizowa¢ za
pomoca wskaznikow zanieczyszczenia. Celem pracy bylo okreslenie jakosci wod podziemnych na sktadowi-
sku odpadéw komunalnych w Wojkowicach (poludniowa Polska) za pomoca wskaznika Backmana.

Materiat i metody

Praca ma charakter nowatorski z uwagi na zastosowanie innego zakresu parametrow niz poczatkowo
uwzgledniatl wzor do obliczenia tego wskaznika. W artykule wzigto pod uwagg wyniki monitoringu jakosci
wody dla trzech piezometréow z lat 2013-2020. Wskaznik zanieczyszczenia obliczono osobno dla kazdej z
analizowanych probek wody, biorac pod uwagg przewodnictwo elektrolityczne oraz stezenie catkowitego
wegla organicznego (TOC), Cd, Pb, Zn, Cu, Cr oraz sum¢ N-NO3, N- NO2 i N-NH4.

Wyniki i wnioski

Zakres warto$ci wskaznika Backmana w probkach wod podziemnych wynosit od —5,3 do 603. Warto$¢
wskaznika Backmana rosnie wraz ze wzrostem stgzenia poszczeg6lnych parametrow w wodach podziem-
nych. W przypadku terendw silnie przeksztatconych wskaznik zanieczyszczenia wod przyjmuje wartosci wy-
sokie, przekraczajace 3. Wyniki tego wskaznika wskazuja, ze jakos¢ wod podziemnych wokot sktadowiska
jest zta. W przyszto$ci mozna rozszerzy¢ uzyskane wartosci wskaznika o nowe parametry.

Stowa kluczowe: odpady, hydrogeologia, sktadowisko, wskaznik Backmana, Wojkowice
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