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Es ti mat ing ground wa ter vul ner a bil ity to pol lu tion is based on the quan ti ta tive and qual i ta tive as sess ment of the de gree of ex -
po sure to the pol lu tion. This ar ti cle at tempts to as sess ground wa ter vul ner a bil ity to pol lu tion in the area of a com plex of land -
fill sites lo cated in the sup ply area of one of the im por tant ground wa ter res er voirs in south ern Po land. Two dy namic leach ing
tests and two static tests were car ried out on two dif fer ent sam ples of slag from one of the met al lur gi cal land fills dur ing var i -
ous pe ri ods of stor age (15 year old waste and freshly de pos ited waste). Trans port equa tions were based on the data from a
col umn ex per i ment. The advection-dis per sion equa tion for col umn leach ing was em ployed, which con firmed the sim u la tion
pa ram e ters through ex per i men ta tion. The re sults of the leach ing tests on chlo rides showed that they are leached from the
land fill over a pe riod of ~60–90 years from the mo ment of de pos it ing the waste. The seep age time for the Qua ter nary aqui fer
is 1–7 years and, for the Tri as sic aqui fer, 5–40 years. The Backman’s con tam i na tion in dex (1998) val ues ex ceeded 25, while
a high threat to ground wa ter is ob served when the con tam i na tion in dex value equals 3. The use of all the afore men tioned
meth ods de ter mined the most vul ner a ble area.
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INTRODUCTION

The term �ground wa ter vul ner a bil ity to con tam i na tion� has
been ap plied since the 1960s (Witkowski and Kowalczyk, 2004; 
Hermanowski and Ignaszak, 2017). There are two types of vul -
ner a bil ity: in trin sic and spe cific. Ac cord ing to the def i ni tion, in -
trin sic vul ner a bil ity is the prop erty of an aqui fer sys tem that de -
ter mines the risk of the mi gra tion of con tam i nants from the land
sur face to the ground wa ter, which is en tirely de pend ent on the
geo log i cal struc ture and hydrogeological con di tions (Krogulec,
2004). Spe cific vul ner a bil ity, along side the nat u ral prop er ties of
the aqui fer sys tem, takes into ac count the pres sure on the en vi -
ron ment re sult ing from hu man ac tiv ity; there fore, this type of
vul ner a bil ity is de ter mined pre dom i nantly in in dus tri al ized ar eas 
(Gogu and Dassargues, 2000; Krogulec, 2011).

There is a num ber of meth ods en abling the as sess ment of
ground wa ter vul ner a bil ity to con tam i na tion (Vrba and Zapo -
rozec, 1994; Zwahlen, 2004; Civita, 2010; Wachniew et al.,

2016), in clud ing es ti ma tion meth ods, pa ram e ter meth ods
(Golds cheider, 2003; Kabbour et al., 2006; Oke et al., 2016;
Hermanowski and Ignaszak, 2017), rank ing meth ods (Fos ter,
1987), meth ods of math e mat i cal and hydrogeochemical mod el -
ling (Witkowski et al., 2003), tracer meth ods (Leibundgut et al.,
2009), ar ti fi cial neu ral net works (Nourani et al., 2011, 2013,
2017a, b), hydrochemical meth ods, and sta tis ti cal and geo -
statistical meth ods (Troiano et al., 1999; Lambrakis et al., 2004; 
Panagopoulos et al., 2006; Bhuiyan et al., 2016).

The as sess ment of ground wa ter vul ner a bil ity to con tam i na -
tion is par tic u larly im por tant in the case of highly in dus tri al ized
ar eas, wherein there are po ten tial and ac tual sources of pol lu -
tion, such as land fills, in cin er a tors, cok ing plants or smelt ing
plants (Zhang et al., 2009). Nev er the less, the sub ject of groun -
d wa ter vul ner a bil ity in ar eas heavily trans formed by in dus trial
ac tiv i ties, in rel a tive terms, is rarely in ves ti gated be cause of the
dif fi culty in as sess ing un equiv o cally the de gree of threat to the
soil and wa ter en vi ron ment, and eval u at ing the fac tors pre sent -
ing this threat.

So far, sev eral pro pos als have been made to un der take an
as sess ment of ground wa ter vul ner a bil ity to con tam i na tion in ar -
eas used for ag ri cul tural pur poses (Yang and Wang, 2010;
Boufekane and Saighi, 2013) and in min ing ar eas (Witkowski et
al., 2003).
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Ground wa ter con tam i na tion is a par tic u larly sig nif i cant
prob lem in the area of land fills. Hence, the ground wa ter pro tec -
tion in the land fill area is es sen tial for ra tio nal wa ter man age -
ment (Rob ins et al., 1998; Gomo and Masemola, 2016). One of
the meth ods used to de ter mine the de gree of trans for ma tion in
chem i cal com po si tion is by cal cu lat ing the Backman’s con tam i -
na tion in dex. This mea sure al lows for the pos si bil ity of as sess -
ing com pre hen sively both spa tial and tem po ral changes in pol -
lu tion on the ba sis of a sin gle cu mu la tive in dex, as well as par -
tial in di ces for in di vid ual pa ram e ters. 

Con sid er ing the in di vid ual ap proach to ground wa ter vul ner -
a bil ity as sess ment, which is of ten at an ex ces sively high level of 
gen er al ity, a multi-as pect method, in volv ing dy namic and static
leach ing tests, the mod el ling of break through curves for chlo -
ride ions, the cal cu la tion of ver ti cal seep age time, and the de -
ter mi na tion of the ground wa ter con tam i na tion in dex, was per -
formed. Us ing dif fer ent meth ods to ad dress the prob lem of
ground wa ter vul ner a bil ity is ex tremely im por tant for a highly ur -
ban ized area, as sin gle meth ods can not pro vide cred i ble as -
sess ments.

The fo cus of the re search is based on the sup ply area of
one of the im por tant ground wa ter res er voirs in which, in the
1970s, with out con sid er ing the prin ci ples of pro tect ing the land
and wa ter en vi ron ment, an in dus trial zone with de vel oped in fra -
struc ture was un for tu nately lo cated. This pa per con cerns re -
search on the re sults of waste sam ples taken from an un sealed
met al lur gi cal land fill with an area of 40 ha. 

STUDY AREA

The study area is lo cated to the east of Strzemieszyce
Ma³e, which is part of D¹browa Górnicza (south ern Po land) and 
cov ers an area of ap prox i mately 10 km2. In this re gion, there is
a com plex of in dus trial ob jects, which com prises a waste land fill 
for the D¹browa Górnicza branch of the ArcelorMittal Po land
smelt ing plant (for merly Huta Katowice) in Lipówka, a dor mant
land fill in Zakawie, a mu nic i pal land fill (Lipówka I and Lipówka
II), the PrzyjaŸñ cok ing plant, in clud ing its waste land fill, and the 
SARPI waste in cin er a tor (Fig. 1).

The Lipówka land fill for smelt ing plant waste and the
Zakawie land fill were con structed di rectly on nat u ral land with -
out any prior pro tec tion of the ground. The other afore men -
tioned land fill sites were iso lated from the ground. The sub stra -
tum of the SARPI in cin er a tor was also pro tected. In the
PrzyjaŸñ cok ing plant area, there is only a liner sys tem pre vent -
ing the ground from leach ate.

GEOLOGICAL SETTINGS 

AND HYDROGEOLOGICAL CONDITIONS

The com plex of land fills is lo cated in the north east ern part of 
the Up per Silesian Coal Ba sin within the Blêdów Ba sin (Stu -
pnicka, 2007). In the subsurface of the re search area, Tri as sic
and Qua ter nary for ma tions are of cru cial im por tance. The Tri -
as sic is rep re sented by the Lower and Mid dle Buntsandstein,
Roet, and lo cally Muschelkalk sed i ments. The Buntsandstein is 
rep re sented by con glom er ates, sands, sand stones, siltstones
and claystones. In this area, the Roet is bi par tite with dolomitic
marls, marly dolomites and marly lime stones in the bot tom. The 
up per part of the Roet con sists of bed ded dolomites and lime -

stones (Alexandrowicz and Alexandrowicz, 1960). The Mu -
schel kalk is com posed of car bon ates: Gogolin beds, ore-bear -
ing dolomites and Diplopora do lo mite. The Qua ter nary sed i -
ments oc cur only in ter rain de pres sions, ly ing on the Tri as sic
car bon ates or Buntsandstein siltstones. The Qua ter nary is rep -
re sented by silt, clay and sand in this re gion.

The Strzemieszyce re gion is cov ered by gla cial tills of the
South Pol ish Gla ci ation, and glaciofluvial sands and grav els de -
pos ited dur ing the Mid dle Pol ish Gla ci ation. There is rock waste 
in the area of out crops with a thick ness of up to sev eral metres. 

In the area of the ana lysed com plex of land fills, there are
two wa ter-bear ing lay ers: Qua ter nary and Tri as sic aqui fers
(Fig. 2). The Qua ter nary wa ter-bear ing layer is char ac ter ized by 
a vari able thick ness and a lack of con ti nu ity. This aqui fer is as -
so ci ated with flu vio gla cial sands and sand and gravel al lu via oc -
cur ring in the val leys. The thick ness of the aqui fer does not ex -
ceed 6 m. The gen eral ground wa ter flow di rec tion within the
Qua ter nary aqui fer is south erly or south-west erly. The aqui fer is 
re charged di rectly by in fil trat ing wa ter from pre cip i ta tion with out
any nat u ral iso la tion. The hy drau lic con duc tiv ity value var ies
from 7.1 × 10–6 to 4.3 × 10–5. The ground wa ter ta bles of the Qua -
ter nary aqui fer are ei ther un con fined or lo cally con fined, and oc -
cur at small depths of a few metres. The in dus trial area of
Strzemieszyce Ma³e is lo cated in the re charge area of the
Olkusz-Zawiercie karst-fis sured Tri as sic aqui fer, which is one of 
the ma jor sources of no ta ble wa ter for the Up per Silesian ag -
glom er a tion. 

The Tri as sic aqui fer com prises Muschelkalk, Roet and
Buntsandstein wa ter lev els. The first two lev els form a wa -
ter-bear ing com plex of the Tri as sic car bon ates (Ró¿kowski et
al., 1997). This aqui fer is com posed of dolomites and lime -
stones that rep re sent a karst-pore-fis sure type (Ró¿kowski,
1990). In the land fill area, the main aqui fer is of Roet type (Figs.
1 and 2). The thick ness of this aqui fer is up to 20 m, while the
hy drau lic con duc tiv ity value is in the range of 1.57 × 10–4 – 3.31 ×
10–4 m/s. The wa ter ta ble is pre dom i nantly un con fined.

Ow ing to the pres ence of the out crops of Tri as sic car bon -
ates, the study area is char ac ter ized by high and very high vul -
ner a bil ity of the ground wa ter to con tam i na tion (Bielewicz et al.,
2010). Nu mer ous in dus trial ob jects lo cated in this area, among
oth ers, cok ing plants, waste in cin er a tors and the com plex of
land fills, pose a high de gree of en vi ron men tal risk.

GROUNDWATER MONITORING NETWORK

There are 37 bore holes with piezometers op er at ing within
lo cal ground wa ter mon i tor ing net works (LGMNs) (Fig. 2).

The study area is cov ered by five LGMNs that be long to the
PrzyjaŸñ cok ing plant, the in dus trial waste land fill of the
ArcelorMittal smelt ing plant, two mu nic i pal waste land fills, and
the SARPI in cin er a tor. The old est net work mon i tors the en vi -
ron men tal im pact of the Lipówka smelt ing plant’s waste land fill.
This net work was cre ated be tween 1988 and 1994, and con -
sists of 14 piezometers. In 1993, an other ob ser va tion net work
was cre ated around the Zakawie waste land fill (PQ16, PQ17,
PT11 and PT12), al though it is not cur rently op er a tional (Fig. 1).

The ground wa ter around the mu nic i pal land fill of Lipówka II
is mon i tored by piezometers PZ1, PZ2, PZ3, PZ4 and PZ5 (Fig. 
1), the last two of which also mon i tor the wa ter around the land -
fill of Lipówka I. The mon i tor ing around the waste land fill of the
PrzyjaŸñ cok ing plant is con ducted on the ba sis of four
piezometers (P1, P2, P3, P4) (Fig. 1). In the cok ing plant area,
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an ad di tional three piezometers have been in stalled; how ever,
they are not uti lized. Since 2002, the SARPI waste in cin er a tor
has uti lized an ob ser va tion net work, ini tially con sist ing of two
piezometers, but has since been in creased to four.

METHODOLOGY

To de ter mine the threat to the ground wa ter of the Qua ter nary 
and Tri as sic aqui fers in the study area, gen er ated by the land fill
of slags, the fol low ing lab o ra tory and cal cu la tion meth ods have
been em ployed: chem i cal anal y ses of met al lur gi cal slags, batch
and col umn tests, and mod el ling of leach ing time. Two sam ples
rep re sent ing the var i ous types of steel waste were tested. In re la -
tion to the whole area, cal cu la tions of the time of ver ti cal seep age 
and the de ter mi na tion of the con tam i na tion in dex were car ried
out. The re sults of the study have been con fronted with and con -
firmed by the re sults of the ground wa ter mon i tor ing re search
con ducted for land fills (Fig. 3). 

Our as sess ment of ground wa ter vul ner a bil ity to pol lu tion
was based on es ti ma tion of the seep age time through the un -
sat u rated zone. Chlo rides are not sub ject to sorp tion pro -
cesses, thus they re flect the re sis tance time of wa ter in the sys -
tem. With this in mind, only the re sults of the leach ing tests ob -
tained for chlo rides were taken into ac count.

THE COLUMN TESTS

The pur pose of the dy namic leach ing tests is to de ter mine,
un der lab o ra tory con di tions, the loads of the pol lu tion that
leaches out of the tested ma te rial. Dy namic leach ing tests con -
sist of ad min is ter ing a so lu tion (which is usu ally dis tilled wa ter)
to a col umn filled with the tested soil. The amount of liq uid en ter -
ing the col umn sim u lates the amount of pre cip i ta tion. Once the
so lu tion has flown through the col umn, the chem i cal com po si -
tion of the ef flu ent so lu tion is de ter mined (Brown and Don nel ly,
2009). The dy namic method al lows for the de ter mi na tion of the
pa ram e ters of mass trans fer (sorp tion, leach ing, dis so lu tion of
the sub stance), and the pa ram e ters of con vec tive trans fer and
hy dro dy namic dis per sion (Priddle and Jack son, 1991; So³ty -
siak, 2007).

Dy namic leach ing tests were car ried out on two sam ples of
the smelt ing plant waste: the first was 15 years old and taken
from an ex ca va tion un der taken at the base of a 20 m high slope
of the land fill, while the sec ond was only a few days old (here in -
af ter re ferred to as fresh waste), ob tained from ma te rial freshly
de pos ited in the land fill (So³tysiak, 2009). Leach ing tests were
per formed us ing flow cells with an in ner di am e ter of 11.4 cm
and a height of 9 cm for the 15 year old pre cip i ta tion, and
10.5 cm for the fresh waste, sup plied by an in fu sion pump. The
per for mance of the in fu sion pump was cal cu lated on the ba sis
of the av er age pre cip i ta tion of the multi-year pe riod of
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1975–2000 for Z¹bkowice, Boles³aw and Katowice, which
amounted to 744.5 mm, and an as sumed ef fec tive in fil tra tion
co ef fi cient of 0.3. The as sump tion was based on the re sults of
lysimetric stud ies, which, for sim i lar poorly com pacted waste
sam ples, showed an in fil tra tion rate of 47–49% (So³tysiak,
2007). To ac count for the im pact of com pac tion, the value of the 
ef fec tive in fil tra tion co ef fi cient was re duced to 0.3, which should 
be used in re la tion to nat u ral sands and grav els (Pazdro, 1983). 
The waste was char ac ter ized by a grav elly and sandy frac tion.
At these rates, the sup ply from the pump, sim u lat ing the sup ply
un der nat u ral con di tions, amounted to 6.24 cm3/d. The leach -
ate sam ples were col lected at in ter vals of 8–12 days. A to tal of
10 leach ate sam ples were col lected from the old waste (six
50 cm3 sam ples and four 75 cm3 sam ples) and a to tal of 15
sam ples were col lected from the fresh waste (11 sam ples of
50 cm3 and four 75 cm3 sam ples), in which the chlo ride con cen -
tra tion was de ter mined us ing the ti tra tion method. In the case of 
the 15 year old sam ple, an ex per i ment was con ducted un til the
con cen tra tion of Cl was at the lower limit of quantitation, while,
in the case of a fresh sam ple, the ex per i ment was con ducted
un til the con cen tra tion of Cl was halved.

THE BATCH TESTS

Batch tests in volve al low ing the sam ple to come into con -
tact with a liq uid for a lim ited time, fol lowed by con duct ing a
phys i cal and chem i cal anal y sis of the liq uid to de ter mine the
type and amount of sub stances that leached out of the sam ple.
Batch leach ing tests are used to char ac ter ize ma te ri als sub -
jected to leach ing and the type and quan tity of leached sub -
stances. They pro vide a quick and easy way of ac quir ing in for -

ma tion about pos si ble pol lut ants leach ing from the waste into
the en vi ron ment. 

A static method con sists of trig ger ing the re ac tion be tween
the tested soil and the liq uid in a closed ves sel. The meth od ol -
ogy of con duct ing the test is vi tal, es pe cially the type of leach ing 
liq uid, its amount in re la tion to the solid phase, and the amount
of time that the liq uid was in con tact with the tested sam ple. On
this ba sis, the ini tial weight of the chlo rides con tained in the
sam ples of the soil sub jected to dy namic test ing was de ter -
mined.

The batch tests were con ducted ac cord ing to Eu ro pean
Stan dard EN 12457-2, at a liq uid-to-solid ra tio of 10:1 l/kg.

GROUNDWATER FLOW MODELLING

To in ter pret the re sults of the col umn test, the one-di men -
sional (1D) trans port equa tion was used. As the con cen tra tion
of the chlo rides that leached from the col umn was mea sured
from the leach ate, the in ter pre ta tion was made by us ing the
advection-dis per sion equa tion in the form:
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which is the so lu tion of the 1D trans port equa tion. It was as -
sumed, as in a tracer ex per i ment, that the tracer was in jected at
x = 0 into the wa ter flow ing into the col umn and mea sured as the 
flux-av er aged con cen tra tion (Zuber, 1984; Liu et al., 2004). As
the tracer was in jected in stan ta neously, the bound ary con di -
tions were as fol lows:
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lim ( , )C x t
x

=
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where: M – mass of the chlo rides (mg Cl/kg d.m.); DL – co ef fi cient of
lon gi tu di nal dis per sion (cm2/d); Q – vol u met ric flow rate through the
col umn (cm3/d); v – mean wa ter ve loc ity (cm/d); x – di men sional
space (cm); t – time (d).

The val ues of pa ram e ters v and DL were cal cu lated from ex -
per i men tal data ob tained from the out flow. While con struct ing
the model, the es ti ma tion of the dis per sion pa ram e ter was car -
ried out. The con struc tion of the model as sumes that the vol -
umes of the liq uid flow ing from the col umn in each time unit are
al most iden ti cal. On this as sump tion, the ex per i men tally ob -
tained value of chlo rides con cen tra tion in the leach ate, which
was col lected from time t1 to time t2, should be close to the av er -
age value of the func tion of chlo rides con cen tra tion in the out -
put C(t) within the in ter val [t1, t2], that is, the in te gral:

1

1 2
1

2

t t C t dt
t

t
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[2]

As sum ing that y1, ... yn rep re sent ex per i men tally mea sured
val ues for the times t1, ..., tn, then the es ti ma tion of the DL pa -
ram e ter is car ried out by min i miz ing the to tal of the squared dif -
fer ences be tween the val ues of yi and the pre dicted val ues in
For mula [2], i.e., by min i miz ing the func tion:
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where: t0 – given the value of 0. 

The minimization was per formed us ing the L-BFGS-B
method (Zhu et al., 1997). The L-BFGS is a mod i fi ca tion of the
orig i nal BFGS method as it im proves the for mer’s mem ory
com plex ity. In stead of us ing a dense Hessian ma trix, L-BFGS
stores only its ap prox i ma tion, re sult ing in lin ear mem ory com -
plex ity (in terms of a num ber of vari ables) in stead of qua dratic
com plex ity. The L-BFGS method is ca pa ble of solv ing mini -
mization prob lems with un con strained vari ables only, which is

why we used the L-BFGS-B vari ant to al low for the im po si tion of 
box con straints. This is done by iden ti fy ing, in each step, the set
of fixed vari ables and us ing L-BFGS with free vari ables to im -
prove the ac cu racy of the so lu tion. The ob tained re sults of the
dy namic tests were uti lized for mod el ling, aided by the em ploy -
ment of our own pro gram writ ten in the Py thon pro gram ming
lan guage. The pro gram per formed the minimization of func tion
as de scribed in [3], us ing highly performant nu mer i cal pack -
ages avail able for Py thon, in clud ing NumPy and SciPy. In par -
tic u lar, we used the scipy.op ti mize mod ule and its minimi zation
func tion as an in ter face with the L-BFGS-B solver.

The cal cu la tions en abled the mod el ling of the chlo rides con -
cen tra tion vari abil ity over time. This was very im por tant in the
case of the ex per i ment with freshly de pos ited waste. Be fore the
leach ate col lec tion started, waste sam ples were fully sat u rated.
As a re sult, it was pos si ble to re late the mod el ling re sults to the
body of the Lipówka land fill of smelt ing plant waste.

VERTICAL SEEPAGE TIME

 Af ter that, based on well logs, an at tempt was made to de -
ter mine the ground wa ter vul ner a bil ity of the Tri as sic car bon ate
se ries. The ba sis for this as sess ment was the es ti ma tion of the
time of the ver ti cal seep age of po ten tial con tam i nants from the
sur face to the stud ied aqui fer, as sum ing a sim ple pis ton-flow
model. 

Cal cu lat ing the time of ver ti cal seep age is sig nif i cant in
terms of the anal y sis of wa ter qual ity changes. As sum ing the
neg a tive im pact of the ana lysed ob ject on the ground wa ter
qual ity, it is ex pected that the po ten tial con tam i na tion will reach
the wa ter ta ble within a time equal to or lon ger than that of ver ti -
cal seep age. The lag time in reach ing the ground wa ter ta ble by
the con tam i nants is mainly due to sorp tion pro cesses. Given
that the in ten sity of sorp tion de pends on, inter alia, the prop er -
ties of the sorbent, as well as the sim pli fied na ture of the for mu -
las de ter min ing the time of ver ti cal seep age, the ob tained re -
sults should be re garded as ap prox i mate.

The time of seep age tvs through the un sat u rated zone was
de ter mined in ac cor dance with For mula [4], as pro posed by
Bachmat and Collin (Witczak and ¯urek, 1994):

t
m w

R
vs =

× 0 [4]

where: m – thick ness (m); wo – vol u met ric wa ter con tent (%; see Ta -
ble 1); R – ef fec tive in fil tra tion (m/a).  

In the case of the wa ter ta ble in the wa ter-bear ing for ma -
tions of the Qua ter nary aqui fer, the time of seep age tvs’ into the
for ma tions of the aqui fer com plex of the Tri as sic car bon ate se -
ries was es ti mated on the ba sis of For mula [5] for the flow rate:

t
m n

k
vs

e=
×

×

2

DH

[5]

where: ne – ef fec tive po ros ity; k’ – ver ti cal hy drau lic con duc tiv ity; DH
– dif fer ence in the pres sure be tween the wa ter ta ble of the Qua ter -
nary aqui fer and the wa ter ta ble of the wa ter-bear ing com plex of the
car bon ate se ries.

The to tal of the times tvs and tvs’ was as sumed as the fi nal
value of the seep age time.
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T a  b l e  1

The hy drau lic prop er ties of soils (Fet ter, 2001; 
Todd and Mays, 2005; Wang et al., 2014)

Li thol ogy wo ne k’ (m/s)

Loamy sands, sandy
loams 0.1 0.10 10–9–10–8

Sands, fine sands, rub ble 0.1 0.25 2 × 10–8–10–5

Clays, sandy clays 0.24 0.05–0.015 10–12–4.7 ·10–10

Silts 0.28 0.025 10–10–2 × 10–6

Marls 0.02 0.005 10–8

Lime stones and dolomites 0.02 0.04 10–7–10–10

Loams, silt loams 0.35 0.01 10–8 

wo – vol u met ric wa ter con tent; ne – ef fec tive po ros ity; k’ – ver ti cal hy -
drau lic con duc tiv ity



CONTAMINATION INDEX

To as sess the de gree of ground wa ter con tam i na tion in the
area of the stud ied ob jects, the con tam i na tion in dex was em -
ployed (Backman et al., 1998; Singh et al., 2015). The in dex
was cal cu lated on the ba sis of mon i tor ing re search con ducted
in the vi cin ity of the com plex of land fills. This mea sure de ter -
mines the amount of ground wa ter con tam i na tion in re la tion to
the nat u ral hydrogeochemical back ground. The con tam i na tion
in dex was cal cu lated us ing For mula [6] (Backman et al., 1998),
as fol lows:

C Cd fi

i l

n

=
=

å
[6]

where:

  C
C

C
fi

Ai

Ni

= - 1 [7]

where: Cfi – con tam i na tion fac tor for the i-th com po nent; CAi – an a -
lyt i cal value of the i-th com po nent; CNi – up per range of nat u ral
hydrogeochemical back ground.

This in dex was cal cu lated sep a rately for each of the ana -
lysed wa ter sam ples in or der to de ter mine the to tal of the con -
tam i nants of the in di vid ual com po nents ex ceed ing the up per
value of the back ground. Along with an in crease in the con cen -
tra tion of a given com po nent in re la tion to the nat u ral hydro -
geochemical back ground, the con tam i na tion in dex value grew. 

It was as sumed that the threat to ground wa ter is high in an
area where the in dex value is >3, whereas it is low when the in -
dex value is <1. The hydrogeochemical back ground val ues of
Tri as sic car bon ate se ries were taken from Ró¿kowska et al.
(1975), based on the data from the 1960s, that is, be fore large
in dus trial plants were es tab lished in this area. A set of anal y ses
of the chem i cal com po si tion of ground wa ter from the Blêdów
Ba sin re gion, in which the study area is lo cated, was col lated. It
in volved 143 anal y ses. 

RESULTS

The ob tained re sults of the tests on leach ing chlo rides from
the 15 year old waste are pre sented in Ta ble 2. The chlo rides

con cen tra tion in the sam ples taken af ter 60 days did not ex ceed 
the limit of de tec tion.

The ini tial weight of chlo rides, which were sub ject to leach -
ing, cal cu lated on the ba sis the static tests, amounted to
26.6 mg Cl/kg of dry mat ter in the 15 year old waste, and 78.1
mg Cl/kg of dry mat ter in the fresh waste (Ta ble 4). Hav ing car -
ried out the mea sure ments of the con cen tra tion of the ana lysed
com po nent at the flow rate v = 0.06 cm/d, and as sum ing that the 
con tent of the leached ma te rial was in tro duced at x = 0, the
tran si tion curves in Fig ures 4 and 5 were ob tained.

The ob tained curves show par tic u lar con cen tra tions of chlo -
rides both in the old (Fig. 4) and the fresh sam ples (Fig. 5), while 
their ex pected val ues af ter the col umn ex per i ment fin ished take
into ac count pre vi ous val ues and the dis per sion pa ram e ters.
The curves in di cate that the time needed to leach the chlo rides
from the ana lysed sam ples to a level near to 0 (ac cord ing to cal -
cu la tions ~0.5 mg/dm3) for the 15 year old waste and the fresh
waste is 336 days and 830 days, re spec tively.

To re late the achieved re sults to the land fill body, the mean
tran sit time of wa ter was es ti mated in each col umn. The ca pac -
ity of the col umn with the old waste was 918 cm3, whereas the
ca pac ity of the col umn with the fresh waste was 1.071 cm3. Tak -
ing into ac count the time nec es sary to fill the col umn, the vol -
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T a  b l e  2

Chlo rides con cen tra tion in a dy namic leach ing test
for the 15 year old waste

Sam pling day
Sam ple vol ume

[cm3]

Chlo rides con cen tra tion

[mg/dm3]

 8 50 53     

16 50 42.54

24 50 35.45

32 50 22.7 

40 50 17    

48 50 11.3 

60 75   9.2

The re sults of the tests of leach ing chlo rides from the fresh
waste are pre sented in Ta ble 3

T a  b l e  3

Chlo rides con cen tra tion in a dy namic leach ing test 
for the fresh waste

Sam pling day
Sam ple vol ume

[cm3]

Chlo rides con cen tra tion

[mg/dm3]

 8 50 106.34  

16 50 103.18  

24 50 77.99

32 50 73.99

40 50 71.99

48 50 70.91

56 50 62.39

64 50 60.27

72 50 58.14

80 50 56.72

92 75 55.31

104 75 52.25

116 75 51.05

128 75 45.38

T a  b l e  4

List of pa ram e ters char ac ter iz ing the con di tions 
of per form ing the static leach ing tests
(ac cord ing to the stan dard EN 12457-2)

Pa ram e ters 
Sam ple

15 year old 
waste fresh waste 

The ra tio of dry mass DR [%] 98.92 98.99

The ra tio of mois ture MC [%]   1.09   1.01

Mass of an a lyt i cal sam ple MW [kg]        0.0910       0.0909

The vol ume of eluent L [dm3]        0.8990        0.8991

Eluted mass of chlo ride ions 
[mg/kg of dry mass] 2.66 ·10* 7.81 · 10

* the con cen tra tion of chlo ride ions in the leach ate [mg/dm3]



ume of empty spaces, which cor re sponds to the open po ros ity,
may be es ti mated with an ac cu racy of 50% in both of the ex per i -
ments. Given that the ef fi ciency of the pump sup ply ing the col -
umn amounts to 6.24 cm3/d, the mean tran sit time of wa ter has
been es ti mated at 73 days for the 15 year old waste and 86
days for the fresh waste.

De ter min ing the mean tran sit time of wa ter in the tested
sam ples en abled the cor re la tion of the re sults ob tained in the
ex per i ment to the ac tual size of the land fill, for which it is also
pos si ble to es ti mate the time (tR), us ing the for mula (Szcze -
pañska, 1987):

  t
x

u
R = [7]

where: x – col umn length (m); a land fill solid is equal to
2.5–32 (m); u – ground wa ter flow ve loc ity (m/a).

Ground wa ter flow ve loc ity is cal cu lated us ing
the for mula: 

u
v

ne

=  [8]

where: v – mean fil tra tion ve loc ity (m/a); ne – ef fec tive
po ros ity co ef fi cient; as sumed to be 0.2.

And fi nally: 

t
x n

v

V

Q
R

e p=
×

=
[9]

where: Vp – ac tive pore vol ume per 1 m2 (m3); Q – flow
rate per 1 m2 (m3/a · m2), which, for the steel works’
land fill, is equal to Q = 0.7445 (m3/a/m2) · 0.3 = 0.223
(m3/a /m2).

The value of tR de pends on the thick ness of the
de pos ited waste: i.e., for a layer with a thick ness of
2.5 (m), Vp = ~0.5 (m3) and tR = 2.24 (a); whereas for 
a layer with a thick ness of 32 (m), Vp = ~6.4 (m3)
and tR = 28.6 (a). Tak ing into con sid er ation the re -
sults of the dy namic tests, which show that 90% of
chlo rides were leached af ter reach ing val ues of 2–3 
for the mean tran sit time of wa ter (Figs. 3 and 4), it
can be as sumed that a con sid er able leach ing of
chlo rides from the land fill body will oc cur over a pe -
riod of ~60–90 years from the mo ment of de pos it ing 
the waste. Thus, the waste land fill of the smelt ing
plant will be the source of the ground wa ter con tam i -
na tion for sev eral de cades.

The time of the ver ti cal seep age through the un -
sat u rated zone be neath the land fill, es ti mated by
the for mula from Bachmat and Col lins, in the out -
crops of the Tri as sic for ma tions, equals ~2–3 years, 
de pend ing on the area of the land fill. Tak ing into ac -
count the hy dro dy namic con di tions and us ing For -
mula [10] for the flow rate v:

v
k I

ne

=
× [10]

where: k – per me abil ity co ef fi cient = 0.00011 m/s
(based on doc u men ta tion from the piezometers); I – hy -
drau lic gra di ent = 0.0035 (based on a hydrogeological

map); ne – ef fec tive po ros ity (= 0.04, ac cord ing to Ró¿kowski and
Wilk, 1980).

It can be as sumed that the time of the flow in the aqui fer
from the base of the land fill to the near est piezometers (T1,
T9) is ~6–7 months. The time it takes the waste con tam i nants
to reach the piezometers is the to tal of the time of the ver ti cal
seep age through the land fill body and then through the un sat -
u rated zone (2–3 years), and the time of the hor i zon tal flow in
the sat u ra tion zone from the land fill to the piezometers (6–7
months). Since the pro cess of land fill for ma tion is long-last ing,
it is dif fi cult to es ti mate the time of seep age through the land fill
due to the chang ing thick ness of the de pos ited waste. In the
area of piezometers T1 and T9, where the waste has been de -
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Fig. 4. Break through curve of chlo rides for the leach ing tests
 from the 15 year old waste

Fig. 5. Break through curve of chlo rides for the leach ing tests 
from the fresh waste



pos ited since ~1989, the land fill thick ness ex ceeded 25 m.
There fore, the first in di ca tions should have ap peared in the
piezometers ~1992. The anal y sis of the chlo rides con cen tra -
tion in the most closely lo cated piezometers shows that the
first vis i ble con se quence of the im pact of the de pos ited waste
ap peared in late 1992 and early 1993, when an in crease in the
chlo rides con cen tra tion was ob served (Fig. 6). In the case of
the sam ples taken from piezometer T1, a tem po rary de crease
in the con cen tra tion of this ion was fol lowed by a reg u lar in -
crease from ~10 to 100 mg/dm3. When it co mes to the nearby
piezometer Q1, it was found that the chlo rides con cen tra tion
has risen since 1992/1993; how ever, the high est con cen tra -
tions were re corded in the pe riod 1998–2003. Since then, a fall 
in the con cen tra tions has been ob served. It may be as sumed
that the main im pe tus of the con tam i nants passed through the
area of piezometer Q1 dur ing this pe riod. The oc cur rence of
that im pe tus may be as so ci ated with the be gin ning of uti liz ing
the ma te rial de pos ited in the land fill for the pur pose of en gi -
neer ing works. A sim i lar in crease in con cen tra tion oc curred in
2008, i.e. at the time of land fill re de vel op ment (D¹browska et
al., 2015). The ef fects of the re lo ca tion and uti li za tion of the
waste from the smelt ing plant are vis i ble in the sam ples from
piezometer T9, which has not been sam pled on such a reg u lar 
ba sis as piezometers T1 and Q1. It is no tice able that, af ter
1994, as in the case of the sam ples from piezometer T1, first
there was a fall in the Cl con cen tra tion, fol lowed by its rise in
the pe riod 2003–2010.

The ev i denced in crease in the chlo rides con cen tra tion in
piezometers Q1 and T1, which are lo cated clos est to the land fill
of smelt ing plant waste, con firms both the high sus cep ti bil ity of
the ground wa ter to con tam i na tion and the ac tiv ity of the land fill
as a con tam i na tion source (D¹browska et al., 2015).

  Once the for mula by Bachmat and Col lins was tested in the 
land fill area, it was em ployed to per form cal cu la tions on the
other known pro files. The achieved re sults also point to a short
time for the seep age of wa ter through the un sat u rated zone.
The time of seep age cal cu lated for the Qua ter nary aqui fer is
1–7 years, whereas, for the ar eas of out crops of the Tri as sic
car bon ates, it amounts to 5–40 years (Fig. 7). In the ma jor ity of
points, the ver ti cal seep age time was shorter than 20 years;
there fore, the ob jec tive area may be clas si fied as an area of
high ground wa ter pro tec tion.

CHEMICAL COMPOSITION OF GROUNDWATER 

The pres ence of pol lu tion found in the area of high ground -
wa ter vul ner a bil ity to con tam i na tion should re sult in a change in
the chem i cal com po si tion. To as sess changes in the com po si -
tion, the cur rent chem i cal con di tion should be re lated to the
chem i cal con di tion of the pe riod pre ced ing the con struc tion of
the in dus trial ob jects in the study area.

The char ac ter is tics of the chem i cal com po si tion of ground -
wa ter in the Tri as sic car bon ates of the stud ied re gion for the
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Fig. 6. The changes of chlo rides con cen tra tion in ground wa ter from Q1, T1 and T9 piezometers



1960s can be found in Ró¿kowska et al. (1975). The ground wa -
ter min er ali sa tion in the Muschelkalk was 169–587 mg/dm3

(273 mg/dm3 on av er age). The dom i nant types were HCO3-Ca
and HCO3-SO4-Ca. The con tent of an ions was within the fol low -
ing lim its: HCO3 – 88–315 mg/dm3; SO4 – 8.6–195 mg/dm3; Cl – 
2.8–33 mg/dm3. As for the con tent of cat ions: Ca – 17.2–98.6
mg/dm3; Mg – 2.4–50 mg/dm3; Na + K – 2.3–6.9 mg/dm3. In
~50% of the ex am ined sam ples, the con cen tra tion of chlo rides
amounted to 5 mg/dm3, whereas that of sulphates was
25 mg/dm3. In 85% of the ana lysed wa ter, the con cen tra tion of
Ca was in the range of 20–70 mg/dm3, while that of Mg was up
to 30 mg/dm3. In >90% of the ana lysed ma te rial, the Na con -
cen tra tion did not ex ceed 10 mg/dm3. The av er age ground wa -
ter min er ali sa tion in the Roet for ma tions was 333 mg/dm3;
these were HCO3-Ca-Mg, HCO3-Ca and HCO3-SO4-Ca-Mg wa -
ters. The con cen tra tion of HCO3 ions was 170–268 mg/dm3,
SO4 ions – 18.2–67 mg/dm3, and Cl ions – 0.9–20 mg/dm3. The
Ca, Mg and Na con cen tra tions were 36–63 mg/dm3,
10.2–33.9 mg/dm3 and 2.1–33 mg/dm3, re spec tively. The av er -
aged chem i cal com po si tion of the ground wa ter in the Tri as sic
car bon ates of the Muschelkalk and Roet in the 1960s is pre -
sented in Fig ure 8.

In or der to de ter mine the chem i cal con di tion of the ground -
wa ter in this area, in 2005, sam ples were taken at ac ces si ble
points of the lo cal ground wa ter mon i tor ing net work. The av er -
age con cen tra tions of ma jor ions in the sam ples from 16 points
in the Strzemieszyce area in di cate that a sig nif i cant chan ge oc -
curred in the chem i cal com po si tion of the ground wa ter in com -
par i son to the con di tion as of the 1960s. An in crease in the con -
cen tra tion of vir tu ally all ma jor ions is no tice able (Fig. 8 and Ta -
ble 5). A par tic u larly sig nif i cant in crease is ob served in the con -
cen tra tion of sul phate, chlo rides, so dium and po tas sium, caus -
ing an in crease in the av er age value of min er ali sa tion (ex -
pressed in the amount of dis solved sub stances). In 2005, the
Na and Cl con cen tra tions in the ground wa ter lo cally ex ceeded
20% mval, which is un usual for this kind of aqui fer.

The val ues pre sented in Ta ble 5 were used to cal cu late the
ground wa ter con tam i na tion in dex. The in dex en ables un equiv -
o cal con fir ma tion of the changes in the chem i cal com po si tion of
wa ter. The most char ac ter is tic ma jor ion, which il lus trates the
changes in the chem i cal com po si tion of ground wa ter in the Tri -
as sic car bon ates, is the chlo ride ion. In the 1960s, its con cen -
tra tion was ~4–7 mg/dm3, whereas it is cur rently ~7–10 times
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Fig. 7. Spa tial dis tri bu tion of the ver ti cal seep age time (t)

Fig. 8 Mean chem i cal com po si tion of ground wa ter

* 1960s (based on Ró¿kowska et al., 1972); 
** 2005 (own re search based on 16 chem i cal anal y ses)



higher. The spa tial dis tri bu tion of the con tam i na tion in dex cal -
cu lated for chlo rides is shown in Fig ure 9. The high est val ues
were re corded in the area of the SARPI in cin er a tor and the un -
pro tected land fill of ArcelorMittal waste.

Given the high ground wa ter min er ali sa tion in the area of the 
land fills, the con tam i na tion in dex for the ma jor ions was cal cu -
lated. The ob tained spa tial dis tri bu tion was sim i lar to re sults ob -
tained for chlo rides, i.e. the high est val ues (47) were char ac ter -
is tic of the wa ter col lected in the area of the waste in cin er a tors
and land fills for the ArcelorMittal smelt ing plant in Zakawie, as
well as in the vi cin ity of the mu nic i pal land fills (Fig. 10). 

The con tam i na tion in dex value de creases with the in creas -
ing dis tance from the afore men tioned ob jects. In the ma jor ity of
points, the value ex ceeds 3, which, in ac cor dance with the ap -
pli ca ble cri te ria (Backman et al., 1998), in di cates a high threat
to ground wa ter in the area.

SUMMARY AND CONCLUSIONS

This study has con firmed that the Strzemieszyce area is
char ac ter ized by a high vul ner a bil ity to ground wa ter con tam i na -
tion. This is re flected by the short seep age time from the sur -
face to the wa ter ta ble. It was es ti mated at some points even at
only 3 years. High vul ner a bil ity to pol lu tion in this area is due to
the lack of iso la tion of aqui fer. The aqui fer is as so ci ated with
Tri as sic car bon ates that crop out in the Strzemieszyce area.

The study area is lo cated in the sup ply zone of the Olkusz-
Zawiercie Ma jor Ground wa ter Res er voir. There fore, from the
point of view of ground wa ter pro tec tion, the site use should not
cause any dan ger to the qual ity of the res er voir wa ters. How ever, 
the un for tu nate lo ca tion of in dus trial fa cil i ties has led to sig nif i -
cant changes in the chem i cal com po si tion of ground wa ter, which 
is con firmed by the high value of the con tam i na tion in dex.

Tak ing into ac count the chem i cal back ground for Cl, SO4,
HCO3, Ca, Mg and Na + K the con tam i na tion in dex value
ranges from 5 to 47, which is char ac ter is tic for strongly trans -
formed wa ters.

A char ac ter is tic in di ca tor of changes in chem i cal com po si -
tion is the con cen tra tion of chlo rides, which was 4.32–7.10 mg/l
on av er age be fore the start of the in vest ment, and, ac cord ing to 
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T a  b l e  5

Ba sic sta tis tics of ground wa ter chem i cal com po si tion

Aqui fer
pa ram e ters

Tri as sic Qua ter nary

N min max mean N min max mean

pH 16 7.29 7.71 7.50 7 5.59 7.45 6.68

EC [µS/cm] 16 554 1 260 833.35 7 348.90 994.00 652.24

TDS [mg/l] 16 420.20 819.50 596.65 7 245.70 801.70 477.39

Ca [mg/l] 16 74.35 126.47 104.53 7 40.67 142.99 82.56

Mg [mg/l] 16 27.15 46.26 36.28 7 13.11 49.99 27.28

Na [mg/l] 16 2.22 100.07 24.77 7 3.15 76.56 18.36

K [mg/l] 16 0.89 9.43 2.99 7 0.65 3.99 2.03

NH4 [mg/l] 16 0.00 2.31 0.31 7 0.00 1.42 0.39

Cl [mg/l] 16 9.58 189.67 50.09 7 7.03 62.60 27.70

SO4 [mg/l] 16 81.28 161.66 113.86 7 61.53 285.01 130.16

NO2 [mg/l] 15 0.00 0.02 0.00 7 0.00 0.01 0.01

NO3 [mg/l] 16 1.30 52.00 31.78 7 3.00 68.00 22.43

HCO3 [mg/l] 16 253.22 408.81 307.56 7 21.36 512.54 200.92

Fig. 9. Spa tial dis tri bu tion of the con tam i na tion in dex (Cd) 
of ground wa ter for chlo rides in the Tri as sic car bon ates



the cur rent data, it ranges from 9.60 to 189.70 mg/l, av er ag ing
50.10 mg/l. Be cause of the car bon ate type of the aqui fer,
anthropopressure could be the only cause of the in creased
chlo ride con cen tra tions.

The re sults of the mon i tor ing stud ies car ried out in 2005
con firmed the change in the chem i cal com po si tion of the
ground wa ter in the area, which must be as so ci ated with the im -
pact of the in dus trial fa cil i ties. The most dra matic changes in
the chem i cal com po si tion have taken place in the vi cin ity of the
SARPI in cin er a tor. A high im pact on the ground wa ter has also
been ex erted by the waste land fill of the ArcelorMittal smelt ing
plant. This land fill, which cov ers 45 ha, has no liner sys tem.

The dy namic leach ing tests and math e mat i cal mod el ling of
the ob tained re sults al lowed us to de ter mine the time of leach -
ing of chlo rides from met al lur gi cal slags. The sat is fac tory re -
sults for a few-day-old slag, con firmed by the model’s com pat i -
bil ity with the ex per i men tal data for the 15 year old slag, were
ob tained us ing the min i miz ing L-BFGS method. Con ver sion of
the leach ing in ten sity on a num ber of wa ter ex changes in the
col umn al lowed us to re late these re sults to the solid of land fill.
The mean tran sit time of wa ter through the land fill has been es -
ti mated at 2.2 to 28.6 years de pend ing on the thick ness of the
waste layer. There fore it can be as sumed that a con sid er able
leach ing time of chlo rides from the o land fill body will oc cur over
a pe riod of ~60–90 years from the mo ment of de pos it ing the
waste. Com po nents sub jected to sorp tion or re sult ing from
weath er ing will be leach ing much lon ger.

The re sults in di cate that ground wa ter pol lu tion has al ready
been pres ent. This fact should be taken into ac count as re gards 
the in dus trial ac tiv ity in this area. Be ing aware that ex ist ing fa cil -
i ties have an im pact on the ground wa ter, in dus trial ac tiv ity
should be con ducted in such a way as to elim i nate the pos si bil -
ity of ma jor in dus trial ac ci dents, to limit, even grad u ally, ex ist ing
im pacts, and to equip any new fa cil ity with sys tems that elim i -
nate ground wa ter con tam i na tion.

This ap proach will be de vel oped by es ti mat ing the leach ing
time of other physicochemical pa ram e ters from the sol ids of
waste, while the pro posed method can be used es pe cially for
ground wa ter vul ner a bil ity as sess ments in in dus tri al ized ar eas. 
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