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Abstract

Mining and processing of metal ores are often significant sources of heavy metal contamination
of river sediments. Heavy metal contamination of river sediments resulting from mining and smelting
represents a major concern due to the potential risk involved. This study was performed to investigate
the content of heavy metal (Cd, Cr, Fe, Mn, Ni, Cu, Pb, Hg, As, and Ba) cations in the sediments of
the Korbevacka River, the main recipient of all kinds of pollutants from the Pb—Zn Grot Mine, and to
estimate the potential health risks of metals to humans. On the basis of the heavy metal cations content,
the potential health risk assessment calculated for a lifetime of exposure (ingestion and inhalation), based
on the U.S. Environmental Protection Agency (EPA) model, was determined as the cumulative non-
carcinogenic and carcinogenic risk for children and adults. The study proved that: a) the heavy metal
cations content in the Korbevacka River sediments is significant; b) risk assessment indicates that while
carcinogenic risk is completely insignificant, cumulative non-carcinogenic risk is significant — especially
for children — as it approaches unacceptable values; and c¢) metal lead is the main concern in regard to
negative influence on human health.
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Introduction metals, and metal chelates from different industries

and the indiscriminate use of heavy metals containing

Anthropogenic activities like mining, the disposal fertilizers and pesticides in agriculture deteriorate water

of treated/untreated waste effluents containing toxic quality by rendering serious environmental problems

posing a threat to human health [1, 2] and aquatic
biodiversity [3, 4].
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The behavior of metal cations in natural waters
is a function of the substrate sediment composition,
suspended sediment composition, and water chemistry.
During their transport, heavy metal cations undergo
numerous changes in their speciation due to dissolution,
precipitation, sorption, and complexation phenomena
[5], which affect their behavior and bioavailability
[6, 7]. Metal cations entering the ecosystem may
lead to geoaccumulation, bioaccumulation, and
biomagnification, and may have possibilities for
environmental transformation into more toxic forms.
When entered into an aquatic environment, these toxic
heavy metal cations are adsorbed onto particulate
matter, although they can form free metal ions and
soluble complexes that are available for uptake by
biological organisms, or get deposited in sediments [8].

In hydrosphere, the concentrations of toxic metal
cations are significantly greater in sediments than in
overlying waters. In this way, superficial sediments,
particularly the fine fraction, accumulate cations of
toxic heavy metals and provide a means for evaluating
the long-term accumulation of these metal contaminants
[9]. The capacity of sediments to concentrate trace levels
of metal cations is a useful indicator for monitoring
purposes and for detecting the sources of pollution in
the aquatic system. Monitoring of these toxic heavy
metals is important for environmental safety assessment
and especially for human health [10-14].

Fig. 1. Locations of sediment sampling.

The purpose of our investigation of the Korbevacka
River sediments was to define the level of pollution of
the river sediments, based on Canadian sediment quality
guidelines [15], and to determine their potential health
risk as a cumulative carcinogenic and non-carcinogenic
risk for children and adults. Health risk assessment of
heavy metals pollution in Korbevacka sediments has
not yet been done, so the results of this investigation are
mostly required for the purpose of environmental and
health protection.

Materials and Methods

The Korbevac¢ka, with a river basin of 76.72 km?,
is a right-side tributary of the South Morava River in
southeastern Serbia (Fig. 1).

The river’s upper and middle flow belong to a
mountainous region, while the lower flow belongs to
Vranje Depression, where the flow amplitudes are quite
high and the annual river deposit exceeds 107000 m?.
The Korbevacka is a main recipient of all kinds of
pollutants from the Pb-Zn Grot Mine. The river has a pH
value near neutral to slightly alkaline, which is the usual
range in river waters. The values for other physico-
chemical parameters of river water such as electrical
conductivity, total dissolved solids, and suspended
matter are within the range typical of category A2, and
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Table 1. Mean concentrations of heavy metal cations in Korbevacka River sediments.
Sample Fe Mn Cr Ni Pb Hg Cd As Ba
(mg/kg) | (mg/kg) | (mg/ke) | (mghkg) | (mghkg) | (mgkg) | (ughkg) | (mgke) | (ug/kg) | (mgkg)
The Korbevacka River, the upper part of the river basin — sampling location No 1.
I, 26070.4 6035.6 25.2 40.4 4340.0 60.0 13.9 238.6 323
11, 322448 5419.8 349 25.8 7620.7 35.7 7.9 229.2 28.4
The Korbevacka River, the middle part of the river basin — sampling location No 2.
L 8565.6 1187.5 8.5 8.7 621.7 42 1.7 2343 33.2
I, 11506.1 1396.9 10.7 11.8 862.9 1.4 3.9 258.2 24.4
The Korbevacka River, the lower part of the river basin — sampling location No 3.
I, 9449.3 684.3 10.5 10.7 596.8 8.0 22 230.3 47.7
11, 12297.0 1157.1 15.4 13.4 719.4 5.5 3.7 2295 69.9
Interim fresh water sediment quality guidelines. [ISQG— Canadian sediment quality guidelines. 2002.
ISQG | | | 373 | | 35.7 | 35.0 | 170.0 | 0.6 | 5900 |

the value for dissolved oxygen is within the category
Al range, as given by Council Directive 75/440/EEC
[16, 17].

Our study was based on monitoring the sediment
chemical composition. Sediment samples of the
Korbevacka were taken from carefully selected locations
along this river (Fig. 1). The sampling locations included
areas near the mine and domestic effluent discharge
points, agricultural dewatering areas, and places of
tourism activities. Sampling was performed during both
the minimum (September) and the maximum (April)
water level periods. Contamination risk assessment
was performed in accordance with mean concentration
values of these two periods [18].

The river sediment samples were collected from
three locations: the tailing of the Grot Mine — the upper
flow (1); the confluence of the Korbevacka with its
tributary Sele§ Stream — the middle flow (2); and the
confluence of the Korbevacka with the South Morava
River — the lower flow (3). Samples I, and II, were taken
from sampling location (1), samples I, and II, were taken
in the region of sampling location (2) below the mouth
of Sele§ Stream, and samples I, and II, were taken from
sampling location (3). All the samples were taken from
the locations where the river flow was peaceful, from
0-10 cm layer surface sediments.

The samples were prepared in the laboratory. Flame
atomic absorption spectrometry was used to determine
the concentrations of metal cations. All the results of the
sediment analysis are expressed as mg/kg (or as ug/kg)
dry matter.

All the samples were repeatedly measured
(n = 3) to control the precision of analytical instruments.
Analytical precision was less than 5% for all metals.
The efficiency of the digestion procedure and
analytical quality were controlled by the use of the
standard reference material GBWO07411 (soil) and
sample duplicates. The values of heavy metal cations

concentrations were as follows (meantSD in mg/kg):
Cd 25.9+1.3 (certified value 28.2), Ni 22.3+2.1 (certified
value 24.2), Cu 62.944.7 (certified value 65.4), Pb
3010£100 (certified value 2700), Cr 57.5£5.0 (certified
value 59.6), and As 193%11 (certified value 205). The
recovery rates for metal cations in the standard reference
material were between 91.8 and 111.5%.

In the present study, heavy metal (Cd, Cr, Fe, Mn,
Ni, Cu, Pb, Hg, As, and Ba) cations have been identified
as potential hazardous agents relevant to human
health in the sediments at different locations along the
Korbevacka (Table 1).

The relationship between the intensity of the
environmental pollution and the potential risk to
human health can be assessed by human health risk
assessment methodology proposed by the U.S. EPA
[19]. This methodology has been developed in detail.
It is fully available through a risk assessment
information system (RAIS) [20] and is supported by
the toxicological profiles developed and gathered by the
U.S. EPA Integrated Risk Information System (IRIS)
[21], and by the U.S. Agency for Toxic Substances
and Disease Registry — Toxicological profiles (ATSDR)
[22]. Some toxicological characteristics of the
investigated elements are shown in Table 2.

Exposure is expressed in terms of a chronic daily
intake or dose, CDI, and is calculated separately for
each metal, for children and adults, and exposure by
ingestion and inhalation. Dermal exposure to sediment
was omitted in this specific case as these risks are
about 100 times smaller than the risks that arise from
ingestion and inhalation.

Specifically, the chronic daily intake through
ingestion and inhalation of river sediment particles
was calculated as shown in Equations (1) and (2),
adapted from [23]. For mercury, the only element of
those included in the study with a significant vapour
pressure at ambient temperatures, an additional route
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Table 2. Some toxicological characteristics of the investigated elements.

Characteristic Mn Ni Cr Cd Pb Cu Hg As Ba Fe
Minimal risk level (MRL)"oral 0.005 | 0.0001 0.01 | 0.0002 | 0.0003 | 0.2
(mg/m*-day)
Minimal risk level (MRL) 0.00003 | 0.00009 | 0.0003 | 0.00001
inhalation (mg/m*-day)
RAIS oral chronic reference dose, 5 5 5 5 5 > . e 5
RID (mg/kg/day) 4.6:102 | 2-10 3-10 1-10° | 3.5-10° | 4-10 3-10 3-10 7-10 0.7
RALIS inhalation chronic reference i )
dose, RfD 1'435’10 1'435'10 2.86-10% | 5.7-10° 4-10? |8.57-10° 1.43-10*
(mg/m*-day)
Slope factor, SF oral (mg/kg/day) y | 1.5
inhalation (mg/m?*-day) 84101 4.2:10 6.3 1.51-10!
Cancer EPA weight-of-evidence Cr(VDA
classification® B2 B2 Cr(IITD Bl B2 b D A b C
Inhalation Unit Risk (mg/m3)° 8.4-10" | 1.5-10" | 4.2-103 | 1.2:10° 4.3-10°

¥ Minimal risk level (MRL): an estimate of the daily human exposure to a hazardous substance that is likely to be without

an appreciable risk of adverse non-cancer health effects over a specified route and duration of exposure

Y Cancer EPA weight-of-evidence classification: A — human carcinogen, B1 — probable human carcinogen, B2 — probable human
carcinogen, C — possible human carcinogen, D — not classifiable as to human carcinogenicity, E — good evidence for absence

of carcinogenicity

9 Unit risk: excess lifetime cancer risk per unit concentration of the substance in the medium where human contact occurs
(1 pg/L in water or 1 pg/m? in air), usually expressed in units of proportion (of a population)

of exposure, i.e., inhalation of vapours, was considered,
Equation (3).

Chronic daily intake through ingestion of river
sediment particles:

CS-IR-EF-ED

CDI,,(mg/ kg- day)=
(Mg kG- day)y= ===

)

Chronic daily intake through inhalation of river
sediment particles:

CS-IN-EF-ED

CDI,,,(mg/ kg- day)=
(Mg kG- day)y= =Sm =

@

Dose contacted through inhalation of vapours (for
mercury only):

CS-IN-EF-ED

col / kg- day)=
o (MO Y= =y AT

©)

. where CS (mg/kg) is the concentration of metal
cations in river sediments (“exposure  point
concentration”); IR is the ingestion rate (0.0002 kg/day
for child and 0.0001 kg/day for adult); IN is inhalation
rate (the most recent EPA guidance recommends daily
rates of 10 m*day for child and 20m*day for adult);
EF is the exposure frequency (350 day/year); ED is the
exposure duration (6 years for child and 24 years, for
general case 30 years, for adult); PEF is the particle
emission factor, climate specific (1.36 -10° m*kg); BW
is the average body weight (15 kg for child and 70 kg
for adult); AT is the average time (365 day/year - ED
for non-carcinogens and 365 day/year 70 year for

carcinogens); and VF is the volatilization factor (for
element Hg 32675.6 m/kg) [24].

The lifetime average daily dose for carcinogens
(LADD) used in the assessment of cancer risk has been
calculated as a weighted average for each exposure route
as shown in Eq. (4).

Calculating the lifetime average daily dose for
carcinogens:

CS-EF o CRchi/d 3 EDohiId + CRadult i EDadu/t)
AT BW, BW,

child adu't

LADD(mg/ kg- day)=

@

...where all the acronyms denote the same variables
as in Equations (1)-(4), except: CR is the contact (or
absorption) rate (i.e., ingestion [CR = IR] and inhalation
adsorption [CR = IN]).

Risk characterization relevant for the present
investigation comprises calculations of carcinogenic
and non-carcinogenic risks for ingestion and inhalation
of sediments. The chronic daily intakes calculated
for each element and exposure pathway are subsequently
divided by the corresponding reference dose to yield
a hazard quotient (HQ) (or non-cancer risk), whereas
for carcinogens the dose is multiplied by the
corresponding slope factor to produce a level of cancer
risk (Risk).

The basic equation for calculating systemic toxicity
or non-carcinogenic hazard for a single substance/
element is expressed as the hazard quotient:

HQ = CDI | RfD 5)
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...where the non-cancer hazard quotient is a unitless
number that is not expressed as the probability of an
individual suffering an adverse effect. As a rule, the
greater the value of CDI/RfD above unity, the greater
the level of concern, as CDI is greater than RfD. It is
also the ratio of a single substance exposure level over
a specified time period to a reference dose for that
substance derived from a similar exposure period. CDI
is the chronic daily intake of a toxicant expressed in
mg/kg-day, and RfD is the chronic reference dose for
the toxicant expressed in mg/kg-day. It is the mg/kg-day
of the daily exposure level for the human population,
including sensitive subpopulations, that is unlikely to
be an appreciable risk of deleterious effects during a
lifetime.

For carcinogens, the risks are estimated as the
incremental probability of an individual developing
cancer over a lifetime as a result of exposure to the
potential carcinogen. The basic equation for calculating
the excess lifetime cancer risk is:

Risk = CDI x SF ©)

...where “Risk” is a unitless probability of an individual
developing cancer over a lifetime, CDI is the chronic
daily intake (mg/kg-day); while SF is the slope factor,
expressed in mg/kg-day. It converts the estimated daily
intake averaged over a lifetime of exposure directly to
incremental risk of an individual developing cancer.

As all risks are cumulative, it is possible to calculate
the cumulative non-carcinogenic hazard expressed as
the hazard index (HI) or cancer risk expressed as the
total cancer risk (TCR).

For each chronic non-carcinogenic exposure, the
separate chronic hazard index should be initially
calculated from the ratios of the chronic daily intake
(CDI) to the chronic reference dose (RfD) for the
individual chemicals, and then the obtained results
summarized as described in the equation:

HI=X CDI, /RfD, %)

...where hazard index (HI) is a unitless number that
is not expressed as the probability of an individual
suffering an adverse effect. As a rule, the greater the
value of CDI/RfD above unity, the higher the level of
concern. It is the sum of more than one hazard quotient
for multiple substances and/or multiple exposure
pathways, CDI, is the chronic daily intake of the k"
toxicant in mg/kg/day and RfD, is the chronic reference
dose for the k™ toxicant in mg/kg/day.

The cancer risk equation that describes estimates
of incremental individual lifetime cancer risk for the
simultaneous exposure to several carcinogens is:

TCR =X CDI > SF, @®)

...where TCR is total cancer risk; CDI, is the chronic
daily intake or dose (mg/kg-day) for substance k; SF,

is the slope factor, expressed in (mg/kg-day)™, for
substance k; and CDI xSF is the risk estimate for the k*
substance.

By incorporating the obtained measured data into
the equations described above, the values for the non-
carcinogenic hazard index and the carcinogenic lifetime
risk for individual elements, the cumulative risk for
different exposure pathways for individual elements
and the cumulative risk for all elements were obtained
(Table 3).

Results and Discussion

The metal cations content in the river sediments
at the three studied locations (Fig. 1), in form of the
mean concentrations for the minimum and maximum
water level periods, is presented in Table 1. In the
present study, no significant differences were found in
sediment metal cation concentrations over these two
periods.

The Korbevacka River is strongly influenced by the
Pb-Zn Grot Mine. Table 1 indicates that Cu, Pb, and Cd
contents were much higher than those specified within
Canadian sediment quality guidelines (ISQG). Hg, As,
and Cr are below the guideline concentrations for river
sediments, while Fe, Mn, Ni, and Ba border values have
not been defined within Canadian sediment quality
guidelines. Along the river’s flow, heavy metal (Cu, Pb,
and Cd) cations, which have concentrations much higher
than specified in the guidelines document, originate
directly from the mine and the flotation dump. The mine
impact on the Korbevacka River is reflected in the much
higher concentrations of Fe, Mn, Ni, Cr, and Hg cations
in the sediments from the upper part of the river basin
in comparison with their concentrations in the sediments
from the middle and lower parts of the river basin.
Concentrations of Cr and Hg cations were much lower
than those in Canadian sediment quality guidelines
[25], while Fe, Mn, and Ni border values have not been
defined with the same guidelines (Table 1). The highest
values of metal cations content (except for As and Ba)
were recorded in the vicinity of the mine (location 1),
but downstream metal cations migration is clearly
evident along the Korbevacka River (Table 1). There is a
decrease in the concentration of all metal cations (except
for As and Ba) in the middle and the lower parts of the
river compared to the higher part, which confirmed the
reduced anthropogenic activities from the upper part
to the middle and the lower parts of the river basin.
The concentration of As is uniform and is much lower
than the one in Canadian sediment quality guidelines,
while the concentration of Ba increases along the river
(Ba border value has not been defined within Canadian
sediment quality guidelines). These metal cations
(As and Ba) can indicate their native origin in the
Korbevacka River sediments. Middle and lower parts of
the Korbevacka River catchment are mainly agricultural
with a small village served by a small wastewater
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Table 3. Non-carcinogenic hazard index and carcinogenic lifetime risk for individual elements, cumulative risk for different exposure

pathways for individual elements, and cumulative risk for all elements.

Risk
Non-carcinogenic | Non-carcinogenic Cumu.l ative . | Non-carcinogenic | Non-carcinogenic Cumu.l ative .
risk risk non-carcinogenic risk risk non-carcinogenic
Element risk risk
Type of risk
Child Ingestion of Child _Ingestion Child Inge.:stion Child Ingestion of Chilq Ingestion of | Child Inge}stion
sediment, HQ sed. of particu./vapur, | of for a single sediment, HQ sed. particu./vapour, of for a single
HQ element HQ element
I1 0.1777 0.0011 0.1788 0.0190 0.0005 0.0195
12 0.1010 0.0006 0.1016 0.0108 0.0003 0.0111
cd | M 0.0217 0.0001 0.0218 0.0023 0.0000 0.0023
112 0.0499 0.0003 0.0502 0.0053 0.0001 0.0054
111 0.0281 0.0002 0.0283 0.0030 0.0000 0.0030
1112 0.0473 0.0003 0.0476 0.0050 0.0001 0.0051
11 0.1074 0.0004 0.1078 0.0115 0.0002 0.0117
12 0.1487 0.0005 0.1492 0.0159 0.0002 0.0161
1 0.0362 0.0001 0.0363 0.0039 0.0000 0.0039
cr m2 0.0456 0.0002 0.0458 0.0049 0.0001 0.0050
[111 0.0448 0.0002 0.0450 0.0048 0.0001 0.0049
112 0.0656 0.0003 0.0659 0.0070 0.0001 0.0071
I1 0.4762 NA:* 0.4762 0.0510 NA 0.0510
12 0.5889 NA 0.5889 0.0631 NA 0.0631
Fe 1 0.1564 NA 0.1564 0.0168 NA 0.0168
2 0.2101 NA 0.2101 0.0225 NA 0.0225
I11 0.1726 NA 0.1726 0.0185 NA 0.0185
112 0.2246 NA 0.2246 0.0241 NA 0.0241
I1 1.6775 0.1984 1.8759 0.1797 0.0844 0.2641
12 1.5063 0.1781 1.6844 0.1614 0.0758 0.2372
Mn 1 0.3300 0.0390 0.3690 0.0354 0.0166 0.0520
112 0.3882 0.0459 0.4341 0.0416 0.0279 0.0695
1111 0.1902 0.0225 0.2127 0.0204 0.0096 0.0300
1112 0.3216 0.0380 0.3596 0.0345 0.0162 0.0507
1 0.0258 0.0013 0.0059 0.0028 0.0006 0.0034
12 0.0165 0.0008 0.0173 0.0018 0.0004 0.0022
S| I 0.0056 0.0003 0.0059 0.0006 0.0001 0.0007
N 12 0.0075 0.0004 0.0079 0.0008 0.0002 0.0010
111 0.0068 0.0004 0.0072 0.0007 0.0002 0.0009
12 0.0086 0.0005 0.0091 0.0009 0.0002 0.0011
11 0.2748 0.0000 0.2748 0.0294 0.0000 0.0294
12 0.1201 0.0000 0.1201 0.0129 0.0000 0.0129
1 0.0195 0.0000 0.0195 0.0021 0.0000 0.0021
Cu m2 0.0274 0.0000 0.0274 0.0029 0.0000 0.0029
111 0.0156 0.0000 0.0156 0.0017 0.0000 0.0017
1112 0.0271 0.0000 0.0271 0.0029 0.0000 0.0029
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Table 3. Continued.
11 15.8534 NA 15.8534 1.6987 NA 1.6987
12 27.8381 NA 27.8381 2.9826 NA 2.9826
- 11 2.2710 NA 2.2710 0.2433 NA 0.2433
112 3.1520 NA 3.1520 0.3377 NA 0.3377
111 2.1801 NA 2.1801 0.2336 NA 0.2336
112 2.6279 NA 2.6279 0.2816 NA 0.2816
Table 3. (extension)
11 0.0026 88(1)2(7) 0.0163 0.0003 88828 0.0062
2 0.0015 8882(1) 0.0096 0.0002 888(3)(5) 0.0037
e 11 0.0002 888?8 0.0012 0.0000 88882 0.0004
12 0.0001 88882 0.0004 0.0000 8888(1) 0.0001
[11 0.0003 ggg?g 0.0021 0.0000 88882 0.0008
2 0.0002 888(1)(3) 0.0015 0.0000 88882 0.0005
11 0.0101 NA 0.0101 0.0011 NA 0.0011
12 0.0098 NA 0.0098 0.0010 NA 0.0010
111 0.0100 NA 0.0100 0.0011 NA 0.0011
As 2 0.0110 NA 0.0110 0.0012 NA 0.0012
1111 0.0098 NA 0.0098 0.0010 NA 0.0010
2 0.0098 NA 0.0098 0.0010 NA 0.0010
11 0.0059 0.0001 0.0060 0.0006 0.0000 0.0006
12 0.0052 0.0001 0.0053 0.0005 0.0000 0.0005
111 0.0061 0.0001 0.0062 0.0006 0.0000 0.0006
Ba 112 0.0045 0.0001 0.0046 0.0005 0.0000 0.0005
111 0.0087 0.0002 0.0089 0.0009 0.0001 0.0010
1112 0.0128 0.0002 0.0130 0.0014 0.0001 0.0015
Cumulative sediment risk for all elements — risk is additive
11 18.7433 0.2150 18.9583 2.0082 0.0916 2.0998
12 30.4168 0.1882 30.6050 3.2588 0.0802 3.3390
111 2.8767 0.0406 29173 0.3586 0.0171 0.3757
112 3.9364 0.0472 3.9836 0.4195 0.0284 0.4479
1111 2.6927 0.0253 2.7180 0.2873 0.0109 0.2982
12 3.3854 0.0406 3.4260 0.3627 0.0172 0.3799
Carcinogenic risk
Element
Ingestion of sediment particulates (-10) Inhalation of sediment particulates (-10¢)
1 0.0111
2 0.0063
cd 111 0.0014
2 0.0031
1111 0.0017

12

0.0029
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Table 3. (extension)

Il 0.1340
12 0.1856
or 11 0.0452
12 0.0569
111 0.0558
112 0.0819
11 0.0043
12 0.0027
Ni 111 0.0009
m2
111
12
11 0.6023 0.0005
12 0.5786 0.0004
As 11 0.5915 0.0004
2 0.6518 0.0005
111 0.5813 0.0004
1112 0.5793 0.0004
Cumulative carcinogenic risk
Il 0.6023 0.1499
12 0.5786 0.1950
111 0.5915 0.0479
m2 0.6518 0.0617
111 0.5813 0.0590
112 0.5793 0.0866

treatment plant that discharges into the Korbevacka.
This might be the reason for the variations of the metal
cations concentrations between sampling sites I, and
II, or from I, to II,. The heavy metal speciation and
solubility is affected by pH and redox potential in the
river water and sediments. Although the concentrations
of heavy metal cations in sediments were quite high
due to neutral or slightly alkaline conditions in river
water, the solubility of the mentioned heavy metal
cations was partly prevented [26]. In case any current
equilibrium condition (pH, redox potential) changes,
these sediments could become an additional source of
metals for the Korbevacka [27]. Dominant heavy metal
species in the Korbevacka river sediments do not need
further comments, but additional argumentation is
required in the case of Cr. Chromium (VI) is the form
of Cr commonly found at contaminated sediments. As
chromium can exist in chromium (III) form depending
on pH and redox conditions, it is assumed that
chromium (VI) in the Korbevacka sediments was the
dominating chromium species due to aerobic conditions
in sediments.

Following the toxicological profiles of all the
investigated elements [28], it can be seen that most of
the heavy metals have adverse health effects on humans,

the so-called toxicological effects; but some of the
metals are additionally carcinogenic.

By incorporating the obtained measured data (Table
1) into Equations (1)-(8), the following values were
obtained: the non-carcinogenic hazard index and the
carcinogenic lifetime risk for individual elements, the
cumulative risk for different exposure pathways for
individual elements, and the cumulative risk for all
elements (Table 3).

The investigation shows that the measured sediment
concentrations of all the investigated elements generate
no significant carcinogenic lifetime risks due to
ingestion and/or inhalation of sediment particulates.
No matter how small the probability, a carcinogenic
risk of ingestion and/or inhalation of sediment
particulates exists and varies from the maximum value
of 0.6023x10°° in the case of As to a minimum value of
0.5786x10~°¢ for As ingestion, and the maximum value of
0.1836x10"¢ in the case of Cr (VI) to the minimum value
of 0.0004x10°¢ for As inhalation of sediment particulates
(Table 3). Hence, the risk that evolves due to exposure to
heavy metal cations in sediments merely contributes to
the total cancer risks that it are completely insignificant.

On the other hand, the non-carcinogenic risk,
expressed as the hazard quotient, is not so benevolent.
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The hazard quotient is close to one or even exceeds that
value, particularly in cases of the exposure of children
(Table 3). Generally speaking, the hazard quotient for
the ingestion and/or inhalation of sediment particulates
by children is approximately 10 times greater in
comparison to the corresponding results obtained for
adults. In both cases (children and adults) the values of
HQ corresponding to ingestion were higher than those
corresponding to the inhalation of sediment particulates
for all elements, except Hg (Table 3). Mercury is the only
element for which inhalation of vapours seems to pose a
higher risk, compared to ingestion due to the significant
vapour pressure of Hg at ambient temperature. The HQ
of heavy metals through ingestion and/or inhalation of
sediment particulates decreases with increasing distance
from the Grot Mine, which indicates that health risks
diminish with distance from the mine. The differences
in the total metal HQ for various locations along the
Korbevacka are largely attributable to the significantly
different contributions of Pb and Mn.

There is a particular danger of contamination from
separate heavy metals, from the point of view of HQ.
The HQ values of Cd, Cr, Ni, Cu, Ba, Hg, As, Fe, and
Mn (only for adult) for the ingestion and/or inhalation
of sediment particulates by children and adults were
generally less than 1, which indicates that the local
inhabitants will not be exposed to a potential health
risk by ingestion and/or inhalation of the sediment
particulates. The present results indicate that Pb was
the major component contributing to the potential health
risk, with Mn (in the case of children’s exposure) being
of secondary importance. Based on the data obtained in
this study, Pb and Mn pose a clear potential risk to the
local inhabitants due to ingestion and/or inhalation of
sediment particulates.

The heavy metals cumulative non-carcinogenic
effect gives reasons for concern (Table 3), as the hazard
index for the maximum content of the metals (location
1) was 30.6050 and 3.3390 for children and adults,
respectively. This is an alarming value for toxicologists
since it indicates that human health is endangered, but
direct implications of cumulative effects of heavy metals
in sediment and their influence on human health were
not within the scope of this investigation.

As for cadmium, the renal no observed adverse
effect level (NOAEL) for Cd is 0.0021 mg/kg-day.
MRL for Cd is 0.0002 mg/kg-day (Table 2). Since the
maximum calculated values of the non-carcinogenic
CDI for Cd for child and adult ingestion of sediment
particulates are 0.1777 mg/kg-day and 0.0190 mg/kg-day,
respectively (location 1), it could be concluded that
there is a potential non-carcinogenic risk that could
eventually be caused by Cd for children and adults
who are exposed to the sediment particulates of the
Korbevacka River.

Chromium risk analysis predicts that the current
occupational standards for hexavalent chromium
permit a lifetime excess risk of dying of lung
cancer that exceeds 1 in 10 for Cr concentrations

in air of 1 mg/m’. The maximum calculated risk in
the case of the Korbevacka sediments is very small
(0.1856x107°, location 1), hence there is no respective
cancer risk. Corresponding toxicological effects
can arise when daily intake is above the RfD of Cr or
0.003 mg/kg-day. The present calculations for maximum
concentration of Cr revealed that the daily intake is
nowhere near the value of child non-carcinogenic CDI
(0.000446 mg/kg-day, location 1), hence a child non-
carcinogenic hazard is not possible.

Iron is ubiquitous in biological systems. Iron is
essential to all organisms, except for a few bacteria.
It is mostly stably incorporated in the inside of
metalloproteins, because it causes the production of
free radicals that are generally toxic to cells in exposed
or free form. Iron is necessary for good health — daily
iron requirements are 8.7 and 6.7 mg for males aged 11-
18 and 19+ years, respectively [29]. For women aged
11-50 the estimated average daily iron requirement is
11.4 mg, while for postmenopausal (50+ years) women
it is 6.7 mg. Estimated average daily requirements for
children are 1.3 mg (0-3 months), 3.3 mg (4-6 months),
6.0 mg (7-12 months), 5.3 mg (13 years), 47 mg
(4-6 years), and 6.7 mg (7-10 years). The present
calculations for child and adult ingestion of sediment
non-carcinogenic maximum CDIs for Fe (0.4122 and
0.0442 mg/kg-day, respectively, location 1) show that
these concentrations of Fe do not exceed the chronic
RfD (0.7 mg/kg-day, Table 2).

Manganese is one out of the three toxic essential
trace elements, which means that it is not only
necessary for humans to survive, but it is also toxic at
high concentrations. The case of manganese is rather
complex. The origin of manganese in the Korbevacka
sediments is twofold. Manganese is a natural part
of sediments but it is additionally brought there by
wastewaters from Grot Mine and the flotation dump.
It can bring forth a variety of serious toxic responses
upon prolonged exposure to elevated concentrations,
either orally or by inhalation. The present calculations
for child and adult ingestion of sediment non-
carcinogenic maximum CDIs for Mn (0.0772 and
0.0083 mg/kg/day, respectively, location 1) show that
the concentration of Mn exceeds the chronic RfD for
children (0.046 mg/kg-day, Table 1). However, since the
contribution of the mine to the Mn cations content in the
Korbevacka River sediments is not negligible, further
monitoring of Mn cations is necessary.

Nickel is an element that occurs in the environment
at very low levels and is essential in small doses, but it
can be dangerous when the maximum tolerable amounts
are exceeded. Nickel is a probable human carcinogen
as some industrial Ni compounds cause carcinogenic
effects, although many others do not. The present results
showed that the current concentrations of Ni cations in
the Korbevacka River sediments are below any alerting
values.

Copper is an essential micronutrient. Copper in the
surface sediment, or aerated sediment, is usually present
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as Cu(Il). Although most copper salts occur in two
valence states, i.e., Cu(I) or Cu(Il) ions, the biological
availability and toxicity of copper is most likely
associated with the divalent state [29]. Child and adult
ingestions of sediment non-carcinogenic maximum
CDIs for Cu (0.0110 mg/kg-day and 0.0012 mg/kg-day,
respectively, location 1) are smaller than oral chronic
RfD (0.04 mg/kg-day), hence copper generates risk
neither for children nor for adults.

The presence of lead in the Korbevacka sediments
is exclusively related to mining activities. Lead can
affect almost every organ and system in the human
body. The most serious source of exposure to soil
lead is through direct ingestion (eating) of the
contaminated soil or dust. Assuming the worst-case
scenario, for children with daily sediment intake
rates of 200 mg/day and maximal concentration of
Pb cations of 7620.7 mg/kg in the sediment, the
calculated chronic daily intake for non-carcinogenic
risk is 0.0974 mg/kg-day, and if all that Pb would enter
the blood, which is not the case, the child would have
serious health problems.

Mercury is a toxic substance with no known
function in human biochemistry or physiology and does
not occur naturally in living organisms. The forms or
species of mercury are usually classified into the general
categories of organic and inorganic [29]. The redox
potential and pH of the system determine the stable
forms of Hg that will be present. Mercury is most toxic
in its alkylated forms, which are soluble in water and
volatile in air. The current concentrations of Hg cations
in the Korbevacka River sediments are below any
alerting values for human health.

Arsenic mobility, bioavailability, and toxicity are
dependent on speciation: arsenite (AsO,”) forms are
much more toxic to biological species and are more
mobile than arsenate (AsO,) forms [29]. Metallo-
organic forms of arsenic also may be much more
bioavailable than inorganic forms. Under oxic conditions
As (IIT) mobility is enhanced. Arsenic is apparently
highly mobile in anoxic sediment-water systems. The
calculated risk for the ingestion of sediment particulates
is more than 100 times greater in comparison to the
corresponding results obtained for the inhalation of
sediment particulates. But there is no respective cancer
risk in both cases. Corresponding toxicological effects
can arise when daily intake is above the RfD of As or
0.0003 mg/kg-day. The present calculations revealed
that the maximum daily intake is nowhere near the
value of child and adult non-carcinogenic CDI (0.33 107
and 0.35 10° mg/kg-day, location 2), hence human non-
carcinogenic hazard is not possible.

Barium is a divalent alkaline-earth metal that has
not been evaluated by the EPA for evidence of human
carcinogenic potential [30]. The oral reference dose
(RfD) of Ba is 0.07 mg/kg-day [31-33]. Child and adult
ingestion of sediment non-carcinogenic maximum
CDIs for Ba (0.0009 mg/kg-day and 0.0001 mg/kg-day,
respectively, location 3) are much smaller then oral

chronic RfD, hence barium generates risk neither for
children nor for adults.

Conclusions

Metal-rich wastes resulting from the mining and
flotation activities are one of the most important
potential hazards to environmental quality [34-36].
Generally, soils and waters of mining areas show high
contents of toxic metal cations as arsenic, lead, cadmium
[37-39]. The results of heavy metal cations content in
the Korbevacka sediments and health risk assessment
obtained in this study confirm this fact.

This study points to a significant level of
contamination of the Korbevacka sediments while the
obtained results help expand our knowledge regarding
the impact of mining and flotation operations on the
environment and the potential risk to human health. The
extent of the Korbevacka River sediments contamination
by heavy metal cations decreases with increasing
distance from the Grot Mine, which indicates that health
risks diminish with distance from the mine.

The results of the risk assessment calculated for
lifetime exposure indicate that the carcinogenic risk is
completely insignificant and falls under the range of
threshold values (10-*-10-°), above which environmental
and regulatory agencies consider the risk unacceptable.
But the non-carcinogenic risk is significant, mainly
for children, since it approaches values that could be
unacceptable. The present results indicate that Pb is the
major contributor to the potential non-carcinogenic risk
to children and adults, with Mn (in the case of children’s
exposure) being of secondary importance.

Therefore, the area surrounding Grot Mine needs
effective measures to reduce the toxic metal cations
contamination. In general, exposure risk assessment of
the present type can be used for screening purposes in
order to identify important exposure pathways and to
determine the urgency of sediment remediation actions.
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