
Introduction

Input of heavy metals and metalloids in fresh waters
has been increasing in recent decades. Their occurrence in
the environment results from different anthropogenic
activities, though natural processes like geological weath-
ering of nearby rocks and soils can also increase the
amount of heavy metals and metalloids in lakes. The other
important source of heavy metals and metalloids is the
aforementioned anthropogenic input from farming, traffic,
mining, combustion emissions, and other industrial manu-

facturing activities [1, 2], from which the dusts are subse-
quently deposited onto the drainage basins of rivers and
lakes.

Tailings dams are a special type of dam built to store
mill and waste tailings from mining activities. Currently,
thousands of tailings dams worldwide contain billions of
tons of waste material from mineral processing activity at
mine sites. Tailings dams should be constructed to achieve
a safe, stable post-operational tailings impoundment [3, 4],
and to contain waste materials indefinitely. Therefore, they
are supposed to last forever, but since 1970 there have been
35 major mine tailings dam failures reported around the
world [5]. In 2000 alone there were a total of 5 reported
accidents (China, Romania, Sweden, and the USA). 
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Abstract

Tailings dam failures are relatively rare but can cause extremely high and long-term impacts on the envi-

ronment. The Sasa tailings dam collapsed in August 2003 and caused an intensive flow of tailings material

through the Kamenica River all the way to Lake Kalimanci, where most of the tailings material discharged.

This study deals with the characterization of surficial lake sediments from Lake Kalimanci in eastern

Macedonia. Mineralogical, geochemical, and statistical analyses of surficial sediments in two sampling years,

before and after the Sasa tailings dam failure, were carried out. To determine the pollution status of surficial

lake sediments, two environmental indexes were calculated for 2001 and 2007. Spatial distribution of the ana-

lyzed heavy metals and metalloids shows that the highest concentrations were measured on the northern part

of the lake, where the Kamenica River enters.

Keywords: tailings dam failure, heavy metals and metalloids, pollution, spatial distribution, environ-

mental factors 

*e-mail: petra.vrhovnik@gmail.com 
petra.vrhovnik@ntf.uni-lj.si



When the Aznalcollar accident (SW Spain) occurred in
April 1998, the channels and floodplains of the lower Agrio
and the middle/lower Guadiamar rivers were completely
overwhelmed by 4,106 m3 of acidic water and 2 million m3

of toxic mud containing large amounts of heavy metals and
metalloids [6].

A major disaster also happened in the eastern Republic
of Macedonia (Europe). During the afternoon on 30 August
2003 one part of the Sasa Mine tailings dam collapsed and
caused an intensive flow of tailing materials through the
Kamenica River Valley. The height of tailing flow was
around 10 meters and was more at some localities, and the
length of the flow was 12 km. 70,000-100,000 m3 of tail-
ings was discharged and expanded through the Kamenica
River Valley, up to the city of Kamenica and into Lake
Kalimanci. The damaging tailings flow material comprised
a large amount of heavy metals and metalloids [7], and
probably seriously affected Lake Kalimanci.

When potentially heavy metals and metalloids enter
into the aquatic environment they are redistributed through-
out the water column, deposited or accumulated in sedi-
ments and consumed by biota [8]. A fundamental charac-
teristic of heavy metals and metalloids is their lack of
biodegradability, and lake sediments are usually operating
as pollutant storage tanks that are reflecting long-term
impacts [9]. For this reason it is important to assess the
abundance of these heavy metals and metalloids accumu-
lated into lake sediments and to determine the environmen-
tal risk. 

Consequently, we investigated the toxic metal contami-
nation of the surficial sediments from Lake Kalimanci.
Therefore, a geochemical study of the surficial sediments in
Lake Kalimanci (eastern part of the Republic of
Macedonia) was carried out to determine their elemental
compositions before and after the accident in 2003. To eval-
uate the pollution status of lake sediments before and after
the accident, an enrichment factor (EF) and index of geoac-
cumolation (Igeo) were applied.

Experimental Procedures

Study Area

Lake Kalimanci is located in eastern Macedonia, in the
2000 m high Osogovo Mountains near the city of
Makedonska Kamenica (Fig. 1). The origin and develop-
ment of Lake Kalimanci are closely related to the deficien-
cy of the water for irrigation purposes in the Kočani Field
area. Therefore, it has an artificial origin and it is supplied
by two rivers: the Bregalnica River and Kamenica River on
the north side, which flows directly from the Sasa Mine.
The surface of the lake is 4.23 km2, its longest length is 14
km, and greatest width 0.3 km; the maximum depth is 85 m
and it encompasses around 120 million m3 of water. 

The rocks underlying the Lake basin are dismembered
into a few lithostratigraphic units, which are the parts of
the Serbo-Macedonian Massif and Tertiary sediments.
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Fig. 1. Geographical setting of the studied area.



The metamorphic rocks of the Serbo-Macedonian Massif
are distinguished into the lower and upper metamorphic
complex. The lower complex of Precambrian metamorphic
rocks is introduced by gneisses, micas, amphibolites, and
schists. The upper Paleozoic metamorphic and magmatic
complex contains quartz-graphitic, chlorite-quartz, mus-
covite-chlorite schists, and layers of cipolines and marbles.
The Tertiary sediments are composed of Neogene clay,
sand and gravel sediments, and sandstones [10]. 

According to the XRD analyses in our previous research
[7, 11], the sediment samples from Lake Kalimanci are
dominated by the following minerals: quartz, plagioclases,
K-feldspars, muscovite, illite, and clinochlorite. Subordinate
minerals are hornblende, gypsum, bassanit, calcite,
dolomite, smithsonite, pyrite, marcasite, hematite, goethite,
and diaspor. 

The Osogovo Mountains have two main ore deposits:
the Sasa-Toranica and Zletovo-Kratovo, which are connect-
ed by the same geology catchment. The Sasa Ore District is
situated 10 km N of Lake Kalimanci, in the Osogovo
Mountains, and occupies an area of about 200 km (Fig. 1). It
is established as one of the largest ore districts within the
Besna Kobila Osogovo Tassos Metallogenetic Zone. The
Sasa Mine has been in production for over 45 years, yield-
ing 90,000 tons of high-quality Pb-Zn concentrate annually.

The Sasa deposit geological composition is represented
by three metamorphic complexes cross-cut by the Strumica
Diorite Formation, leucocratic gneisses, and Tertiary mag-
matites. The metamorphic complex consists of
Precambrian high crystalline metamorphic rocks, Pre-
Silurian greenschists, and Silurian-Devonian quartz-mus-
covite-graphytic schists, calc schists, marbles, and phyllites
[11]. The Strumica Diorite Formation includes gabbro,
diorite, and plagiogranite [11]. Tertiary magmatites are
mostly presented by the quartz-latites and rhyodacites with
sanidine dacites and latite-andesite porphyrites. Important
Pb and Zn deposits were formed, always accompanied by
variable amounts of Cu, Au, Ag, Mo, and Sb. The ore in the
studied area can be found in quartz-muscovite-graphitic
schsists and also in greenschists and marbles. 

The composition of the tailings material is mostly depen-
dent on the content of flotation reagenses, features of the ore,
applied process of the ore enrichment, and pH values of the
pulp etc. The tailings material from the Sasa mine is made
up of quartz, pyrite, galenite, gypsum, hornblende, actino-
lite, albite, anortite, biotite, and orthoclase. The geochemical
analyses of tailings material in 2003 showed an average
range of Mo 3.0 mg/kg, Cu 982, Pb 6,496 mg/kg, Zn 5,121
mg/kg, Ni 31 mg/kg, As 111 mg/kg, Cd 152 mg/kg, Ag 21
mg/kg, Au 0.0 mg/kg, and Sb 5.6 mg/kg [11]. 

Sampling 

17 surficial sediment samples from Lake Kalimanci
were taken before the accident, in August 2001. The sam-
pling collection was resumed in September 2007, four
years after the accident. In these years 31 samples were
taken (Fig. 2). The chosen sampling locations were formed
into 8 profiles through the northern part of Lake Kalimanci

and referred mostly to the area around the River Kamenica
tributary on the northern site of the lake, which is directly
connected to the Sasa Mine area (Fig. 3a and 3b). In 8 pro-
files there were 48 samples collected altogether in both
sampling years; meanwhile in both years there are only 6
common locations (I-2, II-5, III-2, IV-1, V-7, VI-1). The
sediment pH ranged between 5.5 and 7.5, and redox poten-
tial ranges between -325 mV and +180 mV.

The samples were collected with plastic corers (tube 10
cm long with a 7 cm internal diameter), and were tightly
packed into self-locking polyethylene bags. The use of
metal tools was avoided, and a plastic spatula was used for
sample collection. The surficial sediment samples were
stored at 4ºC and in the laboratory the sediment samples
were dried at 50ºC for 48 hours. They were then sieved
through a 0.315 mm polyethylene sieve to remove plant
debris and homogenized by mechanical agate grinder to a
fine powder for subsequent mineralogical and geochemical
analyses. 

The mineralogy of the sediment samples was deter-
mined at the Department of Geology, Ljubljana (Slovenia)
by X-ray powder diffractometry using a Philips PW 3710
diffractometer and CuKa radiation. The diffraction patterns
were identified using the data from Powder Diffraction File
(1977) – JPDS system. 

The complete chemical analyses were obtained at the
commercial ACME Laboratories in Vancouver, Canada.
Several minor elements were analyzed by ICP-emission
spectrometry followed by a lithium metaborate/tetraborate
fusion and dilute nitric digestion (Acme Labs). In addition,
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Fig. 2. Sampling locations on Lake Kalimanci.



ICP mass spectrometry was applied using the same solution
in the ICP ES procedure. Furthermore a separate split was
digested in hot (95ºC) Aqua Regia and analyzed by ICP MS
to identify precious and base metals. The quality of the
analyses was monitored by comparison with the standard
materials STD SO-18, STD CSC, STD DS7, STD
OREAS76A, and STD R3A provided by ACME and
repeated measurements of five of our samples (I-5, II-1, II-
3, V-4, VIII-1).

Basic statistical parameters for each element were per-
formed using the original statistical software program
Statistica 8. Spatial distribution was carried out with
Golden Software Surfer 8.

To evaluate the surficial sediments contamination with
potentially heavy metals and metalloids, two environmen-
tal factors were applied. 

The concept of an enrichment factor (EF) was devel-
oped in the 1970s to evaluate anthropogenic contribution in
sediments and soils. Acording to Aubakar [12] it is
expressed as follows:

EF= (Ms/Als)/(Mc/Alc) 

...where the numerator stands for the ratio of the concentra-
tion of the examined element (Ms) to the reference element
(Als) in a sample. The denominator represents the ratio of

the concentration of the examined element (Mc) to the ref-
erence element (Alc) in a reference material. Metal to Al
ratios are widely adopted due to its crustal dominance and
high immobility, and the concentration of Al in weathering
products and their parent materials are generally compara-
ble. Al is also the normalizing element assumed not to be
enriched due to local contamination. Baseline values for
Mc were as follows [mg/kg]: Ag 0.05, As 1.5, Cd 0.098, Cu
25, Mo 1.5, Pb 20, Sb 0.2, and Zn 71 [13]. The enrichment
factor values are interpreted as the levels of heavy metals
and metalloids pollution that were suggested by Birth [14],
and the assessment criteria are generally based on the EF
values. 

The Geoaccumulation Index (Igeo) has been widely used
since the 1960s in all kinds of trace metal studies [2, 15,
16]. It was originally used for bottom sediments [15] and it
enables the assessment of pollution by comparing current
concentrations with unpolluted levels. It can be calculated
by the following equation: 

Igeo= log2(Cn/1.5Bn) 

...where Cn is the measured concentration of the examined
metal or metalloid in the sediment and Bn is the geochemi-
cal background concentration of the metal or metalloid. The
factor 1.5 is used because of possible variations in back-
ground values due to lithological variability.

Results and Discussion

Mineralogy of Surficial Lake Sediments

Sediment samples of the investigated area were found
to consist of sand, silt, and clay. Detailed x-ray diffraction
analysis of surficial sediments from Lake Kalimanci
revealed that sediments are mainly composed of quartz,
pyrite, clinochlore, dolomite, muscovite, calcite, and albite,
but we also detected in traces hornblende, smithsonite,
goethite, gypsum, and bassanite. Quartz is a very stable
mineral, and thus is present in local metamorphic and mag-
matic rocks near Lake Kalimanci, and also in the hydrother-
mal veins that contain ore minerals. The quantity of quartz
can decrease the concentrations of heavy metals and metal-
loids. 

Statistics and Geochemistry

The basic statistics of the obtained data in the Kalimanci
Lake surficial sediments and their concentrations for the
year 2001 are presented in Table 1; and those for 2007 after
the tailings dam failure are in Table 2. 

In order to assess element associations and metal ori-
gins, the Pearson correlation matrixes between the heavy
metals and metalloids from 2001 and 2007 are listed in
Table 3, which shows the strong positive correlation among
the studied elements Mo, Cu, Pb, Zn, Cd, Ag, and Sb in
both sampling years, demonstrating the possible co-conta-
mination from similar sources such as acid mine drainage
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Fig. 3. a) Part of the Kamenica River after the Sasa tailings dam
failure, b) part of Lake Kalimanci between the second and third
profile, where the Kamenica River stream ends.

a)

b)



and mine waste effluents from the Sasa lead-zinc ore
deposit. Because the correlations are entirely the same for
years 2001 and 2007, we can conclude that the Sasa tailings
dam failure did not change the correlation of those ele-
ments, but it has only increased their concentrations in sur-
ficial sediments from Lake Kalimanci. On the contrary, the
associations of arsenic with other elements were generally
weak. The Pearson correlation matrixes for both studied
years indicate that arsenic is not correlated like all other
metals, but it withdraws from the aforementioned explana-
tion. Its origin is most likely connected with bedrocks from
the surrounding area or has a different depositional nature
and has no connection with the Sasa tailings dam.

Spatial Distribution of Heavy Metals 
and Metalloids

Concentrations of all studied heavy metals and metal-
loids are presented in Fig. 4, for both sampling years 2001
and 2007. 

Concentrations of molybdenum in major rock-forming
silicates are around 1 mg/kg [13, 17]; the average content
of Mo in surficial lake sediments in the sampling year 2001
was 1.5, with maximum value 2.7 (II-5), and in the year
2007 the average content was 2.7 mg/kg and maximum
value 4.6 mg/kg, also on the second profile (II-3). After the
Sasa tailings dam failure, the content of Mo was approxi-
mately two times higher than before the accident. Next to
the Sasa tailings dam failure are high contents of Mo due to
sulphides like pyrite, galena, and sphalerite. In view of Fig.
4, the abundance of Mo is equally distributed through the
lake before the accident occurred, and comparing this to the
year 2007 on Fig. 4 the highest concentrations of Mo are
arranged in decreasing order from second to fifth profile.
On the other hand, there are higher concentrations of Mo in
the year 2007 on the southern part of the lake (profile VII
and VIII), which are comparable with concentrations of Mo
before the accident occurred. Presumably this is because of
very strong inflow of the Sasa tailing material, when the
failure occurred in 2003. The average crustal content of

The Occurrence of Heavy Metals... 1529

Table 1. Concentrations of studied metals in surficial lake sediments and their descriptive statistics before the Sasa tailings dam fail-
ure (year of sampling 2001).

Sample
S (TOT) Mo Cu Pb Zn As Cd Ag Sb

% mg/kg

DL 0.02 0.1 0.1 0.1 1.0 0.5 0.1 0.1 0.1

I-2 0.6 1.0 56 985 1407 27 9.8 0.5 0.9

II-2 0.5 1.0 79 1358 1415 53 11 0.8 1.0

II-5 2.3 2.7 298 6734 7707 82 69 4.4 2.9

III-2 0.5 1.2 72 1050 1331 34 10 0.6 0.8

III-7 0.3 1.7 205 3195 5040 100 30 2.2 2.1

IV-1 0.2 1.2 115 2276 2813 68 23 1.5 1.9

IV-3 0.6 1.1 57 789 1144 29 7.9 0.5 0.8

IV-5 0.7 2.1 242 4135 5106 71 41 3.1 1.8

V-2 1.5 2.2 269 4946 5792 62 52 3.9 2.1

V-7 0.2 1.1 98 1572 1887 20 13 1.1 0.8

VI-1 0.5 2.1 241 4636 6169 55 44 3.1 1.8

VI-3 0.4 0.8 60 752 1005 31 6.5 0.5 0.7

VI-8 0.3 1.4 182 3485 4418 42 30.4 2.2 1.6

VII-2 0.4 1.0 78 1257 1358 40 11 0.7 0.9

VII-5 0.6 2.3 279 4906 7301 65 47 3.5 1.7

VIII-3 0.6 0.8 94 426 917 66 5.5 0.5 0.7

VIII-5 0.5 1.9 211 3596 4942 51 40 2.7 1.4

Mean 0.6 1.5 155 2711 3515 53 26 1.9 1.4

Minimum 0.2 0.8 56 426 917 20 5.5 0.5 0.7

Maximum 2.3 2.7 298 6734 7707 100 69 4.4 2.9

Std.Dev. 0.5 0.6 89 1892 2397 22 19 1.4 0.6

*bold locations are the same in sampling years 2001, 2007.
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Table 2. Concentrations of studied metals in surficial lake sediments and their descriptive statistics after Sasa taigs dam failure (year
of sampling 2007).

Sample
S (TOT) Mo Cu Pb Zn As Cd Ag Sb

% mg/kg

DL 0.02 0.1 0.1 0.1 1.0 0.5 0.1 0.1 0.1

I-1 0.4 1.9 195 2272 2944 54.2 17 1.8 1.1

I-2 1.4 2.2 238 2721 5913 54.8 48 2.0 1.4

I-3 0.5 1.7 167 1931 2949 62 21 1.5 1.1

I-4 1.5 2.9 672 9357 9200.00 68.8 74 10 2.4

I-5 1.1 2.9 540 7980 8627 45.5 61.1 8.9 2.4

II-1 1.6 3.1 415 4461 9596 86.7 77.2 3.6 2.2

II-3 2.1 4.6 1162 16300 20900 77 136 17 3.6

II-5 1.9 4.2 929 13800 17600 70 112 15 3.2

II-6 0.6 2.6 345 5066 6335 53 42 4.5 1.6

III-1 2.1 3.1 478 7595 10800 63 80 6.9 1.7

III-2 1.9 4.1 514 9880 11900 62 71 7.2 2.1

III-3 2.0 3.7 723 10900 14000 73 90 11 2.7

III-6 3.3 3.3 693 9600 14000 58 87 10 2.1

IV-1 1.7 3.0 413 6695 8105 66 59 5.1 1.7

IV-4 2.0 2.3 341 5343 6734 62 48 4.2 1.6

IV-7 1.1 3.0 343 4755 6641 69 43 3.9 1.3

V-1 1.3 2.4 303 4447 5677 62 40 3.6 1.3

V-4 3.2 1.8 144 2564 3052 78 23 2.0 1.6

V-7 2.9 3.7 596 9472 12600 66 81 8.1 2.0

VI-1 0.5 1.0 162 1874 4587 68 28 1.4 0.7

VI-5 1.5 2.6 288 4776 5188 70 39 3.8 1.7

VI-7 4.5 3.6 315 7885 7181 128 54 5.6 3.3

VI-11 1.8 2.5 546 7557 11600 59 78 7.1 1.6

VII-1 0.9 1.9 373 4575 10400 78 61 3.6 1.1

VII-4 1.5 2.6 293 4510 5965 71 41 3.5 1.4

VII-8 3.7 1.8 147 2598 3376 74 25 1.9 1.5

VII-12 1.9 2.7 398 5144 9326 66 54 4.5 1.2

VIII-1 1.7 2.2 312 5092 7224 70 48 3.8 1.4

VIII-4 3.2 2.4 270 4991 5553 95 40 3.9 1.9

VIII-8 1.6 2.3 328 4863 7056 62 47 4.1 1.4

VIII-12 1.0 1.2 225 2463 4501 28 31 2.3 0.6

Mean 1.8 2.7 415 6176 8372 68 57 5.6 1.8

Minimum 0.4 1.0 144 1874 2944 28 17 1.4 0.6

Maximum 4.5 4.6 1162 16300 20900 128 136 17 3.6

Std.Dev. 1.0 0.9 233 3491 4291 17 27 3.9 0.7

*bold locations are the same in sampling years 2001, 2007.



copper is 25 mg/kg [13], while the average concentration in
surficial sediments from Lake Kalimanci before the dam
failure was 155 mg/kg. The reason for such high amounts
of Cu is probably the occurrence of sulphide minerals in the
Sasa-Toranica and Zletovo-Kratovo ore deposits [18], and
also the acid mine drainage from Sasa, which is stored on
top of the tailings dam. The amounts of copper in surficial
lake sediments after the dam collapse were more than 2.5
times higher than before the failure. The measured average
value of copper in 2007 was 415 mg/kg. In view of the geo-
chemical charts (Fig. 4) it is obvious that the lowest con-
tents of Cu were in the middle and southern parts of the
lake, and the highest contents were in the NW part of the
lake (II-3, II-5) in both sampling years. The difference
before and after the tailings dam failure is that the NW part
of Lake Kalimanci (between II and III profile) had
increased contents of Cu because it was there that most of
the collapsed tailings dam material was deposited. Lead and
zinc have the highest contents in surficial sediments from
Lake Kalimanci among all studied metals, due to the Pb-Zn
ore deposit near the Osogovo Mountains. The difference
before and after the tailings dam failure shows that the con-
tent of those two metals in 2007 was more than 2.3 times
higher than in 2001. The maximum value of Pb in 2001 was
6,734 mg/kg (II-5) and the average value was 2711 mg/kg.
In the sampling year 2007 the maximal measured value was
16,300 mg/kg (II-3) and its average content was 6,176
mg/kg. Zn had maximum value in year 2001, measured at
sampling location II-2, of 7,707 mg/kg, and had average

content of 3,542 mg/kg; meanwhile, after the dam failure its
maximum value increased to 20,900 mg/kg (also on the
second profile, II-3), and its average concentration after the
accident was 8,372 mg/kg. With regards to different case
studies [19] the average concentrations of Pb and Zn in
recent lacustrine sediments is 100 mg/kg and 205 mg/kg.

While the Former Yugoslavian Republic of Macedonia
has no sediment quality criteria, we made a comparison
with the Belgian Sediment Quality Criteria [20], which has
second limit values for Pb 350 mg/kg and for Zn 500
mg/kg. In this respect, the concentrations of Pb and Zn,
which are also major elements in Sasa production, are their
levels according to averages of recent lacustrine sediments
and Belgian sediment quality criteria, incomparably higher.
Besides the mining activity and the tailings dam failure, the
increased values of Pb and Zn also are due to weathering of
galena, sphalerite, and other sulphide minerals that
occurred in the Sasa-Toranica ore deposition. In view of
distribution diagrams (Fig. 4), both metals increased in the
NE part of Lake Kalimanci between the second and third
sampling profiles, due to the entering of the Kamenica
River, which caused the deposition of the greatest amounts
of Sasa tailings dam material in the lake after the failure in
2003. While the Sasa-Toranica ore deposit contains great
amounts of sphalerite (ZnS), consequently there also is
increased cadmium, which is the secondary product from
the sphalerite mineral. Next to Zn ores it also is a frequent
element inside Pb ores, and in oxidazing zone is mostly
found in smithsonite, hemimorphite, Mn oxides, and Fe
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Table 3. Pearson correlation matrix for 2001 and 2007.

Mo-01 Cu-01 Pb-01 Zn-01 As-01 Cd-01 Ag-01 Sb-01

Mo-01 1.00

Cu-01 0.98 1.00

Pb-01 0.98 0.99 1.00

Zn-01 0.98 1.00 0.99 1.00

As-01 0.76 0.78 0.81 0.80 1.00

Cd-01 0.98 0.98 1.00 0.99 0.84 1.00

Ag-01 0.98 1.00 1.00 0.99 0.81 0.99 1.00

Sb-01 0.87 0.88 0.92 0.90 0.96 0.94 0.92 1.00

Mo-07 Cu-07 Pb-07 Zn-07 As-07 Cd-07 Ag-07 Sb-07

Mo-07 1.00

Cu-07 0.87 1.00

Pb-07 0.94 0.97 1.00

Zn-07 0.90 0.99 0.98 1.00

As-07 0.16 0.50 0.46 0.45 1.00

Cd-07 0.90 0.99 0.96 0.98 0.37 1.00

Ag-07 0.83 1.00 0.96 0.98 0.53 0.98 1.00

Sb-07 0.90 0.97 0.96 0.97 0.32 0.99 0.97 1.00
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Fig. 4. Distribution of metals and metalloids in Lake Kalimanci surficial sediments. 
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Fig. 4. Continued. 



hydroxides [21]. The maximum and average concentrations
of Cd in surficial sediments from Lake Kalimanci before
the dam failure were 69 mg/kg (II-5) and 26 mg/kg, and
after the failure 136 mg/kg (II-3) and 57 mg/kg. Spatial dis-
tribution shows the highest contents of Cd were measured
on the second profile of the NW part of the lake (Fig. 4).

Silver can be found in nature, such as native silver or in
combination with sulphides, sulphosalts, and other ele-
ments like S, Sb, Se, Pb, As, Bi, Cu, and Au [21]. Ag had
average concentration in surficial lake sediments in 2001 of
1.9 mg/kg and its maximum was 4.4 mg/kg. After the Sasa
tailings dam failure its average content rose to 5.6 mg/kg,
and its measured maximum in 2007 was 17 mg/kg. The
maximum value in 2007 was almost four times higher than
before the accident occurred. The location of increased Ag
was the same as with the aforementioned metals, and is in
the NW part of the lake between the second and third sam-
pling profiles. 

Antimony is a relatively rare element in nature. It typi-
cally occurs in the vicinity of the hydrothermal deposits of
galena and sphalerite, where it can be found in concentra-
tions above 3.0 mg/kg [22]; thus higher concentrations are
also expected in the region of the Sasa ore deposit. The
average concentration of Sb in surficial sediments from the
lake before the dam collapse was 1.4 mg/kg, and the maxi-
mum was measured at 2.9 mg/kg. Average and maximum
concentrations in 2007 were not as increased in comparison
with 2001 (as for all the other studied metals and metal-
loids), and these values were 1.8 mg/kg and 3.6 mg/kg.
Even the maximum value of Sb, measured on the NW part
of the lake (II-3), coincides with the values adopted in the
geochemical atlas of Europe [22]. 

Among aforementioned metals, antimony and arsenic
are the only metalloids which, according to spatial distribu-
tion diagrams, increased concentrations in 2001, before the
dam failure, and in the year after the accident they both
have two locations where they are enriched. Sb is enriched
on the NW side of the lake (like other elements), but also at
the mid-eastern part of the lake on the sixth profile (VI-3).
Meanwhile, arsenic has major enrichment on the SE part of
the lake (VI-3) and lower enrichment on the NE part of the
lake. The average value of As before the failure was 53
mg/kg and its maximum content was 100 mg/kg; and the
respective values after the dam failure were 68 mg/kg and
128 mg/kg. According to Aksentijević [23] the average
concents of As in rivers and lakes are around 100 mg/kg. Its
increased concentrations in the studied area are due to sul-
phide minerals such as galena, sphalerite, and arsenopyrite,
and also to hydrothermal processes, which cause enrich-
ment of As because of felsic and mafic igneous rocks in the
surrounding area. The reason for the different locations of
composition of Sb and As, compared with other studied
metals, must be due to strong adsorption on clays, which
“travel” farthest in suspension [24]. 

Sources of sulphur compounds to natural waters include
solubilization from imminent rocks, fertilizers, and atmos-
pheric precipitation, and also dry deposition. In this partic-
ular study the concentrations of sulphur have sources con-
nected greatly by the mining industry and the environmen-

tal accident in the year 2003, when the Sasa tailing dam col-
lapsed. After the failure, the average amount of total sul-
phur increased from 0.6 [wt %] to 1.8 [wt %], which is
almost three times higher than before the accident. Sulphur
also is released during geochemical weathering from near-
by rocks and soils containing sulphides, which are oxidized
in the presence of the water. Afterward they form sulphuric
acid, which tends to lower the pH and Eh [25] and conse-
quently affects the oxidative weathering reactions of other
present minerals. 

In sampling year 2001, before the Sasa tailings dam
failure, there was no extreme exceeding studied heavy met-
als and metalloids (Fig. 4) in surficial sediments from Lake
Kalimanci. Only As and Sb resign out between the second
and third sampling profiles. All studied metals and metal-
loids show significant variation in their concentrations in
lake surficial sediment with increasing distance from the
northern part of the lake, where the Kamenica River enters
the lake. In 2003, when the major environmental accident
occurred, between 70,000 and 100,000 m3 of Sasa tailings
dam material was transmitted through the Kamenica River
Valley into Kalimanci Lake. Thus, next to the geological
weathering and increased traffic circulation, because of
mining activity the collapse of the dam is a major factor for
exceeded concentrations of heavy metals and metalloids in
the lake. According to Fig. 4, all studied metallic elements
such as Mo, Cu, Pb, Zn, Cd, Ag, and Sb, except As, have
highest concentrations on the western side of the lake
between the second and third sampling profiles. This coin-
cides with the place where the Kamenica River enters. The
course of the river finishes exactly between the second and
third profiles, where there is increased sedimentation (Fig.
3b). 

Environmental Indexes EF and Igeo

Environmental indexes for eight studied metals (Cd,
Mo, Cu, Pb, Zn, As, Ag, and Sb) were calculated by the
aforementioned equations and the data is summarized in
Table 4. For evaluation of EF and Igeo only the locations (I-
2, II-5, III-2, IV-1, V-7, VI-1) that were the same at both
sampling years (2001, 2007) were chosen because of better
comparison. 

The enrichment factors for surficial sediments from
Lake Kalimanci are presented in Table 4. EF values lower
and around 1 indicate that the element in the sediment orig-
inates predominantly from the crustal material and/or
weathering processes [26], whereas EF values that are
much greater than 10 display the anthropogenic origin of an
element [17]. Birth [14] interpreted EF values as follows:
EF values of less than 1 indicate no enrichment; values of
1-3 indicate minor enrichment; 3-5 show moderate enrich-
ment; values between 5 and 10 indicate moderately severe
enrichment; from 10 to 25 enrichment is severe; values
ranging from 25 to 50 indicate severe enrichment; and val-
ues over 50 indicate extremely severe enrichment. 

Among all studied metals and metalloids, the EF values
are the highest on the second profile (II-5) of the lake in
both sampling years. Results (Table 4, Fig. 5) also revealed
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that all EF values from the year after the tailings dam col-
lapse in 2007 are much higher than for the year 2001,
before the accident occurred. According to the range plot
(Fig. 5), Cd had the highest calculated EF values and it
shows extremely severe enrichment in both sampling years;
in 2001 its average value was 275 and in 2007 it was 688.
The same extreme severe enrichment also was indicated for
Pb in both sampling years, with average values of 137
(2001) and 377 (2007). Among other elements, Zn and Ag
also had extreme severe enrichment in the year after the
dam failure, and these also show severe enrichment in the
year before the dam collapse. As had severe enrichment in
both sampling years, with average values of 32 in 2001 and
43 in 2007. Cu had an average calculated EF of 19 in 2007,
which indicates severe enrichment. In 2001 Cu shows mod-
erately severe enrichment (average 5.6). The same enrich-
ment also was exhibited by Sb in both years: 7.4 (2001) and
9.4 (2007). Mo had minor enrichment before (average 1.0)
and after (average 2.0) the dam failure. 

EF also revealed that Cd, Pb, Zn, Ag, As, Sb, and Cu
have anthropogenic origin; meanwhile, Mo most likely
originates from the weathering processes of the background
rocks. 

Müller [27] introduced the index of geoaccumolation
(Igeo) to study the pollution levels of heavy metals and met-
alloids in sediments. Based on the calculated index of
geoaccumolation values, we can decipher sediment quality
and also degree of pollution with heavy metals and metal-
loids. In 1981 Müller [27] proposed seven grades of conta-
mination as follows: values under 0 show that sediments
are unpolluted; Igeo values ranging from 0 to 1 indicate
unpolluted to moderately polluted sediments; in the third
class from 1 to 2 are sediments that are moderately pollut-
ed; Igeo between 2 and 3 shows moderately to strongly pol-
luted sediments; the fifth class, ranging from 3 to 4, indi-
cates a strong pollution of sediments; the next class is
between 4 and 5 and presents strong to very strong pollut-
ed sediments; and the last class adopted by Müller [27],
with calculated values over 5, exhibits very strongly pollut-
ed sediments. Calculated Igeo for six sampling locations (I-
2, II-5, III-2, IV-1, V-7, VI-1), which are the same for both
sampling years, are presented in Table 4. Regarding the
range plot (Fig. 6) of the calculated maximum, average, and
minimum values of Igeo it is seen that Lake Kalimanci sur-
ficial sediments were very strongly polluted with Cd, Pb,
and Zn in both sampling years, and with As and Ag in 2007
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Table 4. Enrichment factor (EF) and Index of geoaccumolation in surfical sediments from Lake Kalimanci. 

Mo Mo Cu Cu Pb Pb Zn Zn As As Cd Cd Ag Ag Sb Sb

Sampling
year

2001 2007 2001 2007 2001 2007 2001 2007 2001 2007 2001 2007 2001 2007 2001 2007

EF 

I-2 0.8 1.4 2.7 9.4 58 134 24 82 21 36 119 483 12 39 5.3 6.9

II-5 1.8 3.1 11.6 41 327 755 106 271 53 51 684 1246 86 333 14 18

III-2 0.9 2.6 3.3 20 61 474 22 161 26 39 119 697 14 138 4.6 10

IV-1 0.8 2.0 4.7 16 116 327 40 111 46 43 239 588 31 100 9.7 8.3

V-7 0.6 2.5 3.0 24 59 479 20 180 10 45 100 838 17 164 3.0 10

VI-1 1.2 0.6 8.4 6.2 202 90 76 62 32 44 391 275 54 27 7.8 3.4

Average 1.0 2.0 5.6 19 137 377 48 145 32 43 275 688 35 133 7.4 9.4

Max 1.8 3.1 12 41 327 755 106 271 53 51 684 1246 86 333 14 18

Min 0.6 0.6 2.7 6.2 58 90 20 62 10 36 100 275 12 27 3.0 3.4

Igeo

I-2 -0.6 0.6 1.2 3.3 5.6 7.1 4.3 6.4 4.2 5.2 6.6 8.9 3.3 5.3 2.2 2.8

II-5 0.9 1.5 3.6 5.2 8.4 9.4 6.8 8.0 5.8 5.6 9.5 10.2 6.5 8.3 3.9 4.0

III-2 -0.3 1.5 1.5 4.4 5.7 9.0 4.2 7.4 4.5 5.4 6.7 9.5 3.6 7.2 2.0 3.4

IV-1 -0.3 1.0 2.2 4.1 6.8 8.4 5.3 6.8 5.5 5.5 7.9 9.2 4.9 6.7 3.3 3.1

V-7 -0.5 1.3 2.0 4.6 6.3 8.9 4.7 7.5 3.8 5.5 7.0 9.7 4.5 7.3 2.0 3.3

VI-1 0.5 -0.6 3.3 2.7 7.9 6.6 6.4 6.0 5.2 5.5 8.8 8.2 6.0 4.8 3.2 1.8

Average -0.1 0.9 2.3 4.0 6.8 8.2 5.3 7.0 4.8 5.4 7.8 9.3 4.8 6.6 2.7 3.1

Max 0.9 1.5 3.6 5.2 8.4 9.4 6.8 8.0 5.8 5.6 9.5 10.2 6.5 8.3 3.9 4.0

Min -0.6 -0.6 1.2 2.7 5.6 6.6 4.2 6.0 3.8 5.2 6.6 8.2 3.3 4.8 2.0 1.8



after the Sasa tailings dam failure. The values for Ag and As
in 2001 and Cu in 2007 show that surficial sediments were
strongly to very strongly polluted with these metallic ele-
ments. In sampling year 2007, Sb reached the pollution
intensity of fourth class, which indicates strong pollution,
and in the year being studied that was before the accident
(2001) surficial lake sediments were moderately to strong-
ly polluted with Sb. In the same pollution class as Sb in year
2001 was Cu, in the same sampling year. Among all stud-
ied metallic elements, Mo had the lowest pollution intensi-

ty. The calculated Igeo indicate that before the Sasa tailings
dam collapse (2001) the surficial sediments from Lake
Kalimanci were unpolluted with Mo and after the accident
the pollution increased from first to second class, which
indicates that surficial sediments were then unpolluted to
moderately polluted with Mo. 

Ghrefat et al. [28] compared calculated EF and Igeo

results, whereas the indexes showed different contamina-
tion status of studied sediments. If we compare both calcu-
lated environmental indexes we can conclude that the EF
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Fig. 5. Range plot of calculated enrichment factor for sampling years 2001 and 2007, with logarithmic scale.

Fig. 6. Range plot of calculated index of geoaccumolation for sampling years 2001 and 2007, with normal scale.



results agree quite well with the Igeo results. It is again
apparent that Pb, Zn, and Cd contamination of surficial sed-
iments from Lake Kalimanci are the most pronounced
among all of the investigated metals. 

The pollution of the investigated area strongly increased
after the dam failure. And the contamination status, is com-
pared to other case studies [29-31], incomparably high.
According to the results, the situation for all living organ-
isms at this area is concerning. 

Conclusions

A detailed study of metal and metalloid enrichments
above natural concentrations in surface sediments from
Lake Kalimanci before (2001) and after (2007) the Sasa
tailings dam failure was the main goal of this work.
Geochemical analysis shows that surficial sediments from
Lake Kalimanci had higher concentrations of all eight stud-
ied heavy metals and metalloids (Mo, Cu, Pb, Zn, As, Cd,
Ag, and Sb) before the dam failure occurred, compared to
averages in the upper continental crust. After the accident in
2003, when the Sasa tailings dam collapsed, and the
Kamenica River transported tailings dam material and dis-
charged it in Lake Kalimanci, the content of the aforemen-
tioned heavy metals and metalloids in sampling year 2007
drastically increased. All heavy metals and metalloids,
except As, show the highest measured values on the second
sampling profile, most likely because on the northern part
of Lake Kalimanci, the Kamenica River enters and it has a
strong stream all the way to the second profile. Between the
second and third profiles the energy of the Kamenica River
decreases, so this is the place where most tailings material
from Sasa discharged in 2003. The content of elements
decreases through Lake Kalimanci exactly like the stream
of the Kamenica River leads: from north to south on the
western part of the lake. From the sudden increase of toxic
elements after the dam failure we can conclude that the pat-
tern of metal enrichment is dominantly related to this acci-
dent and also, consequently, to geological weathering of ore
deposits in the adjacent area. 

The calculated EF values define the anthropogenic ori-
gins of Ag, As, Cd, Cu, Pb, Sb, and Zn, and natural influence
of Mo values in the sediment samples. The EF values for the
surficial sediment samples from 2007 are much higher than
the EF values from 2001 for all toxic elements. This signi-
fies a strong anthropogenic impact on the investigated surfi-
cial sediments from Lake Kalimanci. Much the same results
were revealed in the calculated Igeo. Considering both envi-
ronmental indexes, we can conclude that surficial sediments
from Lake Kalimanci are contaminated with most of the
analyzed heavy metals and metalloids. 

Even though all examined elements are serving as
important micronutrients for living organisms, they can be
very toxic when they are present in lake sediments at such
high concentrations. Due to this research, a lot of work
needs to be done in this area, so that the circumstances for
living organisms, especially people who live there, can
improve. 
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