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Abstract
In order to investigate the pollution with hexavalent chromium (Cr6+) of the groundwater and surface water around the 
industrial dump Jugohrom – Jegunovce, hydrogeological investigations were carried out during November 2019, where 
16 samples of groundwater and 3 samples of surface water were taken. In most of the analyzed samples of groundwater 
and surface water, the concentration of Cr6+ exceeds the maximal allowed concentrations (MAC) of Cr6+ (0.01 mg/l) ac-
cording to the Macedonian and European standards in drinking water. The highest contamination with Cr6+ which is in 
the range of 0.052 – 132.98 mg/l is registered near the dump in the shallow groundwater, i.e. in the unconfined aquifers. 
Cr6+ pollution ranging from 0.017 to 0.041 mg/l has also been registered in some of the samples at artesian aquifers with 
a sub-artesian level. Two tests were carried out on the surface water of the Vardar River, before and after the dump. A 
sevenfold increase in Cr6+ concentration of 0.069 was observed after the dump. Cr6+ content of 725 mg/l was found in the 
drainage of overflow water in the discharge. Pollution of the groundwater and surface water with Cr6+ is anthropogenic 
and is a result of the operation of the Metallurgical Plant Jugohrom in the period from 1955 to 1994.

Keywords:
hexavalent chromium Cr6+; groundwater; pollution; Zheden; Rashche Spring

1. Introduction

The industrial dump Jugohrom is located in the north-
east part of the Polog Valley, at a distance of about 30 km 
from the city of Skopje, in the recharge zone of the Rash-
che Spring. East of the dump, at about 100 m, the carbon-
ate Zheden Massif begins, in which there is a karst aquifer 
which is a recharge zone for the Rashche Spring.

Some authors point out that chromium contamination 
of the surface and groundwater is a serious environmen-
tal problem in many European Union countries (Tumalo 
et al., 2020). Among the possible forms of chromium, 
hexavalent is the most toxic (Pellerin et al., 2000). It 
causes liver and kidney damage, internal bleeding, and 
respiratory disorders. It has been identified as a carcino-
gen for humans (Group I) by the International Agency 
for Cancer Research (Lyon, 2012). It can enter the hu-
man body when they breathe air, eat food or drink water 
containing Cr6+ (De Flora et al., 1989).

The most well-known and widely used method of pu-
rifying polluted water is the reduction of Cr6+ into a less 
mobile and less toxic form of Cr3+, using a variety of 

agents in an acidic environment. Cr6+ remediation strate-
gies include physical-chemical and biological methods 
(Koleli et al., 2016).

High concentrations of Cr6+ (> 0.05 mg/l) were de-
tected in the groundwater in Eastern Sterea Hellas (cen-
tral Euboea and Asopos Valley) in Greece (Vatilatos et 
al., 2010). A total of 16 groundwater samples were taken 
for analysis from both areas (9 from central Euboea and 
7 from Asopos Valley). Groundwater pollution with Cr6+ 
at central Euboea was mainly related to natural process-
es, but there were cases when it was also associated with 
anthropogenic activities. In the Asopos Valley area, Cr6+ 
contamination was associated with industrial waste.

Cr6+ contamination has been detected in most water 
wells in the Thiva - Tanagra - Malakasa Nasin area, 
Greece (Vasilatos et al., 2008). During the realization of 
these investigations, a total of 63 samples of surface wa-
ter and groundwater were taken. High concentrations 
were found in the urban water supply system of Oropos 
(up to 80 µg/l Cr6+) and Inofyta (up to 53 µg/l Cr6+). The 
source of pollution is associated with widespread indus-
trial activity and the use of Cr6+ in various processes and 
wastewater discharge in the past 40 years.

Rashche is a karst spring with a yield ranging from 
3.18 to 9.6 m3/s, average 5.15 m3/s (Data from Vodovod 
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- Skopje 2007 to 2015). The spring is characterized by 
high consistency in capacity and stable and good water 
quality. About 92% of the population numbering about 
600000 inhabitants from the Skopje region and most of 
the economy meets the water needs from this source.

In the past period, several investigations have been 
done in R. N. Macedonia that describe the geology and 
hydrogeology of Polog Valley, including the terrain 
around the industrial dump Jugohrom, and some of them 
refer to the Cr6+ contamination of the groundwater and 
surface waters around the dump. (Kekić, 1986; Rado
vanović et al., 1989).

The industrial dump was established as a result of the 
production process of the plant in the period from 1955 
to 2016 by the Metallurgical Plant Jugohrom from Jegu-
novce. The dump covers an area of about 7 ha, with an 
average height of about 23 m. The dump contains about 
1200000 m3 of various waste: metallurgical slag, con-
struction waste, municipal waste from the factory and 
surrounding settlements and bichromatic swamp. The 
bichromatic swamp was produced as a by-product in the 
period from 1955 to 1994, and it has a quantity of 350000 
t. It contains Na2CrO4 2.1%, of which 0.7% in the form 
of Cr6+, and the content of Cr2O3 is 5%.

In the past period, extensive investigations were con-
ducted and technical solutions were made for remedia-
tion of the harmful impacts from the dump by diversion 
of the surface waters, construction of drainage systems 
for the intake of contaminated shallow groundwater and 
seepage water with Cr6+ under the dump and their pump-
ing and purification in the treatment plant in the Metal-
lurgical Plant Jugohrom, (Soro et al. 2001).

The current actual problem is that the constructed 
drainage system and the pumping station for receiving 
and treating the shallow drain and contaminated waters 
from the dump work periodically, and only partially ful-
filling the aim for what they are intended. As a result of 
the incomplete function of the drainage system and the 
pump station, the drain contaminated waters, including 
the high content of Cr6+, spill from the drainage and di-
rectly overflow in the Vardar River and the shallow 
groundwater, Figure 1. As a result of this condition, the 
river water, downstream of the dump shows increased 
concentrations of Cr6+. On this part of the terrain and 
downstream, the Vardar River directly communicates 
with the carbonate Zheden Massif. On the other hand, 
with previous research it has been proven that the Vardar 
River partially charges the Zheden Massif and the Rash-
che Spring (Kekić, 1986).

The previous investigations for the pollution with 
Cr6+ referred to the shallow groundwater in the uncon-
fined aquifer, located directly under the dump and ex-
posed to the largest direct infiltration from the dump and 
the contaminated soils around the Metallurgical Plant. In 
the period from 2010-2015, the Metallurgical Plant (Ar-
chive of “Silmak” or former “Jugohrom”) conducted 
monitored of the Metallurgical Plant and the industrial 

dump to determine the content of Cr6+ in groundwater 
and surface water. With this monitoring, the presence of 
Cr6+ above MAC (> 0.01 mg/l) was detected. In the vi-
cinity of the plant, the content of Cr6+ was in the range of 
0.21 – 14.23 mg/l, while in the vicinity of the dump, the 
concentrations with Cr6+ was higher and the content was 
in the range of 0.03 – 1751.30 mg/l.

In the period before the start of the process of deposit-
ing the waste material, a concrete pipe Ø 1000 mm was 
installed under the present dump, which in the beginning 
was transferring the water from the creek Muzga, locat-
ed above the dump towards the Vardar River. This con-
crete channel was damaged and the contaminated water 
from the dump leaked in it. Also, during heavy precipita-
tion this channel could not receive the entire volume of 
water from the creek. Therefore, before the dump, an-
other concrete channel Ø 2000 mm was additionally 
constructed for redirecting the water from the creek 
Muzga outside of the dump. In the old concrete pipe Ø 
1000 mm, now a PVC pipe of Ø300 mm and a steel pipe 
Ø 3/4’’ have been installed, and the last 30 m are sealed 
with concrete (see Figure 2). The PVC pipe Ø 300 mm 
is for conducting the groundwater from the drainage 
above the dump to the Vardar River, and the steel pipe Ø 
3/4’’ intakes the drain contaminated water from the 
dump, entering through the damaged parts of the con-
crete pipe.

Figure 1: Drainage discharge, 2019

Figure 2: Schematic representation of pipeline  
under the dump
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The last investigations, realized during 2019, were 
conducted to determine the groundwater quality, and the 
impacts of the dump on the unconfined aquifer, as well as 
the deeper confined aquifers with sub-artesian level. Pie-
zometers were installed which separately intake water 
from both aquifers. The direct contact zone (tectonic con-
tact-fault) of the unbound sediments from the Polog Basin 
and the carbonate massif near the dump were also investi-
gated (Ilijovski et al., 2019). This zone is of large impor-
tance for the movement of groundwater from the unbound 
sediments of Dolen Polog which are contaminated, to-
wards the carbonate complex Zheden in the direction of 
the groundwater towards the Rashche Spring. These in-
vestigations have determined in more details the hydro-
geological characteristics of the area between the dump 

and the carbonate Zheden Massif. The results obtained 
from these investigations are presented in this paper.

2. Geology

Based on the geo-tectonic regionalization of the R. N. 
Macedonia, the investigated terrain belongs to the west-
ern Macedonian zone, and is part of the extreme north-
eastern part of the Polog Neotectonic Graben (Arsov 
ski, 1997). The Polog Valley is a typical two-sided gra-
ben filled with Upper Miocene-Pliocene sediments rep-
resented by gravel - sandy and clayey sediments. These 
sediments in the area of Dolen Polog have a thickness  
up to 600 m. (Dumurdzhanov, 1995, 2004, 2005 and 
2008).

* The legend refers to Figure 3, 4 and 6

Figure 3: Hydrogeological map of the wider area of the investigated terrain
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Pliocene sediments on the surface are covered with 
Quaternary sediments, except on the stretch Jegunovce 
– Oreshje – Vratnica, where they are found on the sur-
face. Quaternary sediments are represented by lake, flu-
vio-glacial, proluvial and alluvial sediments. The base of 
the Polog Valley and its peripheral mountainous parts 
are built of Paleozoic and Mesozoic rocks (Petkovski et 
al., 1985). Paleozoic rocks are mainly represented by 
green schists, chlorite-epidote-sericite-quartz schists, 
albite-chlorite-epidote-sericite and other schists, graph-
ite schists, and from the eruptive rocks there are granites, 
which are usually schistose. Mesozoic rocks are mainly 
represented by: limestones, argiloschists, sandstones, 
dunnites, harzburgites, serpentinites and others. The 
sediment base is composed of metamorphosed diabase, 
Paleozoic schists and carbonate rocks. The industrial 
dump, which is the subject of the investigation in this 
paper, is located on the first river terrace of the river Var-
dar, i.e. at the entrance of the river Vardar in the Derven 
Gorge.

3. Hydrogeology

The hydrogeological structure of the wider area 
around the investigated site is shown on the Hydrogeo-
logical map, see Figure 3 (Ilijovski, 2013; Petkovski et 
al., 1985; Janchevski et al., 1982). According to the 
structural type of porosity that occurs in the rocks repre-
sented in the wider area, the following types of aquifers 
can be distinguished:

• Unconfined type of aquifers,
• Confined type of aquifers,
• Karst type of aquifers,
• Fractured type of aquifers, and
• Terrains without aquifers.
Each aquifer is characterized with special characteris-

tics and significance. Short description and hydrogeo-
logical parameters will be provided for each aquifer in 
the text below.

Unconfined type of aquifers is formed in the un-
bound sediments of the Polog Valley of tertiary and Qua-
ternary age, which are characterized by intergranular 
porosity. Within these aquifers, according to the perme-
ability and yield, the following types of aquifers can be 
distinguished:

• Aquifers with low water permeability and water 
bearing capacity,

• Aquifers with moderate water permeability,
• Aquifers with moderate to high water permeability 

and water bearing capacity.
Aquifers with low water permeability and water 

bearing capacity are formed in the clayey deluvial and 
proluvial sediments along the perimeters of the Polog 
Valley and in the limestone clayey debris that occurs in 
some fault zones along the perimeter of the valley, i.e. in 
the contact zone of the Zheden Massif with the Polog 

Valley. These aquifers have hydraulic conductivity Kf = 
0.086 – 0.86 m/day, transmissibility coefficient T = 15 - 
50 m2/day and a well yield Qw. = 0.5 - 2 l/s.

- Aquifers with moderate water permeability
They are formed in the proluvial sediments composed 

of gravel and sand as well as clayey gravelly sediments 
that occur along the peripheral parts of the Polog Valley. 
They are characterized by hydraulic conductivity Kf = 
0.86 – 8.64 m/day, transmissibility coefficient T = 50 - 
300 m2/day and a well yield Qw. = 2 – 10 l/s.

 Aquifers with moderate to high water permeabil
ity and water bearing capacity

These aquifers are formed in modern alluvial sedi-
ments and Quaternary lake and alluvial terraced sedi-
ments.

- Modern alluvial sediments, which are composed of 
various granular sands and gravels, in some places clay-
ey ones occur along the river Vardar. They have hydrau-
lic conductivity Kf = 8.64 – 86.4 m/day, a transmissibil-
ity coefficient of Т= 30 – 1500 m2/day and a well yield 
of Qw.= 10 – 25 l/s.

- Quaternary - lake and alluvial terrace sediments 
cover the entire Polog Valley to a depth of about 20 - 30 
m. In these sediments, the change of lithological units is 
very common, both in horizontal and vertical profile, 
due to which there is a difference in the hydraulic con-
ductivity. Generally, they are characterized by hydraulic 
conductivity Kf = 0.86 – 86.4 m/day, transmissibility 
coefficient T = 50 - 1500 m2/day and a well yield Qw. = 
5 - 25 l/s.

The movement of groundwater in the Polog Valley is 
in the general direction from the foot of Shar Mountain 
towards the river Vardar, as well as from Dolen Polog 
towards the carbonate Zheden Massif. Groundwater lev-
els in the central and eastern parts of the valley are quite 
shallow and range from 2 - 5 m.

The confined type of aquifers with subartesian 
and artesian level. According to the hydrodynamic 
properties of the level in the northeastern parts of the 
Polog Valley in the complex of water-permeable and 
water-impermeable Upper Pliocene - lake sediments, 
aquifers with sub-artesian and artesian level have been 
formed. The depth at which the artesian aquifers occur is 
20 - 100 m, with a hydraulic conductivity mainly in the 
range of Kf = 0.864 - 8.64 m/day and with a well yield 
of up to 20 l/s.

The karst type of aquifer is formed within the Trias-
sic carbonate rocks of which the Zheden Massif is com-
posed, located at the northeastern contact points with the 
Polog Valley. The Zheden karst aquifer is of exceptional 
importance due to the Rashche Spring, which discharge 
on the tectonic boundary between the Zheden Massif 
and the Skopje Valley (see Figure 4).

The Rashche Spring’s discharge at an elevation 300, 
while the carbonate rocks of the Zheden Massif are char-
acterized with intensive and deeper karstification, deep-
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er than elevation 300. The Zheden carbonate complex is 
characterized with very high water permeability and 
karstification, a spring yield Qs >2500 l/s, module of 
groundwater leakage qsp > 10 l/s/km2. The abysses of 
Polog Valley near Raotince participate in the recharge of 
the Zheden Aquifer, especially in conditions of rising 
water levels of the Vardar River (Kekić, 1986).

The fracturing type of aquifers occur in the sur-
rounding mountain massifs around the Polog Valley in 
the Paleozoic solid rocks which consist of the crystalline 
schists with lower crystallinity and the eruptive rocks 
which have low water permeability. The aquifers are 
represented only locally and shallow under the terrain 
surface, in depth these environments are arid, except 
along the tectonic-fault structures. The yield of the 
springs in these environments is usually lower than Qs < 
2 l/s, module of groundwater leakage qsp = 0.2 l/s/km2.

Terrains without aquifers are represented with Mio-
cene sediments (marls, marl clays, sandstones). They are 
very low water permeable to water impermeable, mostly 
arid terrains. They are located in Skopje Basin and at the 
contact with the Zheden Massif, at the location of the 
Rashche Spring.

4. Methodology

During 2019, three piezometers (SP-1= 21 m depth, 
SP-2= 48 m and SP-3= 59 m) and 3 investigation wells 
(IB-1 = 23 m, IB-2= 65 m and IB-3= 55 m) were con-
structed, for more detailed defining of the hydrogeologi-
cal characteristics between the industrial dump Jug-
ohrom and the karst Zheden Massif.

During November 2019, from an aspect of the content 
of Cr6+, a total of 19 samples were taken at once, 16 of 
which are from groundwater and 3 are from surface wa-
ters for determining the groundwater and surface waters 
contamination. Samples were taken from piezometers 
constructed 2019, as well as from existing piezometers. 
The location of the taken samples is shown in Figure 5, 
with ordinal numbers from 1 to 19.

For determining the Cr6+ content, in the groundwater 
the samples were taken from the piezometers and wells 
covering the waters from the unconfined aquifers, or the 
shallow waters occurring at a depth of about 23 m, SP-1 

(21 m), IB-1 (23 m), P-1 (6 m), P-19/2 (14.8 m), P-32/1 
(5.5 m) and P-35/1 (6 m) and from the piezometers and 
wells covering the waters from the confined aquifers 
with sub-artesian level SP-2 (48 m), SP-3 (59 m), IB-2 
(65 m), and P-2 (100 m), or the deeper waters occurring 
at a depth of about 100 m, the karst aquifer in the car-
bonate massif Zheden IB-3 (55 m), as well as from a 
pipe ø300 mm (14) and a pipe with a valve ø3/4’’ (15).

Only 2 samples were taken from the piezometers 
P-15/2 (7.5 m) and P-8 (20 m) in the area around the 
Plant Jugohrom. A total of 3 samples were taken from 
the surface waters from the Vardar River, before the 
dump (17) and after the dump (18), from the inflow of 
the river Gabrovnica in the Vardar River (19). A sample 
was taken also from the leachate occurring as drainage 
spillway (16).

The water samples were taken in plastic bottles which 
were previously well washed, and after they were ana-
lyzed in the Public Health Institute in Skopje by Flame 
atomic absorption spectrometry method (FAAS). 100 ml 
of water was taken from each sample into which 1 ml 
65% HNO3 acid was added. Then, each sample was treat-
ed with dry digestion on an electric hob. In the completely 
evaporated sample 10 ml 4% HNO3 acid was added. The 

Figure 4: Hydrogeological profile of Polog Valley – Zheden Massif – Skopje Valley

Figure 5: Location of water samples taken
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obtained measuring solution was used for determining the 
Cr6+ with atomic absorption spectrometry.

More countries, including the European Union have 
regulated the limited value for total chromium of 0.05 
mg/l (Directive 98/83/EC). The maximal acceptable 
limit for Cr6+ in the drinking water has not been deter-
mined yet in the European Union and many other coun-
tries. Italy has regulated Cr6+ to 0.005 mg/l in drinking 
water (Fantoni et al., 2020; Stepek, 2020). Chromium 
as a contaminant in drinking waters has various values 
for the maximal allowed concentrations for different na-
tional and international organizations, shown in the fol-
lowing table (Gebrekidon et al., 2011).

The obtained results of the Cr6+ content in the ana-
lyzed samples of groundwater and surface waters are 
compared with the Macedonian standard for maximal 
allowed concentrations (MAC) of Cr6+, which is 0.96 
micromoles/l, or (0.01mg/l) in the drinking waters (Of
ficial Gazette of R. M. no. 5/1984. Rulebook for the 
quality and health safety of drinking water).

5. Results and discussion

With the construction of the investigation wells and 
piezometers, it is determined that in the zone between 
the dump and the contact with the Zheden Massif, there 
are aquifers in the unbound sediments, or there is an un-
confined type of aquifer and confined types of aquifers 
with artesian and sub-artesian level and karst types of 
aquifers in the Zheden Massif. Based on testing the yield 
of IB-1 for the unconfined aquifer, the following is ob-
tained: hydraulic conductivity Kf = 9.75 m/day and 
transmissibility coefficient Т = 97.55 m2/day. For the 
confined aquifer with sub-artesian level, based on test-

ing of SP-1 the following is obtained: hydraulic conduc-
tivity Kf= 0.93 m/day and transmissibility coefficient Т= 
18.67 m2/day. The groundwater level in this area is with-
in 4 - 5 m.

Limestone-clayey debris, rather clayey with pieces of 
limestones is also registered on the contact between the 
unbound sediments and the Zheden Massif, with inter-
layers of clayey sand and sandy clays (tectonic contact-
fault). They are very low water permeable to water im-
permeable sediments, poor aquifers to arid, with hydrau-
lic conductivity Kf= 1x10-2 m/day, calculated based on 
the results from testing the yield of IB-2. The hydrogeo-
logical profile of the terrain between the industrial dump 
Jugohrom and the Zheden Massif is shown in Figure 6.

The obtained results from the Cr6+ content in the sam-
ples taken from the groundwater and the surface waters 
and how many times the concentration of Cr6+ has in-
creased in relation to the maximal allowed concentra-
tions (MAC = 0.01 mg/l) are shown in Table 2.

The contents of Cr6+ are shown graphically in Figure 
7, and their comparison with MAC of Cr6+ (0.01mg/l) 
according to the Macedonian standard for drinking wa-
ter. From the diagram it can be seen that increased con-
centration of Cr6+ are determined within a large number 
of samples in comparison to the MAC.

Based on the performed analyses and the spatial ar-
rangement of the locations where the groundwater sam-
ples have been taken, it can be concluded that the highest 
contamination with Cr6+ in relation to MAC occurs near 
the dump, in the shallow groundwater, or in the uncon-
fined aquifers. The Cr6+ content in these aquifers ranges 
between 0.052 – 132.98 mg/l. The highest concentrations 
of Cr6+ in the shallow groundwater are determined in the 
well IB-1 (23 m depth) with Cr6+ concentration Cr6+= 

Table 1: Limit values standards of total chromium (Cr) and hexavalent Cr6 +

USEPA, 2008 EU, 1998 WHO, 2008 Iranian, 1997 Australian, 1996 Indian, 2005 New Zealand, 2008
Cr (µg/l) 100 50 50 50 50c 50c 50

c Chromium as Cr6+ not as total Cr

Figure 6: Hydrogeological profile of the location dump  
Jugohrom – Vardar River – Zheden Massif
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132.98 mg/l, or there is 13300 times higher concentration 
in relation to the MAC. This well is  located under the 
dump in its vicinity (see Figure 5). Only in the piezome-
ter with ordinal no. 9, which is at the greatest distance 
from the dump, Cr6+ has not been registered.

The concentration in the unconfined aquifer is visibly 
high, while in the confined aquifers with sub-artesian 

level, the concentrations are rather smaller. This is a re-
sult of the hydrogeology of the terrain. The Cr6+ content 
in these aquifers ranges between 0.017 – 0.041 mg/l and 
it is lower than the content of Cr6+ in the shallow ground-
water.

In the investigation well marked with ordinal no. 5 
located at the contact with the Zheden Aquifer, content 

Table 2: Cr6+ content in samples from groundwater and surface water in the surrounding environment of Jegunovce

 Sample 
Number Location of taken sample Depth 

(m)
Cr6+(mg/l)
Content

How many times has the concentration  
of Cr6+ increased in relation to MAC *

G
ro

un
dw

at
er

1 Piezometer SP-1, 2019 21 7.4 740
2 Piezometer SP-2, 2019 48 0.041 4.1
3 Piezometer SP-3, 2019 59 0.017 1.7
4 Investigation well IB-1, 2019 23 132.98 13298
5 Investigation well IB-2, 2019 65 n.d. /
6 Investigation well IB-3, 2019 55 n.d. /
7 Piezometer P-1 6 29.8 2980
8 Piezometer P-2 100 0.018 1.8
9 Piezometer P-19/2 14.8 n.d. /
10 Piezometer P-32/1 5.5 3.9 390
11 Piezometer P-35/1 6 0.052 5.2
12 Piezometer P-15/2 7.5 0.306 30.6
13 Piezometer P-8 20 1.93 193
14 PVC pipe ø300 mm / n.d. /
15 Pipe with valve ø3/4’’ / 8.226 822.6
16 Drainage spillway / 725 72500

Su
rf

ac
e 

w
at

er 17 Vardar River, before the dump / n.d. /

18 Vardar River, after the dump / 0.069 6.9

19 Gabrovnica River - influx in the Vardar River / n.d. /

* Values greater than 0.01 mg/l are marked in red

Figure 7: Graphic review of Cr6+ contents from taken water samples, 2019.  
MAC limit for Cr6+ is also shown
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of Cr6+ has not been registered. This is also a result of the 
hydrogeology of the terrain. In the well IB-3 marked 
with ordinal no. 6, performed in the Zheden Massif, with 
karst type of aquifer, content of Cr6+ is not detected. In-
creased concentrations of Cr6+ occur also in the water 
sample no. 15 taken from the pipe with valve ø3/4’’ go-
ing under the dump and intakes the drain contaminated 
water from the dump.

The enormously high concentration of Cr6+ (725 mg/l) 
72500 times higher in relation to the allowed are deter-
mined in the water sample no. 16 which is taken as spill-
way after from the drainage of contaminated waters 
from the dump (see Figure 1).

In the sample no. 17 taken from the Vardar River, be-
fore the dump, Cr6+ is not detected. In the sample no. 18 
taken from the Vardar River, under the dump, lower con-
centrations of Cr6+ (0.069 mg/l) are registered, which are 
7 times higher than the maximum amount allowed.

If we take into account that there is recharging of the 
Zheden karst aquifer from the Vardar River (Kekić, 
1986) in the area before and after the dump, it can be 
concluded that contamination with Cr6+ is possible in the 
future of the groundwater of the Rashche Spring.

6. Conclusions

The obtained results from the performed investiga-
tions suggest high contamination of the groundwater and 
surface waters around the industrial dump Jugohrom 
with Cr6+, and around the past metallurgy plant Jug-
ohrom in Jegunovce.

The contamination with Cr6+ is determined to a higher 
extent in the unconfined aquifers occurring to a depth of 
about 23 m, and to a lower extent it is present in the ar-
tesian aquifers with sub-artesian level and occurring at a 
depth to about 100 m.

Contamination with Cr6+ is also determined in the wa-
ter of the Vardar River, under the dump. If it is taken into 
consideration that there is recharging of the Zheden karst 
aquifer along the flow of the Vardar River, in the area 
before and after the dump, and if appropriate measure-
ments are not taken in the future, contamination with 
Cr6+ may occur to the groundwater in the Zheden Massif, 
and the Rashche Spring, because it is a karst spring dis-
charging from the Zheden Massif.

In order to avoid the contamination with Cr6+ of the 
water discharge from the Rashche Spring, it is necessary 
to undertake certain preventive measurements with reg-
ular monitoring of the surface water and groundwater 
quality around the dump, and regular treatment of the 
waters contaminated with Cr6+.

Given the validity of the water from the Rashche 
Spring, used for water supply of the city of Skopje, a 
permanent solution to the problem is necessary, or com-
plete removal of the dump, if possible, extraction of the 
useful mineral raw materials, remediation of the soil and 

removing the upper contaminated layer, remediation of 
the groundwater and recultivation of the terrain.
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Sažetak

Zagađenje s Cr+6 podzemnih i površinskih voda s industrijskoga odlagališta  
Jugohrom – Jegunovce, Republika Sjeverna Makedonija

kako bi se istražilo zagađenje šesterovalentnim kromom (Cr6+) podzemnih i površinskih voda oko industrijskoga odla-
gališta otpada Jugohroma – Jegunovce provedena su hidrogeološka istraživanja tijekom studenoga 2019. godine. Uzeto je 
16 uzoraka podzemnih i 3 uzorka površinskih voda. koncentracije Cr6+ u većemu dijelu analiziranih uzoraka podzemnih 
i površinskih voda nadilaze najveće dopuštene koncentracije od 0,01 mg/l prema makedonskome i europskim standardi-
ma o pitkoj voda. Najveće onečišćenje Cr6+ kreće se u rasponu 0,052 – 132,98 mg/l, a opaženo je u blizini plitkih podze-
mnih ili slobodnih vodonosnika. U arteškim vodonosnicima sa subarteškom razinom vode u nekim uzorcima opaženo je 
onečišćenje Cr6+ 0,017 – 0,041 mg/l. Načinjena su dva ispitivanja na površinskim vodama rijeke Vardar, ispred i iza odla-
gališta otpada. koncentracija Cr6+ (0,069) povećana sedam puta pronađena je uz odlagalište otpada. U preljevnoj vodi iz 
drenaže utvrđen je sadržaj Cr6+ od 725 mg/l. Zagađenje podzemnih i površinskih voda s Cr6+ antropogeno je, a rezultat je 
rada Metalurškoga postrojenja Jugohroma u razdoblju od 1955. do 1994. godine.

Ključne riječi:
šesterovalentni krom Cr6+, podzemne vode, zagađenje, Zeden, izvor Rašče
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