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Abstract The goal of this study is to evaluate the quality 

of seven natural mineral water sources in the Vmjačka 

Banja arcea used in the treatment of various diseases. Thc 

24 macro- and microelements were determined by induc- 

tively coupled plasma optical emission spectrometry (ICP- 

OES). The results show that element content was within 

allowed limits of concentration, except for B, As, and Se. 

The evaluated content of these elements can be associated 

with geological and anthropogenic factors. The sample S6 

contains more than twice the conccentration of As, meaning, 

that the use of water from this source should be limited due 

to the negative impact of this element on human hcalth. 

The calculated values of weekly (EWI) and oral (OI) 

intakes as well as the acute hazard quotient (HQA) of 

selected toxic and potentially toxic clements indicate no 

health risks to the consumers. Thc highest hazard quotient 

(HQ.) observed for As in sample S6 (2.0-:10 ') 
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demonstrated a significant risk of carcinogenic diseases 

in long-term consumption from this source. Thc estimated 

non-carcinogenic (DI„) and carcinogenic (DI, ) dermal 

intakes with acute (HQA) and long-term (HQ) ) hazard 

quoticnt values for sample S3 show that there is no hcalth 

risk to those who use the water from this thermal source for 

bathing. The presence of acrobic mesophilic bacteria at 22 

"C and 37 "C in samples S3, S6, and S7 as well as sulphite- 

reducing. Closfridia species in sample S5 werc detected, 

potentially indicating: some non-faecal or faecal 

contamination. 

Keywords Mineral waters · Groundwater · Macro- and 

microelements · Water quality · Health risk · Geological 

origin 

Introduction 

Water quality is ofa vital importance for mankind given 

the direct connection between water and human survival 

(Rajiv et al. 2012). Water is known to play essential 

roles in human health (Boe-Hansen 2001), such as reg- 

ulation of body temperature, removal of harmful sub- 

stances from thc body, and transport of vital nutricnts. 

Many water resources in developing countries are un- 

healthy due to the presence of harmful physical, chem- 

ical, and biological agents (WHO 2008). Unfortunately, 

industrial development, urbanisation, and population 

growth have a negative impact on water quality (Su 

et al. 2011). Generally, water can be chemically, physi- 

cally, or microbiologically contaminated duc to 
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excessive use of mineral and natural fertilizers, waste 

disposal, wastewater discharge, excessive use of pesti- 

cides, and air pollution (Ćurčić and Čomić 2002). Water 

is not an unlimited natural resource, and therefore, water 

quality should be a basic priority. 

The chemical characteristics ofnatural waters depend 

on the composition of thc rocks and thc soil through 

which the water passes. On its path, water is filtered, 

dissolves various inorganic and/or organic chemical 

compounds, absorbs gases (SO», H.5S, and CO»), and 

forms thermo-mineral, carbonic-acid, or sulphide water. 

Micro- and trace amounts of certain elements (such as 

Co, Cr, Cu, Fe, Se, and Zn) are essential for human life; 

however, lowered or clevated levels of these elements 

can have a negative impact on human health, cither duc 

to toxicity, persistence, and bioaccumulation capabilities 

(Bencko 1977; Huang 2003; Fail et al. 1998). Many 

metals (Fe, Cu, Zn, Cd, Mn, etc.) have an affinity to bind 

with organic substances to form organometallic com- 

pounds of a high liposolubility coefficient, thus poten- 

tially becoming toxic and, in some cases, carcinogenic 

(Van der Kooij et al. 1991; Chale 2002; Huang 2003). 

Detection of bacteria in drinking water signifies the 

presence of pathogenic organisms, the source of watcr- 

borne diseases (Al-Khatib and Arafat 2009). Microbio- 

logical contamination of water may lead to serious 

human health issues such as gastrointestinal and uro- 

genital tract infections, sepsis, meningitis (in the case of 

newborns), and lung inflammation (Craun et al. 2006; 

John and Rose 2005). 

Mineral and thermal waters are a groundwater 

characterised by particular chemical and physical fca- 

tures such as greater mineralisation, dissolved gases 

(SO», H5S, and CO), radioactivity, or increased/ 

decreased temperature. Such waters are gencrally asso- 

ciated with a specific and unique geological and tectonic 

structure (Laboutka and Vylita 1983). Mineral waters 

from deeper aquifers often have an increased tempera- 

ture and thcrefore qualify as thermo-mineral. According 

to the content of macro- and microelements and other 

physical and chemical parameters of mineral water qual- 

ity, the territory of Serbia belongs to one of the most 

attractive arecas ofthe European continent (Petrović ct al. 

2010). Mineral and thermal waters in Serbia are mostly 

used for health-related bathing and other balncological 

and recreational purposes. In addition, the bottling:of 

these waters as mincral, spring, or table has become 

increasingly popular in the last few decades. Thesc 

waters have a long use history in Serbia, but have only 
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relatively recently become the subject of scicntific rc- 

search (Todorović et al. 2016). One of the most famous 

and visited Serbian spa centres (resort) with thermal and 

mineral waters is Vrnjačka Banja. Thermo-mineral wa- 

ters from the territory of Vrnjačka Banja are used in the 

treatment of digestion, rheumatic, cardiovascular, and 

various skin diseases. Therefore, a study of the quality 

of these waters from the perspective of physical, chem- 

ical, and microbiological parameters is of the utmost 

importance for both the local population and visitors 

(more than 200,000 in 2018). 

The aim of this research is to investigate the quality 

of mineral waters from the Vrnjačka Banja area through 

analysis of physico-chemical parameters (temperature, 

pH value, turbidity, conductivity, total hardness (TH), 

total organic carbon (TOC), CI , NHa, NOxy ). Further- 

more, the study looks at the macro-, micro-, and trace 

elemcnt content, as well as bacteriological parameters 

(aerobic mesophilic and sulphite-reducing, bacteria). 

Special emphasis is placed on oral and dermal intakes 

of increased concentrations of toxic elements and as- 

sessment of potential risk (acute and long-term) to hu- 

man health. 

Material and methods 

Study area 

The geographical position of the locations is shown in 

Fig. 1. The Vrnjačka Banja area is characterised by a 

very complex geological structure: from thc oldest, Pa- 

leozoic formations (schists, with marble and 

serpentinite), through the Mesozoic flysch, to the youn- 

gest, Quatemary sediments (Neogene clay, marlstonc, 

conglomerate, and tuff). The examination of mineral 

water sources in the widcr areca has shown that they 

drain from different types of fissured aquifers, formed 

in intensely cracked Paleozoic schists (Slatina and Beli 

izvor), marble (Jezero), or serpentinites (Topli izvor, 

Snežnik, and Borjak), as well as sandstones and brec- 

cias, from the deeper parts of the Neogene complex 

(Vrnjačko vrelo). Water samples from these mineral 

water sources were collected in the Vrnjačka Banja area: 

mineral source Snežnik (S1), thermo-mineral source 

Jezero (S2), thermo-mineral source Topli izvor, which 

patients used for bathing (S3), and mineral source 

Borjak (S4), as well as thermo-mineral source Beli izvor 

Content courtesy of Springer Nature, terms of use apply. Rights reserved.
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Raška District 

Fig. 1 Geographical position of Vrnjačka Banja area 

(S5), mineral source Vrnjačko vrelo (S6), and mineral 

source Slatina (S7). 

Determination of physico-chemical properties 

The temperature of the samples was mcasured with 

a thermometer and expressed in "C (Yu et al. 

2009). The pH value and conductivity were mca- 

sured using a pH meter and conductometer 

(senslON+ MM 374 GLP 2 channel Benchtop Me- 

ter) (APHA 2012). Turbidity was mcasured by 

nephelometry using the Handheld Turbidimeter 

(Turb 430 IR) (APHA 2012). The chloride content 

was determined by volumetric titration using a 

standard solution of silver nitrate (0.1 mol/L) with 

potassium chromate (Ko)CrOua) as an indicator 

(Mohr's method) (Waters-Doughty 1924). Total wa- 

ter hardness (TH) was calculated as described in 

Milojković ct al. (2018): TH in dH = 0.1339 x 

[Ca in mg/L]} + 0.2307 x [Mg in mg/L]. The 

colorimetric method was used to determine ammo- 

nia (Nessler's reagent, 425 nm) and nitrate levels 

(220 and 275 nm) (APHA 2012). A Shimadzu 

(model no: UV-2550) UV-Visible 

Page3ofl6 648 

Vrnjačka Banja 

spectrophotometer with 1 cm matching quartz cells 

was used for the absorbance measurements. All 

chemicals used werc of analytical rcagent grade, 

and deionised water was used in the preparation 

of all solutions in the experiments. 

The determination of TOC was performed using 

Teledyne Tekmar Instruments—Apollo 9000 TOC 

analyser. The inorganic carbon componcnt from sam- 

ples was eliminated by acidification with HCI, pH range 

=2—3 (Florescu et al. 2013). The remaining carbon was 

mcasured to determine total organic carbon, presented 

as TOC and expressed as mg/L. 

ICP analysis 

The content of elements in solution samples was deter- 

mined by inductively coupled plasma optical emission 

spectrometry (ICP-OES), according to previously de- 

scribed procedures (Kostić et al. 2016). 

Oral and dermal intake with health risk assessment 

For the estimated oral intake of selected toxic elements, 

acute and long-term hcalth risks (expressed as hazard 
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quotient values, HQA and HQ ) were determined ac- 

cording to calculations presented in our previous work 

(Kostić et al. 2016), with one change—the average 

mineral water consumption in Serbia used for calcula- 

tion was 0.19 L/day. Further, the possible dermal intake 

of selected elements in sample S3 and accompanying 

health risk assessment was added (Wang 2018; Nnorom 

et al. 2019), since the water at this location is used for 

thermal bathing. The RfDaermar values for examined 

elements were calculated as RfD„. ı * ABSqi, where 

RfDora is the reference dose for oral intake (US EPA 

2018), while ABSci is element absorption fraction in the 

gastrointestinal tract (US EPA 2004). 

Bacteriological analysis 

Bacterial analyses (aerobic mesophilic and sulphite- 

reducing  bacteria) were performed according to Na- 

tional Standard Methods for the Hygienic Examina- 

tion Drinking: Water Standard Methods for Exami- 

nation of Hygienic Correctness (1990). To deter- 

mine aerobic mesophilic bacteria, a 2-mL water 

sample was added to a Petri dish and after thc 

addition of 15 mL of dissolved substrate (tryptone, 

agar, dehydrated ycast extract, water), the mixturc 

was gently shaken. The plates are incubated at 36 

?C for 44 h and at 22 ?*C for 68 h. Thereafter, the 

bacterial colonies grown on cach plate werc count- 

ed and the results were expressed as the number of 

colonies per mililitre (CFU/mL) of sample for cach 

temperature. For determining sulphite-reducing 

Clostridia, a 50-mL sample was heated to 80 *C 

for 15 min. Afterward, 50 mL of anaerobic sulphite 

Table 1 Physico-chemical parameters of investigated water samples 

Sample sı yA s3 

Temperature ("C) 17 27 36 

pH 6.42 6.49 6.48 

Turbidity (NTU) 2.77 1.44 0.89 

Conductivity (LS/cm) 1397 2980 2150 

TH (*%dH) 20.68 30.94 21.66 

TOC (mg/L) 7.65 6.20 8.98 

CI (mg/L) 21.62 35.09 34.74 

NHs (mg/L) 0.03 0.186 0.014 

NO, (mg/L) 2.35 1.58 1.32 

TH total hardness, TOC total of organic carbon 
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agar was added and the mixture was stirred and 

cooled to room temperature. The inoculated medi- 

um was incubated for 48 h at 37 "C. The appear- 

ance of black colonies is confirmation of the pres- 

ence of sulphite-reducing Closfridia. Thc results 

were expressed as the number of colonies per 50 

mL (CFU/50 mL) of sample at 37 ?*C. 

Statistical analysis 

The results given in this investigation are averages of 

triplicate measurements and presented as mean value + 

SD. The means were compared through a f test with 

significant differences at p < 0.05. 

Results and discussion 

Physico-chemical parameters 

The results of the basic physico-chemical parameters of 

the analysed water samples are shown in Table 1. Thc 

temperature ofthe investigated water samples was in thc 

range 14—36 ?C. The highest value of temperature was 

mcasured in sample S3, and this water belongs to mod- 

erately warm waters. It is important to note that mineral 

water from that source is used to help digestion, stomach 

problems, and gallbladder problems. This mineral water 

is applied orally (through drinking), through inhalation, 

as an enema, and vaginal spray in the treatment of thesc 

difficulties. Furthermore, it is used in the treatment of 

inflammatory and degenerative illnesses of the skeletal 

system as Wwell as a mineral bath. All measured 

s4 S5 S6 S7 MAC* 

19 22 17 14 _ 

6.88 6.55 6.90 6.68 6.5-9.5 

5.24 4.24 1.35 2.27 5 

1215 3460 657 2200 2500 

18.23 27.98 10.50 31.66 _ 

6.45 848 7.05 6.95 _ 

20.56 46.79 33.59 28.91 250 

0.134 0.106 0.100 0.108 0.5 

1.31 421 7.63 4.74 50 

*Maximum allowed concentration (MAC) in natural spring water for human use (Official Gazette 2013) 
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temperatures were higher compared to values (7—13.5 

"C) obtained for samples collected in Guber Spa (Bosnia 

and Herzegovina) (Nesimović et al. 2017). 

The pH valuc range of tested water samples was 

between 6.42 and 6.90, which is within range recom- 

mended by UNESCO/WHO/UNEP (Chapman and 

Kimstach 1996). The highest pH valuec was mcasured 

in sample S6 (Vrnjačko vrelo), while the lowest was 

recorded in sample S1 (Snežnik). As expected, the ob- 

tained results have shown that the investigated water 

samples are moderately acidic but significantly higher 

than the more acidic waters from Guber Spa (Bosnia and 

Herzegovina) where recorded pH values were between 

1.67 and 4.91 (Nesimović et al. 2017). 

The turbidity of the water is the result of the 

optical activity of dissolved substances in the water. 

The level of turbidity can be increased by thc pres- 

ence of different organic matter and the content of 

suspended inorganic substances. All investigated wa- 

ter samples showed turbidity below 5.00 NTU, ex- 

cept sample S4 (5.24 NTU) where the measured 

value was slightly higher than allowed. Groundwater 

turbidity is a result of the prescnce of fine suspended 

colloidal substances, such as clay, silt, and other 

suspended organic and inorganic substances 

(Dragišić and Živanović 2014). It is connected to 

the geology of the surrounding cnvironmcent. Addi- 

tionally, it can be the consequence of the rapid influx 

of surface water in rainy season (Pantelić et al. 2017). 

If suspended organic matter is causing elevated tur- 

bidity, higher concentration of total organic carbon 

(TOC) is expected (Gorham ct al. 1986). 

Conductivity is the measure of the ability of water to 

conduct electrical current, which can be a basic indicator 

Fig.2 Relationship between 9,53 
TOC (mg/L) and turbidity (NTU) 9. 

in analysed water samples 
8,5 | 

8- 

54 

7J 

6,5 j 

61 

TO
C 

(m
g/
L)
 

5,5 | 

54 
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of its mineral content. The degree of conductivity dc- 

pends on the concentration of ions present in the water, 

the mobility and the amount of clectrical charge of cach 

ion, and the temperature at which the conductivity was 

determined. According to the legislation ofthe Republic 

of Serbia (Official Gazette 201 3), all samples, except for 

S6, are classified as natural mineral waters. Several of 

them can even be characterised as natural mineral waters 

rich in mineral salts, a category comprising  mineral 

waters of mineralisation higher than 1500 mg/L. Sample 

S6 is in the category of natural mineral waters with low 

content of dissolved mineral solids, since its conductiv- 

ity is only 657 u S/cm. This value was similar to result 

for water conductivity from the “Mali Guber” well— 

700 uS/cm (Nesimović et al. 2017). 

TOC is defined as the total concentration of car- 

bon, found in organic matter form existent in the 

water, and accounts for water taste, colour, and odour 

and thcrefore may be a useful indicator of water 

quality. TOC consists of dissolved and particle mate- 

rial and is consequently influenced by fluctuations in 

suspended solids. The maximum allowable value of 

the total organic carbon in natural mincral waters is 

not legally defined by the Republic of Serbia 

(Official Gazette 2013), but it is considered that it 

should not exceed 5 mg/L. In all analysed water 

samples, the calculated values of TOC were in the 

range of 6.20 to 8.98 mg/L, mostly consistent with 

the elevated turbidity, except for the samples S3 and 

S4 (Fig. 2), where the presence of organic substances 

is not the cause of water turbidity. Sample S3 has the 

highest TOC value (8.98 mg/L), which does not 

cause increased turbidity (only 0.80 NTU). On the 

other hand, sample S4 has onc of the lowest TOC 

+ 55 

56 •s 

0 

Turbidity (NTU) 
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values on site (6.45 mg/L), but the turbidity is ele- 

vated (5.24 NTU), probably due to the presence of 

dispersed inorganic substances (such as clay, sludge, 

etc.). 

In groundwater, chlorine mostly occurs in the form of 

chloride ions. There is no proof that increased concen- 

tration of chloride influences human health; neverthe- 

less, chloride ions can have an cffect on water flavour 

and colour (Pantelić et al. 2017). In winter periods, duc 

to road salt sprinkling, the concentration of chloride is 

significantly increased in groundwaters (Chapman and 

Kimstach 1996). In the analysed samples, the chloride 

content was relatively low, ranging from 20.6 to 46.8 

mg/L (Table 1), Ieading to the conclusion that there is no 

negativc effect on organolcptic characteristics of 

analysed waters. The highest concentration of chloride 

ions was recorded in sample S5, while S4 showed thc 

lowest value of this parameter. 

In an aqueous solution, ammonia occurs in cquilib- 

rium with the ammonium ion. Total ammonia presents 

the sum ofthe concentration of both forms and depends 

on temperature as well as the water pH value. In natural 

mineral waters, the presence of ammonia is normal due 

to degradation of nitrogenous organic compounds (such 

as proteins). Higher concentrations, however, may indi- 

cate organic pollution of water, and it is, therefore, very 

important to monitor its level in water for human use. 

By legislation of the Republic of Serbia, the maximum 

allowed ammonia concentration in natural spring waters 

is 0.5 mg/L (Official Gazette 2013). All investigated 

samples of mineral waters had a significantly lower 

valuce than thc standard specifted, as well as a signifi- 

cantly lower concentration of nitrate ion than the max- 

imum permitted value. 

14
,6

60
 

+ 
64

0 
12
73
 

+ 
58

a 

18
,0
10
 

+ 
81

0 
83

4 
+ 

34
A 

47
57

 
+ 

15
6 

1
1
8
8
 

+ 
48

a 

30
24

 
+ 

12
4 

s
 

S*
* 

22
.4
 

+ 
1.
la
,c
,d
 

19
.3
 
+0
.9
c 

1
6
4
+
0
.
8
 

11
.3

 
+ 

0.
5b

 

20
.9

 
+0
.9
c,
d 

s
 

23
.7

+0
.8

a 

11
.2
 

+ 
0.

6b
 

Si
* 

24
24
.0
 

+ 
10

4.
0a

 

14
1.
4+
6.
0 

23
27
.0
 

+ 
87
.0
a 

7
3
0
.
0
 + 

18
.0

 

k
k
 

86
4.

5 
+ 

42
 

20
31
.0
 

+ 
91

.0
 

14
54
.0
 

+ 
54

.0
 

Sr*
* 

26
4.

9 
+ 

4.2
 

65
1.

3 
+ 

5.0
 

52
3,
4 

+ 
4.7

 
19

4.
9 

+ 
5,2

 
82

0.
2 

+ 
3.

84
 

21
.1
+5
.6
 

77
0.
1 

+ 
4.7

 
10
00
 

Ba
**
 

51
.7

+ 
1.
5b
 

41
.7

+1
.4

c 

5
0
.
2
 

+ 
1.

2b
 

4
1
.
7
 

+ 
1.
8c
,d
 

Mg
* 

44
.1
 

+ 
1.
4a
,c
,d
 

45
.0
 

+ 
1.
9a
,c
 

48
.5

 
+ 

2.
5a
,b
 

50
 

70
.9

 
+ 

3.
la
,c
 

15
5.

1 
+ 

5.
0b

 

72
.7

 
+3

.7
a 

64
3 

+3
.l

Ic
 

12
2.
5 

+ 
5.
9 

6.
7+
0.
2 

15
8.
9 

+ 
7.

7b
 

15
0 

Ca
* 

36
4.

2 
+ 

18
.4

 

87
2.
5 

+ 
40

.6
 

61
8.

6 
+ 

28
,3
 

29
2.
5 

+ 
12
.4
 

98
9.
5 

+4
2.

9a
. 

29
.4

 
+ 

1.
2 

98
5.

2 
+4
0.
la
 

k
k
 

Liž
* 

The content of macro- and microelements in water 

samples 

The median concentrations of the investigated elements 

in mincral water samples from the Vrnjačka Banja arca 

are given in Tables 2 and 3. Sodium is the dominant 

macrocomponent in all these mincral waters (Fig. 3), 

generally due to the lithology of the aquifers, compris- 

ing schists, among other rock (Dragišić et al. 2012). For 

the same reason, these waters are rich in potasslium. As 

shown in Table 2 and Fig. 3, the water samples S2, S3, 

S5, and S7 contain significantly higher amounts of 

sodium compared to other macrocomponents, with 

748.6 mg/L from sample S5 the highest amount. Therce 

32
.7

+1
.8

a 

78
.8

 
+2

.7
 

56
.9

 
+ 

1.
1 

31
.0
+1
.4
a 

91
.2

 
+2

.3
b 

7.
2 

+0
.2

 

92
.7

 
+ 
4.

7b
 

k
k
 

K*
 

56
9.
9 

+ 
20
.9
 

39
4.
6 

+ 
16
.6
 

74
8.
6 

+ 
26
.6
a 

27
.9
 

+ 
1.
4 

71
5.
4 

+2
7.
4a
 

15
8.
3 

+ 
5.
3 

/*
k%
 

18
9.
9 

+ 
8.

7 

Na
* 

Re
su

lt
s 

wi
th
 

th
e 

sa
mc

e 
lo

we
rc

as
e 

le
tt

er
 
(a
-d
) 

in 
th
e 

sa
me

 
co
lu
mn
 

ar
c 

no
t 

si
gn

if
ic

an
tl

y 
di

ff
er

en
t 

(p
 

< 
0.
05
).
 
Re

su
lt

s 
wi
th
 
th
e 

sa
me
 
su

pe
rs

cr
ip

t 
up

pe
rc

as
c 

le
tt

er
 
(A

) 
fo
r 

th
e 

sa
me

 
ro

w/
sa

mp
le

 
ar

c 
no
t 

si
gn

if
ic

an
tl

y 
di

ff
er

en
t 

(p
 

< 
0.
05
) 

* 
M
a
x
i
m
u
m
 

al
lo
we
d 

co
nc
en
tr
at
io
n 

(
M
A
C
)
 

in
 
wa
te
r 

fo
r 
hu

ma
n 

us
e 

(O
ff

ic
ia

l 
Ga
ze
tt
e 

20
08
) 

Ta
bl

e 
2 

Th
c 

co
nt

en
t 

of
 
ma
cr
oe
le
mc
nt
s 

in 
wa
te
r 

sa
mp
le
s 

**
*N

ot
 
re

gu
la

te
d 

by
 

Of
fi

ci
al

 
Ga
ze
tt
e 

(2
01
3)
 

*C
on
cc
nt
ra
ti
on
 

of
 
el
em
en
ts
 

in 
mg
/L
 

**
Co

nc
en

tr
at

io
n 

of
 e

le
me

nt
s 

in 
Hg
/L
 

Sa
mp

le
 

s4
 

MA
C+

 

@ Springer 

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Environ Monit Assess (2019) 191: 648 Page7ofl6 648 

Table 3 The content of microelements in water samples [ug/L]} 

Sample B Al As Se 

sı 417.6+ 1.4 6.06 + 0.18a 5.66 + 0.16 

s 1570.0+ 79.0 6.49 + 0.26a n.d. 

s 848.1+30.9 - 3,43+0.12 

s4 233.1 + 12.1 

3.83 + 0.12 

7.12 + 0.28 

1.37+0.06a 14.10+0.70a 0.123 + 0.005 

4.83 + 0.13b,cA 5,01+0.10% 13.73+0.68a 0.915+0.045a 403.6+22.4 1.01+0.028 

Pb Fe Co 

0.922 + 754.5 +34.2 1.47+ 0.07 
0.020a% 

n.d. 876+1.6 - nd. 

0.8+0.1% - 0.61+0.01 

S5 1860.0+70.0a 5.20 + 0.23b 2.40+0.12 1736+0.81 0.060+0.003 345+14 - 0.04+0.03% 

s6 0.00 + 0.05% - 5.15 + 0.26b 23.91+0.81 n.d. 1.005+0.025  „389+1.9a 0.69+0.01 

S7 1800.0+80.8a 4.62 + O.12c 1.46+0.05a 6.03+0.25 · 0.676+0.086 · 309.9+2.0a 1.65+0.05 

MAC* 1500 /** 10 10 10 /** /** 

Sample Ni Cu Zn cd P Mn Mo Cr 

sı 16.26+0.71 · n.d. 4.83+0.21 1.024+0.02a 0.90+0.05. 96.9%3.la n.d., 0.382+0.012a 

s 1.56 + 0.06 n.d. 8.37+0.33 0.92+0.02a2 0.90+0.0582 | 179.8+7.3 0.192+0.007 0.360+0.019a 

s n.d. n.d. 5.43+0.2la 1.14+0.05b 0.90+0.05a2 101.1+4.2a n.d. 0.107 + 0.004 

s4 2.74 + 0.08 n.d. 5.80+0.24a 1.03+0.03a2 0.90+0.05a 115.3+5.7 n.d. 0.387+0.017a 

S5 9.58+0.46a · n.d. 14.34+0.46a 1.23+0.04b 0.90+0.05aP · 4096=%2.5 · md. 0.393+0.012a 

s6 n.d. 5.84 + 0.228 15.03+0.6l1a 0.87+0.02a 32.27%1.457 | 5.8+0.27% · 2,348+0.061 0.074+0.001 

S7 10.44+0.46a · n.d. 7.73+0.29 · 0.95+0.04a“ 0.90+0.05a" | 235.1+7.4 n.d., 0.537 + 0.026 

MAC* 20 3000 /** 3 /** 500 /** 50 

Results with the same lowercase letter (a-c) in the same column are not significantly different (p < 0.05). Results with the same uppercase 

letter (A-C) for the same row/sample are not significantly different (p < 0.05) 

n.d. not detected 

*Maximum allowed concentration (MAC) in water for human use (Commission Directive 2003/40/EC) 

**Not regulated by Commission Directive 2003/40/EC 

is no MAC for sodium in mineral waters. However, the 

maximum allowable sodium in drinking water for ev- 

eryday use is 200 mg/L (Official Gazette 2008), and 

therefore, the consumption of these waters should be 

limited. The concentration of this macroclement in sam- 

ples S5 and S7 is comparable to those in mineral water 

springs in Kanjiža, Serbia (Bogdanović and Besermenji 

2000), and Vitinički Kiseljak, Bosnia and Herzegovina 

(Lazić et al. 2011). On the other hand, the same samples 

contain twofold higher concentration of Na compared to 

mineral water sources in Lukovska and Vranjska Banja, 

Serbia (Ša.raba et al. 2017), and Permet, Albania (Eftimi 

and Frashčri 2016). Furthermore, all tested samples 

from Vrnjačka Banja contain approximately 3 to 69 

Fig.3. Concentration of 800 - 

macroelements (in mg/L) in = il 

analysed water samples E 700 

E·' 600 _ 

Hi 
E 500 j 

-j ——Na 
« 400 

H ——-k 
t:} M 

- 300 ——Ca 

š 200 _ ME 

F} di 
6 100 j 
o 

0 | 

@ Springer 

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



648 Page&oflć6 

times higher amount of Na than the mineral water in 

Krapinske Toplice, Croatia (Borović et al. 2016) and 

even 7 to 187 times more than thce Iliča, Montenegro 

water spring (Burić et al. 2016). The concentrations of 

potassium in all analysed samples (Table 2) were signif- 

icantly higher than the median potassium concentration 

for European bottled waters (2.1 mg/L) (Reimann and 

Birke 2010) and for Serbian mineral waters (10 mg/L) 

(Stojković 2013). The maximum allowable concentra- 

tion of lithium is not defined in cither the legislation of 

the Republic of Serbia or the WHO, and obtained results 

oftested samples indicate that the highest concentration 

was recorded in samples S5 and S7 (989.50 and 985.20 

Hg/L, respectively), while a rather low value was mea- 

sured in sample S6, only 29.36 ug/L. 

The source of calcium and magnesium in these min- 

eral waters is mostly marble (for calcium and magne- 

sium) and serpentinite (for magnesium), both present in 

the aquifers (Dragišić et al. 2012). Most ofthe analysed 

water samples had calcium and magnesium contents 

within the limits for everyday drinking water (150 and 

50 mg/L, respectively) (Official Gazette 2008). All 

analysed samples had a higher concentration of calctum 

and magnesium compared to mineral water springs in 

Radanjska, Lukovska, and Vranjska Banja, Serbia 

(Šaraba et al. 2017), Vitnički Kiseljak, Bosnia and Her- 

cegovina (Lazić et al. 2011), Krapinske and Tuheljske 

Toplice, Croatia (Borović et al. 2016), and Iliča, Mon- 

tenegro (Burić ct al. 2016). The concentration of calci- 

um in sample S5 is comparable to that in spring Permet, 

Albania (Eftimi and Frashčri 2016). The conclusion is 

that most investigated samples from Vrnjačka Banja 

contain a higher concentration of these essential 

macroelements compared to other spa mineral waters 

in Serbia and surrounding countries. It should be noted 

that sample S6 had a rather low concentration ofcalcium 

(6.7 mg/L), consistent with the fact that this is low 

mineralised water from a complex fractured aquifer in 

Neogene sandstones and breccias of serpentinite char- 

acter. The described lithology favours magnesium over 

calcium in this sample, distinguishing it from the rest 

(Dragišić et al. 2012; Protić 1995). Sample S6 had thc 

lowest concentrations of other analysed 

macrocomponents as well (Fig. 3). In addition, the 

hardness is imparted to the water mainly by calcium 

and magnesium ions. Hard water is generally undesir- 

able, due to soap residuec and a high boiling point, 

making it unsuitable for cooking. In the present study, 

the mcan total hardness ranged from 10.50 to 31.66 *dH 
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(Table 1). Thc results of water hardness analysis (?dH) 

show that samples S1, S3, and S4 belong to the category 

of hard waters (15—25 "dH). Furthermore, water sam- 

ples S2, S5, and S7 belong to the category of very hard 

waters (> 25 "dH), while water from spring S6 belongs 

to the category of medium soft waters (10–15 "dH). 

Nevertheless, the presence of another alkaline carth 

metal – barium — was below the nationally allowed limit 

for mineral waters, which is 1 mg/L (Official Gazette 

2008). Concentrations of strontium were in the interval 

141.4-2424.0 mg/L and mostly higher than the median 

strontium concentration for European bottled waters, 

which is 326 ug/L, and for mineral waters from 

Serbia—660 ug/L (Reimann and Birke 2010:; Stojković 

2013). The concentration limit of silicon is not given in 

the regulations on the quality and safety of natural 

mineral waters of the Republic of Serbia. Nevertheless, 

the appearance ofthis macroelement in mineral waters is 

entirely cxpected, due to the widespread distribution of 

silicate mincrals, whose wcathering leads to silicon en- 

richment of groundwater. Although silicon is present 

practically in all groundwater, concentrations are usual- 

ly low, due to poor solubility of silicate minerals. In the 

tested samples, the concentrations of this element werc 

in the range of 11.2 to 23.7 mg/L (Table 2), which are 

considered average groundwater silicon concentrations, 

typical for the sandstones and other rocks with thc 

predominant presence of practically insoluble quartz 

(Stojković 2013). Sulphur also occurs naturally in soil 

and rocks in the form of various minerals. In ground- 

water, depending on the pH ofthe medium, sulphur can 

appear in the form of sulphates (SOa? ), hydrogen sul- 

phide (HS ), and hydrogen sulphide (H5S). Although 

the Official Gazette of the Republic of Serbia does not 

specify the upper limit of the concentration of total 

sulphur, it is well known that a higher amount of sulphur 

in water can influence its taste and colour, and can in 

some cases cause a laxative effect. Sources of natural 

mineral water in Vrnjačka Banja are characterised by 

relatively low-sulphur content, most likely originating 

from oxidation of sulphide minerals, scattered across the 

investigated area. Based on the sulphur content, the 

analysed samples can be classificd as waters with low 

(S5; 0.8 mg/L) and moderate content of this biogenic 

element (S4; 18.0 mg/L). 

In the van Wirdum diagram (van Wirdum 1991: van 

der Aa 2003), based on conductivity and ion ratio (IR), 

the position of the analysed groundwater samples is 

given relative to standard reference samples of 
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atmospheric water (afmoc/ine), calctum-rich groundwa– 

ter (lithocline), and scawater (fhalassocline) (Fig. 4). 

The ion ratio is calculated as follows: IR (%) = % 

[Ca**] / { [Ca?**] + [CI |} x 100, where Ca and CI 

concentrations are given in meq/L. The majority of 

analysed samples were taken from the vicinity of 

lithocline water, slightly inclined towards the transition- 

al area to the thalassocline water, since these are samples 

of groundwater in which sodium is the dominant cation. 

Sample S6 stands out, by its proximity to the atmoclinc 

water, indicating lower mineralisation and overall dif- 

ferent chemical composition, consistent with the differ- 

ent lithology ofthe aquifer ofthe Vrnjačko vrelo source. 

The contents of examined microelements in this 

study are presented in Table 3. Boron is a natural com- 

ponent of water that arises from the leaching of soil, 

rocks, and other natural processes. In rocks, boron is 

mainly present in the form of its borate and borosilicate 

minerals and some studies have mentioned that B** ion 

can substitute silicon in silicates naturally present in thc 

rocks (Kostić et al. 2016). High concentrations of this 

element are typical for the decpest horizons of artesian 

basins, for aquifers composed of fine granulation sedi- 

ments (e.g. sands with clay). Boron enrichment is also 

expected in thermal waters in arcas of recent volcanic 

activity and for groundwater from serpentinite and shalc 

rocks (Stojković 2013). The maximum permitted values 

of boron in mineral water vary by country. In the coun- 

tries of the European Union, this value is 1500 ug/L 

(Commission Directive 2003/40/EC). The presented re- 

sults in Table 3 indicate that samples S2, S5, and S7 

contain an clevated concentration of boron (1570.0; 

1860.0; 1809.0 ug/L, respectively), most likely related 

to presence of serpentinite and shale in the arca 

Fig. 4 van Wirdum diagram of 100 - 
analysed groundwater samples. 

Vertical axis represents ionic ratio 

(IR, %) and the horizontal axis 

represents conductivity (HS/cm). 

Circles stand for standard 60 – 
reference water samples of 

atmospheric water (afmoc/ine), 

groundwater (/ithocline), and 40 - 

80 - 

IR
 
(%
) 
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(Dragišić et al. 2012), while in S6, that value was below 

the limit of detection of the apparatus (< 0.1 ug/L). The 

recommendation for an excess of boron in water (above 

5 mg/L) is not to be used as drinking water, but it can be 

used for special health-related bathing. 

Arsenic is onc of the most toxic and carcinogenic 

microclements, appearing in both inorganic and organic 

forms (Lin et al. 2015). Due to its high noxiousness to 

the heart, stomach, lungs, kidneys, and liver, the arsenic 

limit in drinking: and mineral waters is only 10 ug/L. 

Sample S6 showed a significantly increased concentra- 

tion of arsenic (29.9 ug/L), while the other analysed 

samples had concentrations within permitted limits. 

Generally, arsenic migrates well in absence of dissolved 

oxygen and sulphate ions (< 5 mg/L SO„), i.c. reducing 

conditions (Eh < 50 mV), in alkaline groundwater rich 

in iron, manganese, and ammonia, and with clevated 

concentrations of organic substances (Smedley and 

Kinniburgh 2002). The described conditions apply par- 

tially to water sample S6 (elevated Fe, Mn, and TOC 

and relatively low sulphate concentrations), so increased 

arsenic content is expected. Arsenic in soil can be found 

in the form of various arscnic sulphide minerals which, 

under certain conditions (temperature and pH), can be 

dissolved, leading to the accumulation of arsenic in 

groundwater. In the legislation ofthe Republic of Serbia 

and EC directive 2003/40, the maximum allowed value 

of selenium in mineral waters is 10 ug/L, and the tested 

samples S3, S4, and S5 had a higher concentration of 

this oligoelement (14.1; 13.7; 17.4 ng/L, respectively). 

Selenium can be found in sulphide minerals, so its 

elevated concentrations in groundwater can be the result 

of oxidation of these minerals (c.g. at Topli izvor) 

(Dragišić et al. 2012). Selenium can be found in soils 

Lithocline 
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as selenite (SeOx? ) and selenate forms (SeO,? ), both 

of which are highly soluble and therefore casily rcach 

groundwater (Mehdi et al. 2013). As can be seen in 

Table 3, the recorded concentration of Pb was within 

the permitted limits (Commission Directive 2003/40/ 

EC). In all investigated samples, the concentration of 

phosphorus was < 1 ug/L, except sample S6 where it 

was 32.3 ug/L (Table 3). Phosphorus occurs in many of 

the more common rock-forming.  minerals, such as py- 

roxenes and amphiboles (Atanacković et al. 2013), 

which are most likely present in the heterogenecous 

mineralogical composition of sandstones, breccias, and 

other Neogene rocks of this locality. 

The following analysed elements belong to d-ele- 

ments—hcavy metals (Fe, Co, Ni, Cu, Zn, Cd, Mn, 

Mo, and Cr). In groundwater, iron is mainly present 

in the form of bivalent salts of carbonates, bicarbon- 

ates, and sulphates, while trivalent iron is usually not 

in dissolved form, since at pH values greater than 

4.5, it precipitates in the form of insoluble colloidal 

hydroxide. Redox conditions are also very important 

for the migration of iron in groundwater: ferrous iron 

is mobile undcr reducing conditions in a wide pH 

range, while the oxidised, ferric iron is typically only 

soluble under relatively acid conditions (for exam- 

ple, in acid mine drainage). Upon atmospheric expo- 

sure, dissolved ferrous iron is usually oxidised and 

relatively rapidly precipitated (especially at high 

pH), in the form of ferric oxy-hydroxides. Conse- 

quently, scales of characteristic ochre colour appear 

at points of emergence of iron-rich groundwaters. 

Microbial activity is often important in these reac- 

tions (Reimann and Birke 2010; Hitchon 1999). 

Among the analysed mincral water samples, S1 and 

Fig.5 Concentration of 800 . 
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S4 stand out with high iron concentrations: 754.5 

ug/L and 403.6 ug/L, respectively (Table 3, Fig. 5). 

Although these values were 2 to 4 times lower com- 

pared to Vrelo, Svinčine, and Talpora springs that 

belong to natural mineral resources in Bukovačka 

Banja, Serbia (Rajković et al. 2012), they were still 

in the range of values (148—2069 Hg/L) recorded in 

samples from Guber Spa (Nesimović et al. 2017). 

This concentration of iron in the tested water sam- 

ples can be associated with geological and anthropo- 

genic factors. Among geological factors, the most 

probable are as follows: oxidation of sulphide min- 

erals (c.g. pyrite, present in serpentinite veins), hy- 

drolysis of serpentine minerals (hydrous magnesium 

iron phyllosilicate mincrals), present at several 

locations in the Vrnjačka Banja are, or hydrolysis 

of micas, chlorite, hornblende, etc., from schists also 

present at several aquifers. Sometimes, occurrence of 

iron in groundwater can result from corrosion of iron 

or steel well casings or water pipes (anthropogenic 

factor). The monitoring of iron content is very 

important because increased levcls can lead to its 

accumulation in humans (Kostić et al. 2016). On the 

other hand, the highest cobalt concentrations werc 

observed in samples S1 and S7 (1.5 and 1.6 ug/L, 

respectivcly), while in sample S2, cobalt was not 

detected. Further, the content of nickel in all tested 

samples was below the maximum allowed value. As 

for other d-elements, increased concentrations of 

manganese (Table 3, Fig. 5) were measured in all tested 

samples (except for S5 and S6), of more homogeneous 

content than iron. All obtained values for manganesce 

were significantly higher compared to results Nesimović 

et al. (2017) obtained for water samples from Guber Spa 

——Fe 

—-Mn 

0 
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(1.42—14.06 ug/L) except in the case of S6. The possible 

reason for these manganese concentrations lies in the 

geological structure of the arca. Manganese is scattered 

in silicate minerals, in rock such as serpentinite and 

schists, across the Vrnjačka Banja area, and hydrolysis 

of these minerals, along with manganese oxides and 

oxy-hydroxides, releases manganese into mineral water. 

Similarly to iron, the mobility and form of manganese in 

groundwater strongly depend on Eh and pH conditions. 

The most common form of manganese migration in 

groundwater is Mn>* and this form is more stable than 

Fe"* under oxidising conditions, although it tends to 

slowly oxidise to manganese(IV) oxide on exposure to 

the atmosphcre (Reimann and Birke 2010; Hitchon 

1999). Mn>* ion can replace Fe?* ions perfectly in all 

oxide minerals and in somc cases Mg“ in silicates 

(Kostić et al. 2016). Increased concentrations of man- 

ganese can lead to changes in the intellectual develop- 

ment of children, damage to thc respiratory system, and 

modification of the skin. Zinc content in all analysed 

samples was in range with thc results for Guber Spa: 

2.29-13.20 ug/L (Nesimović et al. 2017). All othcer 

tested d-elements (Cu, Cd, Cr) were within the allowed 

values according to the regulations on mineral water 

quality of the EC Directive 2003/40 (Table 3). 

Health risk assessment 

Results for estimated weekly intake of selected toxic and 

potentially toxic clements as well as for acute health risk 

assessment (expressed through hazard quoticnt value, 

HQA) are given in Table 4. 

According to the obtained results, the weekly intake 

of all examined elements is low. Consequently, alt HQA 

values were significantly lower than 1. Based on this, 

there is no acute health risk to the consumer of mineral 

waters from these spots. Thc calculation of long-term 

(carcinogenic) hcalth risk assessment (HQn) of oral 

intake (OI) was also low (Table 4). However, since a 

significant time period is applied in this case for somc 

samples and elements, the obtained HQ. values werc 

not completely negligible. The HQ, value higher than 

10 Ž indicates some measurable risk to human health 

(Momot and Synzynys 2005; Kostić et al. 2016). For 

instance, in the case of sample S1, the calculated valuc 

for carcinogenic risk incurred by thc presence of arsenic 

in mineral water sample was 4.8-10 ?. It means that 

around 50/1000 citizens/visitors who have used water 

from this location are potentially at carcinogenic risk. A 
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similar situation is with samples S2 (presence of boron), 

S3 (presence of arsenic and boron), S4 (presence of 

arsenic), S5 (presence of arsenic, boron, barium, and 

strontium), and S7 (prescnce of arsenic and boron). The 

highest HQ, value was calculated for arsenic in sample 

S6 (2.0:10 !). The concentration of arsenic in this sam- 

ple was sufficicnt to cause potential risk of carcinogenic 

diseases in up to 200 inhabitants using the water from 

this specified source over a long period of time. 

Since water from the thermo-mineral source Topli 

izvor (S3) is used for bathing, an estimation of health 

risk through dermal intake has been calculated (Table 5). 

Based on results given in Table 5, thcre is no signif- 

icant hcalth risk for anyone using water from this ther- 

mal source for bathing. 

Bacteriological analysis 

Results of the bacteriological analysis of water samples 

from Vrnjačka Banja are shown in Table 6. 

The samples S1, S2, S4, and S5 can be characterised 

as bacteriologically safe for consumption since all 

values were cqual or lower than 1. Comparing the 

obtained values from Table 6 with national standards 

(Official Gazette 2005), three water samples (S3, S6, 

and S7) can be said to have an elevated presence of 

aerobic mesophilic bacteria at 22 *C and 37 "C. In 

particular, mineral source Slatina (S7) was threatened 

by these microbes, since significantly clevated levels 

were recorded. The occurrence of mesophilic bacteria 

is a good indicator of non-faecal water contamination 

and can be used for long-term hcalth risk assessment. 

On the other hand, sulphite-reducing C/osfridia strains 

could originate from sources of faecal wastewater. In 

that sense, the presence of these bacteria in sample S5 

could indicate faccal contamination. It is advisable to 

eliminate this issue through certain prevention mca- 

sures. In addition, with respect to time of year when 

the samples were collected (summer), the possibility of 

bacterial contamination during the sampling process 

cannot be excluded. 

Conclusion 

Seven sources of natural mineral waters from the 

Vrnjačka Banja area have been investigated through 

the basic physico-chemical parameters obtained by 

standard analytic methods, as well as 24 macro- 
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Table 4 Estimated weekly (EWI) and oral (OI) intakes, acute 

(HQ.), and long-term (HQ} ) hazard quotient values for examined 
samples 

Sample Element EWI OI HQA* HQ,** 

ı As 1-10% | 1.5-10% 101102 48407 

B 7.4-10% 1.110% 63-10% | 5,3-10% 

Ba 4.37-10% 6.7-10% 32-10% 344107% 

cd 1.810% 2.510% 31102 51103 

Mn 1.x7-10% 2.510% 62-10% 18103 

Ni 2.9-10 2 4,1-10% 3.4-102% - 2.0410%8 

Se 6.810% 9.7-10% 2.810% 19405 

Sr 1.5-102 2.2-10% 1.7-10% 37403 

Zn 8.5-10%  1.2-10% 1.2-10% 4.00% 

s? As 0 0 0 0 
B 2.8102 401072 2.3-102 - 2.0-10% 

Ba 1.2-102 1.7-10% 7.9-10% - 8,3-40% 

cd 1.610% 2.3-10% 2.810% 46403 

Mn 32-10% 4610% 1110% 334103 

Ni 2.9-10%  4,1-10% 3.4-40% · 2.010% 

Se 13-10% 1.8-10% 5,3-10% - 3.610% 

Sr 3.60102 52102 40107 - 8,640% 

Zn 1.5-10% 2.1-10% 2.110% 71105 

s3 As 3.110% 4,3-10% 3.0.10% - 1.4.107 

B 1.5-102 2.2-10% 1.3-102% 11107 

Ba 9.3-102% 1.3-10% 6.3-10% - 6.7410% 

cd 2.0-10%  2.810% 3.4-107% 564038 

Mn 1.810% 2.510% 6410% 18105 

Ni 0 0 0 0 
Se 2.5:10%  3.610% 1.0-10% 72105 

Sr 2.610 37402 2.810% 6.103 

Zn 9.600% 1.4-10% 1.4-10% - 4.640% 

s4 As 8.9-10%  1.3-10% 8.9-10% · 421072 

B 4.1-107% 59-10% 3,5-10% - 3.0407% 

Ba 3.5:10%  5.010% 2.4-10% - 2.5-103 

cd 1.810% 2.510% 31102 51103 

Mn 2.1-10% 290 7.610% 2.110% 

Ni 4.8:10% 6910 57-10% 34410 

Se 2.4-10% 3.5-10% 1.0-10% - 7.0-10% 

Sr 1.3-102  1.9-10% 1.4-1072 - 3.1-107%5 

Zn 1.0-10%  1.5-10% 1.510% · 4940% 

S5 As 4.3-10% 6.L10% 43:10% - 2.0102% 

B 3.3-102 47072 2.8102 24407 

Ba 1.5-102 2.1-10% 9.9-10% - 1.0-102 

cd 2.110 3.1-10% 3.710% - 6.L103 

Mn 8.9-10%  1.3-10% 3.2-10% 9104 

Ni 1.7-10 %  2.4-10% 2.0-10% - 1.2.10%3 

Se 3.1-10% 44-410% 1.3-10% 88405 
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Table 4 (continued) 

Sample Element EWI OI HQA* HQ,** 

Sr 43-:102 6.L10% 47102 | 10.0% 

Zn 2.5-10 2 3.600% 3.6-410% 12104 

S6 As 43-:102% 6.L105% 43102 - 2.0-101 

B 0 2540% 0 13-10% 

Ba 3.7-10 %  5,3-10% 2.510% - 2,740% 

cd 1.6:10% . 2.2·:10% 2.7-02% · 44410% 

Mn 1.-10% 15107 3.810% | LULIO “ 

Ni 0 0 0 0 

Se 1.8107% 25107 74-40% 5.10% 

Sr 2.5:10% 3.610% 2.7-10% 590404 

Zn 2.7-10% 3.8-10% 3.8-10% 13104 

S7 As 2.7-10% 3.810% 2.710% | 1340% 

B 3.4-102 48-10% 2.8102% 24410% 

Ba 1.4-1072 2.010% 9.3-102% - 9.8-10% 

cd 1.7-10%  2.4-10% 2.9-102% · 4.8-410% 

Mn 43-102% 60102 1.5-10% · 430% 

Ni 1.810% 2.5:10% 2.110% 13105 

Se 1.-10%  1.5-10% 45102 - 3,1-10% 

Sr 4.1102 59075 461072 - 9.9-103 

Zn 1.4-10%  2.040% 2.0-0% 6105 

*Tolerable weekly element intake (TWI) values [mg/L] used for 

HQA calculation (WHO 2017) are as follows: As 0.01; Ba 1.47; B 

1.19; Cd 0.0058; Mn 2.8; Sr0.91 (WHO 2010); Se 0.24; Ni 0.084; 

Zn7 

**Referent oral dose (RfD.yai) values [mg/kg/day] used for HQL 

calculation (US EPA 2018) are as follows: As 0.0003; Ba 0.2; B 

0.2; Cd 0.0005; Mn 0.14; Se 0.005; Sr 0.6; Ni 0.02; Zn 0.3 

and microelements determined using inductivcly 

coupled plasma optical emission spectrometry 

(ICP-OES), with the aim to estimate the quality of 

these spa mincral waters. The conductivity results 

suggest that several samples can be characterised as 

natural mineral waters rich in mineral salts (> 1500 

mg/L), while sample S6 belongs to the category of 

low dissolved mineral component concentration. 

Furthermore, the content of analysed essential and 

toxic elements was in the range of maximum 

allowed concentrations according to national and 

World Hcealth Organization water quality standards, 

except for B, As, and Se. The results have shown 

that sodium is the predominant macroclement in all 

tested samples. Moreover, samples S2, S3, S5, and 

S7 contain a multiply greater quantity of sodium in 

comparison to other macroclements, with a 

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Environ Monit Assess (2019) 191: 648 

Table 5 Estimated non-carcinogenic (DIA) and carcinogenic 

(DI,) dermal intakes with acute (HQA) and long-term (HQ) 

hazard quotient values for sample Topli izvor (S3) 

Element - DI,* DI,* HQA** HQ,** 

As 2.0-10 + 8.0-10 7.0-10 * 3.0-10 + 

Ba 7.0-.10 3.0-10 2 5.0-.10 % 2.0-10 * 

Cd 2.0-10 + 7.0-10 * 1.6-10 Ž 6.0.10 

Mn 14-102 6.0-10 * 2.0-10 - 7.0-10 + 

Ni 3.0-10 * 1.010% | 4040% 1.0-10 * 

Se 2.0-10 * 8.0-10 1.0-10* 5.0-10 + 

*Permeability coefficicnt (Ky) values [cm/h] in water for selected 

elements used for calculations (US EPA 2004; Wang 2018; 

Nnorom et al. 2019) are as follows: As 0.001; Ba 0.001; Cd 

0.001; Mn 0.001; Ni 0.0002; Se 0.001 

**Referent dermal (RfDa.mmai) doses [ug/kg/day] used for HQL 

calculations (US EPA 2004; US EPA 2018) are as follows: As 

0.285; Ba 14; Cd 0.0125; Mn 8.4; Ni 0.8; Se 1.5 

maximum valuc of 748.6 mg/L (S5). Based on the 

content of magnesium and calcium, the analysed 

sources of water belong to moderate to very hard 

water. The elevated concentrations of boron were 

recorded in samples S2, S5, and S7, which can be 

related to the presence of serpcentinite and shale in 

the area. It is important to emphasise that sample 

S6 contains more than twofold the concentration of 

arsenic, which, given its toxicity and potentially 

carcinogenic quality, can limit the usc of water 

from this source. Additionally, slightly clevated 

Table6 Results of bacteriological analysis of water samples from 

Vrnjačka Banja area 

Sample · Aerobic Aerobic Sulphite- 

mesophilic mesophilic reducing. 

count at 22 "C*  „countat37"C*  Clostridia** 

[CFU/mL] [CFU/mL] [CFU/50 mL] 

sı || || <l 

S2 <l <1 <1 

s 45 26 <l 

s4 <l <1 <1 

S5 <l <l 15 

s6 25 6 <l 

S7 90 28 <l 

*Maximal allowed values: 20 CFU/mL at 22 "C: i.c. 5 CFU/mL at 

37%C 

**Maximal allowed value: 0{š CFU/50 mL 
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selenium contents of samples S3, S4, and S5 were 

measured, probably the result of oxidation of sul- 

phide mincrals, present in thc aquifers. Although 

the maximum allowed concentration of iron is not 

given by national regulation for mincral waters, a 

high content of this element was observed in sam- 

ples SI and S4, which can be attributed to process- 

es of oxidation and hydrolysis of iron-containing 

minerals in the study area. 

Further, the calculated values of weekly (EWI) and 

oral (OI) intake as well as acute (HQA) hazard quotient 

of selected toxic and potentially toxic elements indicate 

no acute health risk for the consumer of mineral waters 

from the tested sources. However, the highest long-term 

hazard quotient (HQ, ) observed for As in sample S6 

(2.0-10 !) indicates a significant risk of carcinogenic 

discases over long-term consumption of water from that 

source. On the other hand, the estimated non- 

carcinogenic (DIA) and carcinogenic (Di, ) dermal in- 

takes for acute (HQA) and long-term (HQ, ) hazard 

quoticnt values for sample S3 show that there is no 

health risk to those who use the water from this thermal 

source for bathing. 

Bacteriological assays have shown the presence 

of aerobic mesophilic bacteria at 22 "C and 37 *C 

in samples S3, S6, and S7, which could be an 

indicator of non-faecal water contamination, while 

sulphite-reducing Closfridia species, observed in 

sample S5, may be the result of somce faecal 

wastewater. 

To our best knowledge, this is the first study of 

quality assessment of natural mineral waters from 

the Vrnjačka Banja area that includes the content of 

macro- and microelements as well as bacteriological, 

geological, and hcalth risk aspects. The findings of 

the research indicate that all investigated mineral 

sources, except Vrnjačko Vrelo (S6), contain a high 

concentration of essential elements and therefore can 

have a beneficial effect on human hecalth if used in 

moderate and/or controlled quantities. Since this was 

the first, preliminary detailed investigation of 

Vrnjačka Banja mineral waters, a further monitoring 

of examined water samples is nceded, as well as 

additional rescarch. Duc to thc fact that Vrnjačka 

Banja is one of the most famous spa resorts with 

thermal and mincral waters in this part of the Bal- 

kans, these findings could be very useful for both 

the local population and visitors. 

@ Springer 
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