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ABSTRACT

The main aim of the paper was to formulate a proposal of using the draining barriers as a method of limiting pol-
lutants in the groundwater reservoir. Primary processes of pollutants migration and examples of functioning the
draining barriers work against the spread of various pollutants in the groundwater were indicated. An untypical
kind of draining barrier, i.e. wells which were designed as a hydrogeological borehole to exhaust water intended
for consumption, was selected as the research object. For analytical purposes, the available archival results of the
physicochemical analysis of groundwater exhausted from the wells, located in the water intake so-called “belt D”
in Krakéw-Nowa Huta were used. The database was analysed by specialist programs, and the dispersion migration
of pollutants from the existing metallurgical waste dump “Ruszcza” in time was presented. Temporary and spatial
variability of the physicochemical parameters of groundwater was done during the analysis. The analysis was per-
formed both in the draining barriers wells and in the intake boreholes. A geostatistical analysis of the variability of
pollutant spread in the groundwater medium was a vital factor in the appraisal efficiency of the draining barriers
operation. It was shown that the highest contents of the researched substances were present in the wells, which are
located the nearest of metallurgical waste dump “Ruszcza” and are thereby the wells co-forming draining barriers.

The efficiency of draining barriers was found after a thorough analysis.
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INTRODUCTION

Groundwaters offer the best physicochemi-
cal and bacteriological properties and thus they
should be provided with the highest form of pro-
tection. About 40% of the drinking water comes
from groundwater, about 97% of the rural popula-
tion drinks groundwater, and about 30-40% of the
water used for agriculture comes from groundwa-
ter [Sharma and Reddy 2004]. A steadily growing
anthropogenic pressure on groundwater resources
creates a conflict situation between nature and man
which are competing for clean and safe sources of
water [Zurek et al. 2015]. This is caused by the
increasing inputs of contaminants to our global
water resources, posing a serious risk to human
health and ecosystem functions [Balderacchi et al.
2013; Schwarzenbach et al. 2010]. A growing in-
terest is now observed in the methods of stopping

or reversing the progressing degradation of the
soil and water environment, mainly caused by an-
thropogenic pressure. Since the end of the 20th
century, a rapid development of effective reme-
diation has been observed, although optimization
is still necessary. Treating the soil and groundwa-
ter environment, unlike surface water treatment
(where technology is largely recognized), is a
challenge for environmental engineering. High
consciousness of groundwater contamination is
reflected in the environmental legislation of the
European Union [Kleve et al. 2011a and 2011 b;
EC 2000 and 2006]. A systematic approach for
the assessment and remediation of contaminated
sites is necessary in order to facilitate the reme-
diation process and avoid undue delays. The most
important aspects of the approach include site
characterization, risk assessment, and selection of
an effective remedial action [Sharma and Reddy
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2004]. Innovative integration of various tasks can
often lead to a faster, cost-effective remedial pro-
gram [Reddy 2008]. The activities related to the
elimination of pollutants include isolation of pol-
lutants, control of their spread, or their complete
elimination. If the groundwater contamination is
confirmed and remedial action is deemed neces-
sary following a thorough site characterization
and risk assessment, one of many remedial tech-
nologies may be utilized for corrective action.
The most common physical and chemical reme-
diation technologies are pump and treat, in-situ
air sparging, in-situ flushing, and permeable reac-
tive barriers [Reddy 2008].

STUDY OBJECTIVE

The main objective of the study was to anal-
yse the effectiveness of using the existing drain-
age barrier as a non-standard way to reduce the
migration of pollutants in the hydrogeological
centre. The water intake in the so-called belt D of
ArcelorMittal Steelworks in Krakow-Nowa Huta
currently working partly as a barrier, and partly
still in accordance with the original function as a
drinking water intake was taken as an example of
an existing and functioning barrier. For analytical
purposes, the results of physicochemical analyses
of water from a dozen or so wells were used to
form a shot of the metallurgical plant made by
the laboratory. Spatial and temporal variations
of the physicochemical parameters of water in
intake-wells and working as a protective barrier
were compared.

CHARACTERISTICS OF THE RESEARCH
AREA

The selection of the research area was dictated
by the impact of the “Ruszcza” metallurgy waste
landfill. This heap, belonging to the steelworks
of ArcelorMittal Poland SA, is an unplugged and
unsealed facility. The landfill covers an area of
around 26 ha and it is estimated that more than 10
million tonnes of waste have been deposited on it.
Due to the considerable diversity of the surface,
tightness, capacity, thickness of stored waste,
operational period, etc. landfills are one of the
most difficult engineering constructions [Rosik-
Dulewska and Karwaczynska 2010]. The Ruszc-
za landfill has not been in operation for over 40
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years. The storage elements are solid rainfalls and
liquid waste from the cold rolling mill and the
coke-chemical plant. Among the waste, one can
distinguish greases, tar, oils, naphthalene, blast-
furnace and martens slag. The particularly haz-
ardous liquid waste is meconium, which is very
soluble in water.

The research area is located on the left-bank
high terrace of the Vistula River in the north-east-
ern part of Krakow. It lies between the Carpathian
Foredeep Basin and the Nidzianska Basin. The
Carpathian Foredeep Basin is a vast tectonic de-
pression filled with silty clays of the Miocene age,
with a thickness of up to 600 m, which is found
on the limestone of the Cretaceous or the Jurassic
period. The works that distinguish the Miocene
period are concise. In the case of the Miechow
Basin, the sub-Quaternary subsoil is formed by
crevice marly chalks with a thickness of several
dozen meters (Fig. 1). In the area of research,
the Miocene deposits constitute an impermeable
foundation for the Pleistocene aquifer with a vari-
able thickness between 5 and 16 m. The Pleisto-
cene deposits form sand and gravel complexes in
their bottom part. The peak part of the Pleistocene
profile is made of a complex of loess sediments
that are poorly permeable.

The geological structure of the research area
is important in the assessment of the infiltration
conditions and the level of groundwater hazard.
The penetration of contaminants from the heap
constitutes a threat to the aquifer (Figure 2).
The migration of pollutants is favoured by the
relatively low thickness of the Pleistocene forma-
tions and the share of weak and well-permeable
gravel-sandy complexes.

In the area covered by observations there is
only one Pleistocene aquifer of a continuous na-
ture. The aquifer includes gravel and sand. The
main part of this layer is made up of impermeable
Miocene clays. The roof of the aquifer is semi-
permeable loess dust with a thickness from a few
to a dozen or so meters. In the area of the “D” belt,
the water table is free. This level is fed mainly by
underground runoff and infiltration of atmospher-
ic precipitation. The value of the filtration coef-
ficient ranges from 1.83-10* to 7.70-10* m-s™.
Groundwater flows generally in the south, while
in the area of the ArcelorMittal smelter — to the
centre of the depression hopper (Fig. 2).

In the analysed area, there is a functioning
groundwater intake for the needs of the metal-
lurgical plant of ArcelorMittal Poland S.A. The
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Figure 1. Schematic cross-section of the study area (section line in Fig. 2)

shot consists of 13 drilled wells (Fig. 2), seven of
which constitute the intakes of water for consump-
tion: S-1A, S-2A, S-8A, S-9/83, S-10A, S-11A
and S-13. The remaining wells are excluded from
the use of water for drinking purposes and act as
a protective barrier (S-3 ¢, S-4/83, S-5A, S-6A,
S-7B and S-12). In the case of the “D” belt, the
variability of the operating efficiency is observed
due to the colmatization and overgrowth of the
well filters due to the natural elevated content of
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iron and manganese. This phenomenon is con-
nected with the necessity of replacing the in-
correctly working wells by creating new wells
(well-received well gets A). In the text and in the
drawings, the simplified naming of the well was
adopted. The depth of the drilled wells in question
ranges from 20.0 to 30.0 m. Table 1 lists the basic
characteristics of the boreholes. All the wells that
make up the area of the intake were originally de-
signed as the openings enabling the consumption
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Figure 2. Map of hydroizohips and deployment of the wells of the “D” belt approach
[Zuber et al. 1985 — modified]
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of drinking water. Currently, the water exploited
with barrier wells is discharged to the Suchy Jar
canal and goes to the Vistula. Barrier wells enable
the work of the shot as a result of interception of
the stream of pollutants flowing into the centre of
the depression funnel. Due to the high content of
iron and manganese compounds in the groundwa-
ters, a water treatment station was built.

RESEARCH METHODOLOGY

The leachates from the heaps infiltrating into
the aeration zone, and then migrating to ground-
water (Fig. 3), worsen their quality. The inflow of
groundwater to the centre of the depression hop-
per caused by their exploitation creates a real risk
of losing the required quality and the inability to
use them for consumption.

The impurities from the landfills were ob-
served at the earliest in well no. 6 (Fig. 2) by a
rapid increase in oxidation to 28 mg O dm?,
while in other wells, the natural level of oxidation

Table 1. List of wells of the belt D

was only 1 mg O,-dm™. In the part of the intake
adjacent to the heap, phenols appeared a year after
the observed changes. In order to protect against
the further spread of pollutants, it was decided to
continue pumping water from well no. 6 under
the conditions of discharge of contaminated water
to the combined sewerage system. The status of
a well from the intake side to the barrier (protec-
tive) well has changed.

Subsequent changes in the chemical composi-
tion of waters were observed in the neighbouring
wells S-5 and S-7. The wells numbered S-4, S-3
and S-12 were excluded from the basic function
of the intake and just performed the protective
barrier function. There was an increase in dry
residue above 1000 mg-dm™, iron concentration
around 9 mg-dm?, manganese up to 5 mg-dm?
and sulphates up to 450 mg-dm>. On the basis
of the results of the monitoring of groundwater
quality in the area of the “D” belt managed by
the ArcelorMittal steelworks, it was possible to
assess the work of the well. The analysis covered
a 13-year period. The parameters indicating the

Well Groundwater level Filter .
No. of Depth Uooer | Effective | Stebiised | Diameter (Th”e”];’gﬁ;\f:f) Filtration
well Vear [m] Starti- b—oﬁ thicekfula\;,es grounwater | [mm] | gfficiency [m¥h] coefficient | Comments

statigraphy of | graphy [m] [m] table from-to | "yepression [m] [m/d]

the bottom [m ppt] [m]
S-1 | 1998 % Q % 1.7 12.6 19_%4_3 % 18.3 ex"\'f;gﬁted
S-2 | 1999 % Q % 12.55 15.25 2%0 % 15.8 exp\'/‘;gfl’ted
s3 1oz A Q|| o 1663 | 20009596 e 665 | o0
S4 | 1983 % Q % 12.25 1425 |, .%6. 5 % 19.4 | barrier well
s5 1068 220 Q@ |81 1284 | 1336 |, 22 vy 333 | barrier well
S6 | 1997 % Q ;2—:3 1.2 13.8 21_%5_0 ‘51?_1'2 216 | barrier well
S-7 | 1985 % Q % 10.0 16.0 21.%6.0 % - barrier well
s-8 | 1999 % Q % 10.1 15.4 2%5 % 20.0 ex"\'ﬁgﬁ‘ted
S-9 | 1983 % Q % 13.1 134 |, .%6. 5 % 25.3 eXp\'lfl’gﬁ‘ted
S-10 | 1999 % Q ;‘7‘—:3 126 14.4 2%0 % 24.7 exp\';’ietﬁted
S-11 | 1986 % Q % 1.1 154 |, _%6_ A % 28.2 eXp\'sietﬁ“ed
S-12 | 1986 % Q % 9.3 12.5 17.%1.8 % 27.7 | barier well
S-13 | 1986 % Q 177_% 10.0 7.0 12_2%?7_0 % 24.6 eXp\';ietﬁted
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impact of the heap of metallurgical wastes on the
waters of the quaternary aquifer, covering the area
of the “D” belt, i.e. dry general residue, electro-
lytic conductivity and sulphates, were selected for
the assessment. According to the assumptions, the
analysis of the spatial variability of the physico-
chemical parameters of groundwater was aimed
at demonstrating the effectiveness of the atypical
drainage barrier to protect water quality in the
wells of the “D” belt. In the course of generating
isoline maps for further spatial analysis, the krig-
ing method was chosen as the technique yielding
more realistic and reliable spatial distributions.
It was found that the method of squares inverse
distances generates little real isolation of isolines
around extreme values, thus creating the surfaces
that do not correspond to reality. The method of
kriging is considered by many scientists to be the
best when interpolating heterogeneous natural
phenomena [Pawlowsky-Glahn and Buccianti
2011]. During the preparation of the isoline maps,
the isotropy of the aquifer and the continuity of
occurrence of the analysed chemical components
were assumed. Four maps were made for each
component, taking an individual appropriate time
step for them. By proceeding to data analysis, two
independent samples were compared. The wells
forming the intake of the so-called the “D” belt
was divided into two groups, taking into account
the functions they perform. The first group con-
sisted of the wells that included drinking water,
while the wells working as a drainage barrier
were assigned to the second group. In the next
step, normality tests were carried out using statis-
tical tests: Kolmogorow-Smirnov K-S, Lilliefors,
and W Shapiro-Wilk [Filzmoser and Hron 2009].
In each case analysed, the distribution differed
significantly from the normal one. After the nor-
mality tests, the Mann-Whitney U test was per-
formed. Due to insufficient data and unsystematic
measurements of the analysed parameters, the
following two statistical analyses were limited:
the Mann-Whitney U test was performed and
cluster analysis was carried out [Nachar 2008].
With the concentration data of individual physi-
cochemical parameters for groundwater, a cluster
analysis was performed using the k-means group-
ing method. As a result of the application of this
method, a breakup was achieved in which none of
the resulting clusters constitute a sub-purchase of
another. Each time, in the case of the analysis of
selected physicochemical parameters, three con-
centrations were created.

RESULTS AND DISCUSSION

Spatial variability of the dry general residue

The spatial analysis of the variability of dry
general residue in belt wells is presented in Fig. 3.
The maps of spatial distribution in the 13th re-
search year are shown for 1991, 1993, 2000 and
2004. In the analysed multi-year, the highest con-
centrations of dry general residue were character-
ized by the S-5, S-6, and S-7 waters wells directly
adjacent to the post-mine waste dump. With the
distance from the heap, the concentration of this
parameter in the water decreases. While analys-
ing the variability of the dry general residue over
the course of several years, it can be clearly stated
that the highest increase in this parameter was
recorded in the wells acting as a drainage bar-
rier (S5, S6, S7), and the lowest concentration
occurred in the wells far from the heaps. In the
first years of the analysed period, there is a clear
upward trend in the considered parameter in the
S-5, S-6, and S-7 wells. Then, the increase of the
total dry residue was also observed in the S-3, S-4
and S-12 wells, which together with the above-
mentioned wells are in one zone. Wells S-1, S-2,
S-8, S-9, S-10, S-11, and S-13 are in the second
zone, because the value of dry residue in these
wells deviates from the value of the parameter in
the wells from the first zone.

A plot of the mean of each aggregate for dry
general residues is shown in Fig. 4. The S-5, S-6,
and S-7 wells forming the protective barrier and
located closest to the heap of metallurgical wastes
with the highest level of the tested parameter with
its increasing tendency were assigned to cluster
1. The dry general residue content decreases with
the next concentration. The S-1 well containing
drinking water and S-3, S-4 and S-12 forming
a drainage barrier were assigned to cluster 2. In
cluster 3, there are only the wells that include
drinking water, i.e. S-2, S8, S-9, S-10, S-11 and
S-13. Considering the location of the well in the
“D” belt and the direction of groundwater inflow
(Fig. 2), it can be noticed that the wells belong-
ing to cluster 1 have a significant impact on the
reduction of dry general residue in the waters of
subsequent wells.

It can be stated that there is an important
dependence between the contents of the tested
parameter in the forming wells a drainage bar-
rier and the wells that include drinking water. It
is deduced that the wells of the drainage barrier
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Fig. 4. Diagram of the mean of each cluster for dry general residues

affect the wells belonging to the second group. In
this case, the statistical significance of the test at
p = 0.008 was demonstrated.

Spatial variability of electrolytical
conductivity EC

In the analysed multi-year, the highest con-
tent of EC was characterized by the waters
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coming from the S-4, S-5, S-6, S-7 wells, and in
2004 also the S-1 well. These wells, with the ex-
ception of S-1, directly adjoin the stacks of post-
metallurgical waste. The increase in EC in the
S-1 well indicates a potential contamination with
of unidentified origin, which is unlikely to be re-
lated to the impact of this dump of metallurgical
wastes. Considering the EC of groundwater taken
from the belt “D” in the current years 1991-2004,
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it was shown that the highest EC parameter was
recorded in the wells acting as a drainage barrier,
and the lowest level of EC occurred in the wells.
At the turn of 1999-2004, the highest decrease in
the analysed parameter was recorded in S-6 and
S-12 wells, which is caused by the decrease in
the spread of pollutants due to intensive pumping
of contaminated waters by barrier wells. On the
spatial distribution maps (Fig. 5), two zones can
be seen. There is a clear upward trend in the EC
parameter in S-1, S-4, S-5, S-6, S-7, S-12 wells,
which is one zone, while S-2, S-8, S-9, S-10, S-11,
S-13 wells are in the second zone. The recession
of the contaminated zone after 1999, when S-3
and S-12 wells began intensive work as barrier
wells is clearly visible.

As in the case of a dry general residue, a rela-
tionship was found between the wells forming a
protective barrier and the wells that contain water
for the purpose of its consumption. The statisti-
cal significance of the test was at p = 0.008. Only
S-5, S-6, and S-7 wells were assigned to cluster 1,
as in the case of dry general residues. The analy-
sis of Fig. 5 indicates that EC content decreases
with the next concentration. One well (S-1) was
assigned for water for drinking purposes to clus-
ter 2, while the remaining S-3, S-4 and S-12 are
the wells that form a drainage barrier. Cluster 3

includes the S-2, S8, S-9, S-10, S-11, S-13 wells
with the lowest value of the tested parameter.
Similarly to the dry residue, it is concluded that
the wells belonging to cluster 1 significantly af-
fect the reduction of the tested parameter in the
waters of subsequent wells.

Spatial variability of sulphate ion content

Figure 6 shows the spatial variability of the
sulphate ion content in terms of the belt D. As in
the previous cases, the highest concentrations of
sulphates were observed in the immediate vicinity
of the waste heap. While analysing the spatial dis-
tribution over many years (Fig. 6) it can be seen
that in the analysed period from 1991 to 1999, the
sulphate content in the captured groundwater was
of an increasing character. The highest concentra-
tions in each considered year were characterized
by the waters coming from the wells S-4, S-5,
S-6, S-7, and in 1995 and 1999 also in the well
S-12. These wells, with the exception of S-12, are
directly adjacent to the dump of post-metallurgi-
cal waste. In the years 1991-1999, an increase in
sulphate ions in each well was noted, and after
this period (inclusion of subsequent wells to the
barrier) a decrease in the sulphate content (the
highest in wells S-4, S-10 and S-12) was noted.
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Fig. 7. Diagram of the mean of each cluster for sulphates

Figure 7 is a graph of the mean of each
sulphate concentration. Considering the loca-
tion of the well in the “D” belt and the direc-
tion of groundwater inflow (Fig. 2) it can be
noticed that the wells belonging to cluster 1
have a significant influence on the reduction
of sulphate concentration in the waters of sub-
sequent wells.

74

CONCLUSIONS

The emission of pollutants from the un-
sealed landfills causes that significantly high-
er concentrations of the analysed physico-
chemical parameters are recorded in the wells
closest to the repository. In order to protect
the aquifer, it was decided to change the status
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of the part of the well from the original intake
function to the barrier function. The inclusion
of further wells into the drainage barrier al-
lowed to pump out and drain the contaminated
groundwater to surface watercourses, protect-
ing subsequent wells against the inflow of
pollutants. The spatial variability of physico-
chemical parameters allowed the separation
of two areas of the aquifer threat intensity.
The first zone includes the wells closest to
the waste heap and at the same time the most
endangered, working as a protective barrier.
The second zone mainly includes the wells
in which, through the operation of drainage
wells, pollutant concentrations are significant-
ly lower than those observed in the first zone.
A statistical analysis showed a clear impact
of the work of barrier wells on the quality of
groundwater captured by wells.

The change in the function of part of the
wells originally made as a shot, on barrier
wells, contributed to maintaining low con-
centrations of the analysed parameters in the
wells away from the source of pollution, i.e.
from the heaps. The use of an unusual function
of multi-hole groundwater intakes (originally
designed with the basic operational function)
as a barrier limiting the migration of pollut-
ants in the aquifer does not provide a 100%
protection against the further spread of con-
taminants. This is due to the need to adapt to
the original deployment of the well and the re-
action to the ongoing migration of pollutants.
Nevertheless, the use of the already existing
intakes as a protective barrier may constitute
a rational solution providing a certain “time
buffer” that allows the development of an ef-
fective method of removing pollution from the
environment.

The implementation of new intakes re-
quires time to obtain relevant permits for their
implementation (time of project completion
and approval, documentation, obtaining a wa-
ter permit, etc.). The analysis of the effective-
ness of the work of the atypical barrier, i.e. the
wells included in the protective barrier, indi-
cates that this type of barrier fulfils its function
and although it does not work as effectively
as modern barriers, it can be successfully used
as one of the techniques limiting the migration
of pollutants in a hydrogeological centre in the
event of a temporary or financial deficit to take
further effective actions.
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