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Abstract
The present study was conducted to investigate the heavy metal (Mn, Cu, Zn, As, and Cd) concentration of surface water 
in Smolnik creek in Slovakia. Furthermore, the study was aimed to determine the potential environmental health risk 
that the heavy metal concentration poses to the public. The values of the ecological potential index for the water in the 
study area were more than 600, reflecting a very high risk from the water body posed by these metals. Thus, this was 
also the reason to examine the impact of these heavy metals on the health of the population. Based on the heavy metal 
concentration, health risk assessments such as the chronic daily intake and hazard quotient (HQ) were calculated. Results 
showed that the daily intake of the heavy metals from all five samples taken from Smolnik creek was lower among adults 
than among children for two pathways of exposure. The non-carcinogenic hazard quotients of heavy metals in the studied 
area were higher among adults than among children. At all five sites, the HQ values for dermal exposure for adults were 
higher than 1. The HQ values for exposure through ingestion for adults and children were higher than 10 for almost all 
sites, indicating a disaster situation.
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1 Introduction

Heavy metals, as specific non-biodegradable contami-
nants, accumulate in living organisms, and at low levels of 
concentration, they already cause various serious diseases 
and disorders. Moreover, they can enter into surface and 
groundwater and thereby contaminate and contribute to 
deterioration of the quality of drinking water and water 
used for irrigation [2, 16, 27]. The biggest portion of heavy 
metals settles in river and reservoir sediment [3, 31, 32].

In recent years, environmental scientists have been 
focused on the examination of water pollution from heavy 
metals [9, 21, 31]. Heavy metals can cause great environ-
mental damage if they occur under certain conditions 
allowing them to accumulate to a toxic level [24].

Some metals (Cu, Zn) are essential for proper body 
growth and support in living organisms, but these ele-
ments become toxic at high concentrations. However, 
other metals (Cd, Mn, As) are very toxic and dangerous to 
human life. Zinc, for example, causes sideroblastic anae-
mia [24]. At very low concentrations, cadmium is a very 
strong toxin whose accumulation in tissues can cause 
infertility, organ dysfunction, damage, and cell death. The 
occurrence of arsenic in its organic form is less harmful to 
health, but in the form of inorganic compounds, especially 
in water, is very toxic [25]. If manganese occurs in higher 
concentration in surface water, it can lead to mental illness, 
including Alzheimer’s disease and manganism [39].

Many methods and methodologies (geoaccumulation 
index, pollution load index, etc.) have been developed 
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for assessing the environmental risks of heavy metals [29, 
30, 33–36]. In fact, usually, many types of heavy metals 
accumulate simultaneously and cause combined con-
tamination. For this reason, Hakanson [13] has developed 
a potential environmental risk index that has introduced a 
toxic response factor for the substance and can therefore 
be used to assess the combined risk of pollution to the 
ecological system.

The novelty of this manuscript is the study of health 
risks caused by contamination of surface waters with 
heavy metals, the source of which is acid mine waters, 
because there is currently insufficient attention devoted 
to this issue. Acid mine drainage (AMD) is a global environ-
mental problem, despite extensive research on predictive 
and preventive methods [7]. Sulphide wastes act through 
atmospheric and aqueous oxidation, causing acidic waters 
with high contents of sulphate, iron, and potential toxic 
metals [4, 8, 18, 28]. Acidic waters which originate from 
pyritic waste or ore may also be anomalously rich in trace 
elements such as Ni, Co, and Sb [5, 17].

In the Slovak Republic, there are some locations with 
AMD production. The Smolnik creek is contaminated 
by AMD with a high metal concentration and a low pH 
(approximately 3–4) due to chemical oxidation of sul-
phides and other chemical processes [19]. The impact 
assessment of heavy metals on the environment and on 
human health was the reason for regular monitoring of the 
quality of surface water and sediments, as well as of the 
geochemical development in the run-off of the Pech shaft 
and the whole Smolnik creek, which are affected by acidic 
mining waters. The assessment of the potential environ-
mental risk is mentioned in [30].

The aim of this study is assessing the associated level of 
risk for adults and children through ingestion and dermal 
contact in Smolnik waters.

2  Materials and methods

2.1  Description of the study area

The abandoned Smolnik ore deposit is situated in the 
Slovak Ore Mountains (Slovenske rudohorie—in Slovak) 
in the south-east of Slovakia. The Smolnik deposit is the 
best-known volcano-sedimentary ore complex in which 
pyrite and chalcopyrite are dominant ore minerals. After 
the stoppage of the mining activity in 1990, the mine was 
flooded and more than 6 million tons of pyrite ore of vari-
ous qualities has been abandoned in this mine. An eco-
logical collapse occurred in 1994, which caused a negative 
influence on the environment. Surface water and sediment 
in Smolnik creek were contaminated by AMD seeping from 
an abandoned mine.

At present, AMD still contaminates surrounding area. 
The Pech shaft receives the majority of water drainage 
from the flooded Smolnik mine area and discharges it in 
the form of acid mine drainage (pH 3–4, Cu 3–1 mg/l; Zn 
13–8 mg/l, Mn 32–19 mg/l, and As 54–18 μg/l). Increases 
in pH due to AMD mixing with surface water are followed 
by metal precipitation and sedimentation in the aquatic 
environment [31, 32].

2.2  Water sample collection and chemical 
characterization

Water samples were collected from the Smolnik creek, 
contaminated by acid mine water from the Pech shaft, 
during the years 2006–2017 [6]. The sampling sites for 
the monitoring of water quality in the Smolnik creek 
(Fig. 1) were divided into: (a) reference sites without con-
tamination by acid mine water from the Pech shaft (W1, 
outside Smolnik village [48° 43′ 27.6965658″ N, 20° 42′ 
59.2164803″ E]; W2, (b) small bridge crossing to the Pech 
shaft [48° 44′ 21.9978463″ N, 20° 45′ 37.2264862″ E]), the 
AMD from Pech shaft (Smolnik mine) numbered as W3 
(source of AMD pollution [48° 44′ 18.0496747″ N, 20° 45′ 
44.9512482″ E]), and c) two localities located under the 
shaft (W4, 200 m the Pech shaft [48° 44′ 46.1817014″ N, 
20° 46′ 28.4995937″ E]; W5, at the inflow to the Hnilec River 
[48° 45′ 02.2642765″ N, 20° 46′ 39.4108200″ E]). Samples 
were collected once per year, with triplicate sampling 
from each sample site. Samples were collected accord-
ing to ISO 5667-6-2005 Water quality—Sampling—Part 6: 
Guidance on sampling of rivers and streams. This stand-
ard outlines the principles and design of sampling pro-
grammes and manipulation, as well as the preservation 
of samples. Each sample was collected in a 0.5-L clean 
and sterile polyethylene bottle that was numbered and 
labelled with a different site code. Directly on place, meas-
urements of individual physico-chemical parameters were 
taken: air temperature, water temperature, pH, dissolved 
oxygen content and conductivity. To determine the pH of 
water samples, a multifunction device MX 300 X-mate Pro 
(Mettler Toledo) was used. The samples were taken to the 
accredited laboratory as soon as possible, for the chemi-
cal analysis of water samples was used ICP-AAS method.

2.3  Assessment of human exposure to heavy metals 
in water

The assessment of human health risks, specifically for 
children and adults, due to acid mine drainage exposure 
through contaminated soil and water was conducted in 
accordance with the [38], Guidelines for Risk Assessment 
for Volume I of the Superfund part of the Human Assess-
ment Manual (Part A) and methodical guideline 1/2012 
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(risk assessment legislation in the Slovak Republic). The 
assessment was divided into two routes of human expo-
sure, ingestion and dermal exposure, respectively. The 
chemical daily intake (CDI) of each heavy metal via each 
pathway was calculated as shown in Eq. (1) (dermal path-
way) and Eq. (2) (ingestion path). The dermal exposure 
pathway is the sum of the paths of overexposure of vari-
ous parts of the body (heads, arms, hands, feet, and legs). 
The results from CDI by both pathways of exposure were 
then compared with the documented reference dose (RfD) 
of each analysed heavy metal, as specified in the toxicant 
profiles in the Toxic Substances and Toxicity Registry [38].

where CW is the concentration of heavy metal, CF conver-
sion factor (0.001 l/cm−3), SA the area of exposed body 
surface (18 000 cm−2 adult, 6600 cm−2 child), Kp coeffi-
cient of body permeability (0.001 cm h−1), ET exposure 
time (2 h day−1), EF exposure frequency (45 day year−1), 
ED duration of exposure (70  years), BW average body 
weight (70 kg adult, 15 kg child), and AT the period dur-
ing which the concentration is considered to be constant 
(25,550 day years−1).

(1)CDIdermal =

CW ⋅ CF ⋅ SA ⋅ Kp ⋅ ET ⋅ EF ⋅ D

BW ⋅ AT

Fig. 1  Study area and locations of water sampling
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where CW is the concentration of heavy metal, IR the 
amount of water received (2 l day−1 adult, 1 l day−1 child), 
EF exposure time (350 day year−1), ED duration of exposure 
(70 years), BW average body weight (70 kg adult, 15 kg 
child), and AT the period during which the concentration 
is considered to be constant (25,550 day years−1).

Both pathways were calculated for non-carcinogenic 
and carcinogenic effects. Non-carcinogenic risk is esti-
mated by comparing the calculated CDI reference val-
ues (RfD—from database). Quantitative expression is the 
dimensionless quotient of danger, HQ (hazard quotient). 
The following applies:

HQ solution: HQ < 1 ⇒ no risk, HQ > 1 ⇒ potential risk, 
HQ > 10 ⇒ disaster situation.

According to alternative approaches to evaluation of 
the dose relationship, the answer can be selected, yield-
ing another tangible approach to risk characterization. The 
quantitative expression of carcinogenic risk (CR) effects 
evaluates the lifetime increase in the likelihood of a num-
ber of tumour diseases above the general average in an 
individual population.

where SF is the oral slope factor in (mg/kg day)−1 and the 
SF is determined only for arsenic.

CR > 10−4 indicates that the socially acceptable likeli-
hood of cancer has been exceeded for an individual, and 
it is likely that more than one person in 10 000 people has 
a cancer tumour disease.

CR > 10−6 indicates that the socially acceptable likeli-
hood of cancer has been exceeded for an individual, and 
it is likely that more than one person in 1 million people 
has a cancer tumour disease.

The hazard quotient values were used to indicate the 
chronic hazard index (CHI) according to [38] and Guideline 

(2)CDIingestion =
CW ⋅ IR ⋅ EF ⋅ ED

BW ⋅ AT

(3)HQ =
CDI

RfD

(4)CR = SF ⋅ CDI

1/2012 expressed in Eq. 5. CHI values higher than 1 indi-
cate a possibility of the occurrence of non-carcinogenic 
effects in individuals [23, 26].

3  Results and discussion

Table 1 shows the average values of metal contents in 
surface water from Smolnik creek in the years 2006–2017. 

Chemical analysis results (Table 1) have shown that the 
concentration of hazardous substances in water exceeds 
the limit values according to the Government Regulation 
No. 269/2010 (Slovak legislation). Therefore, the aim was 
to analyse the impact on human health by the dermal and 
ingestion path of exposure.

The results of the risk assessment based on exposure 
to heavy metals in Smolnik creek for adults and children 
are presented in Table 2. Figures 2 and 3 show the hazard 
quotient for both pathways of exposure. Figure 4 shows 
the total chronic hazard index for each metal at the five 
study sample sites.

The daily results of rates used in the research and the 
daily results of the heavy metals at all measured sample 
sites were lower among adults than among children for 
dermal pathway exposure presented in Table 2. The daily 
intake of heavy metals from all samples was lower in chil-
dren than in adults through both routes of exposure. The 
release of heavy metals into the air is negligible because in 
this case the inhalation exposure pathway is insignificant.

The highest daily intake through the dermal expo-
sure pathway was measured for Cu at site W3 for chil-
dren (0.0146) and for Zn at site W3 for adults (0.027), 
and the lowest was measured for Mn at site W1 (adults 
4.263.9 × 10−8, children 1.13 × 10−7). The daily intake via the 
consumption exposure pathway was also measured for 
Zn at site W3 (adults 253, children 591). The lowest value 
for this exposure pathway was measured at site W4 for As 
(1.53.1 × 10−5) for children at site W1 for Mn (1.00 × 10−3).

(5)CHI = HQdermal + HQingestion

Table 1  Heavy metals analysis of water regarding the metal contents from Smolnik creek

The bold values exceed the limit value (by Slovak legislation)

Media Metals Stations Limits

W1 W2 W3 W4 W5

Surface water (μg L−1) Mn 11.33 ± 4.34 108.26 ± 108.11 24833.33 ± 6229.89 1123 ± 722.37 880.42 ± 605.94 0.3
Cu 4 ± 4.16 12 ± 8.46 1452.43 ± 731.72 89.667 ± 0.13 39.83 ± 31.77 20
Zn 4.33 ± 1.30 38.25 ± 37.61 7067.25 ± 2238.59 333.5 ± 244.29 243.42 ± 207.14 100
As 1.66 ± 1.24 1.35 ± 0.88 39.84 ± 18.99 1.5 ± 1 1.13 ± 0.61 30
Cd 0.27 ± 0.08 0.43 ± 0.49 11.75 ± 7.93 0.825 ± 0,64 0.53 ± 0.52 5
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The non-carcinogenic hazard quotients of heavy met-
als at the sites were higher among children than among 
adults. The HQ values for dermal exposure for adults 
were < 1 at all five measured sites. The HQ value for chil-
dren was > 1 for As at site W3, as well.

The values of the hazard quotients for exposure 
through ingestion for adults and children were > 10 for 
almost all sites, which indicates a disaster situation. The 
highest value was for As at site W3 for children and adults. 
The lowest value was for Mn at site 1 for both groups. 
Significant exposure risks exist at sites W1, W2, W4, and 
W5, where the values of the chronic hazard index for Cu, 
As, Mn, and Cd for adults and children were > 1; at least 
one value was exceeded. For site W3, all values have been 
exceeded (> 10) [14, 20]

Non-carcinogenic risks associated with the exposure of 
humans to heavy metals in water existed at the sites in the 
order of W3 > W1 > W4 > W2 > W5. The results obtained in 
this study have shown a more serious risk of exposure to 
heavy metals at sample site W4 relative to the other four 
sample sites.

Specific carcinogenic risk evaluation of the various sam-
ples indicates that the carcinogenic risk from arsenic varies 
among the sites (Fig. 5). Compared to other sites, the arse-
nic at site W3 yielded the highest results for cancer risk by 
dermal exposure. The arsenic cancer risk values were 2.42 
 (CRdermal adult) and 1.2  (CRdermal child). There was a signifi-
cant cancer risk from arsenic by ingestion exposure at site 
W5, where the arsenic cancer risk values were 0.07  (CRing 
adult) and 0.17  (CRing child). The total cancer risk of arsenic 
is shown in Fig. 2. The values of cancer risks of arsenic at 
all five measured sites were higher than 1 × 10−4, which is 

Table 2  Chemical daily intake (average) of heavy metals by adults 
and children

Heavy metal Site Daily intake

Dermal Ingestion

Adult Child Adult Child

Mn 1 4.26E−08 1.13E−07 4.29E−04 1.00E−03
2 4.08E−07 1.09E−06 5.93E−03 1.38E−02
3 9.36E−05 2.49E−04 2.39E+00 5.57E+00
4 4.23E−06 1.13E−05 5.05E−02 1.18E−01
5 3.32E−06 8.83E−06 4.07E−02 9.50E−02

Cu 1 1.51E−05 1.84E−06 2.24E−01 5.22E−01
2 4.52E−05 1.20E−04 5.61E−01 1.31E+00
3 5.47E−03 1.46E−02 5.90E+01 1.38E+02
4 3.38E−04 8.99E−04 2.46E+00 5.74E+00
5 1.50E−04 3.99E−04 1.96E+00 4.58E+00

Zn 1 1.63E−05 5.58E−06 1.54E−01 3.60E−01
2 1.44E−04 3.84E−04 2.08E+00 4.85E+00
3 2.66E−02 7.09E−02 2.53E+02 5.91E+02
4 1.26E−03 3.34E−03 1.58E+01 3.69E+01
5 9.17E−04 2.44E−03 1.23E+01 6.17E+00

As 1 6.25E−06 5.58E−06 1.66E−05 1.85E−01
2 5.09E−06 3.84E−04 1.35E−05 1.43E−01
3 1.50E−04 7.09E−02 4.00 E-04 8.06E−01
4 5.65E−06 3.34E−03 1.50E−05 1.60E−01
5 4.24E−06 2.44E−03 1.13E−05 1.11E−01

Cd 1 1.01E−06 2.68E−06 9.59E−03 2.24E−02
2 1.63E−06 4.34E−06 2.52E−02 5.88E−02
3 4.43E−05 1.18E−04 5.39E−01 1.26E+00
4 3.11E−06 8.27E−06 4.01E−02 9.37E−02
5 2.01E−06 5.34E−06 2.88E−02 6.71E−02

Fig. 2  Hazard quotient for dermal exposure
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non-acceptable by far compared to the risk limit. The results 
of this study are comparable to the results with [1, 10, 11, 
15, 22, 40]. 

4  Conclusions

Water contaminated by high concentrations of heavy metals 
is currently a serious problem in many parts of the world. The 
reason behind this issue is the rapid social and economic 
development over the last few decades. Heavy metals 
naturally occur in water, but additional contributions come 

Fig. 3  Hazard quotient for ingestion exposure

Fig. 4  Total chronic hazard 
index for each metal at the five 
study sample sites
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mainly from anthropogenic activities (agriculture, urbaniza-
tion, industrialization, and mining).

The results of this study provide valuable information on 
the contamination of metals in Smolnik creek in terms of 
environmental and public health.

The analysis used herein involves the use of appropri-
ate technical indicators of pollution to study the source of 
chemical parameters in water from 2006 to 2017, and the 
indicators were monitored in Smolnik creek at five sample 
sites. In terms of significance, W4 and W5 sampling sites 
were studied as sources of pollution and are located under 
the main source of pollution (Pech shaft).

The aim of this study was assessing the associated level 
of risk for adults and children through ingestion and dermal 
contact in Smolnik waters from heavy metals (Mn, Cu, Zn, 
As, and Cd). On the basis of the daily intake values found 
in this study, every day, the heavy metal intake at all five 
sample sites was lower in adults than in children via both 
pathways of exposure. The inhalation exposure pathway was 
negligible because of the low release of heavy metals into 
the air. The non-carcinogenic risk values from heavy metals 
at the localities were lower in adults than in children. Values 
of HQ exceeded at least value in each sample site by both 
pathways. The non-carcinogenic risk associated with human 
exposure to heavy metal in water was therefore highest at 
sample site W3 and lowest at sample site W5. The results of 
the study indicate that there is a significant risk of heavy 
metal exposure at site W3 compared to those at the other 
four locations. The detailed assessment of the carcinogenic 
risks of different samples suggests that the carcinogenic risk 
factor for arsenic varies from site to site. An unacceptable 
risk threshold was found at all five sample sites, because the 
cancer risk values were higher than 1 × 10−4.

The most important theory of the value and practical sig-
nificance of health risk assessment lies in the acceleration of 
green extraction resources and the achievement of harmo-
nization between the extractive industry, the environment, 
and human health.
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