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Abstract 

Environmental risk assessment for mine wastes originating from the Bor Copper mining 

region, Eastern Serbia  

Introduction 

The exploitation of copper (Cu) in the Bor mining region, Eastern Serbia, has produced large 

volumes of mine wastes especially waste rock, overburden and flotation tailings which can 

generate acid mine drainage. Wastewaters discharged from the Bor metallurgical facilities and 

flotation tailings accidentally released from the Old Bor tailings dam and into the Bor River 

have caused severe contamination to the Timok River system. This thesis evaluates the risks 

of river water and riverbed sediments contamination including the environmental implications 

of efflorescent salts along the riverbanks and investigates the extractability of toxic elements 

from mine wastes.  

Risk assessment of contamination of river water and riverbed sediments 

In a river water system, arsenic (As) originating from the metallurgical wastewaters generally 

existed as a particulate species in the entire study area during both years and was widely 

removed from river waters by sorption onto the hydrous ferric oxides (HFO), whereas 

dissolved Cu was removed from river waters only at neutral pH conditions with hydrous 

aluminium oxides (HAO) and HFO at the downstream reservoir site of Timok River. Despite 

the similarity in Cu mobility during both years, the lower pH of river waters in 2019 than 2015 

enabled dissolved Cu species to be transported farther downstream, resulting in a higher level 

of river water pollution. The contamination factor (CF) had higher values for Cu and As 

compared to other metals. The CF values of Cu were the highest in sediments near Bor 

metallurgical/smelting facilities and at downstream reservoir site, whereas the CF values of As 

were generally high in the entire research field. The sequential extraction test indicated that the 

predominant Cu species in sediments of the upstream region were oxidizable and residual, 

hosted by copper sulphides from the flotation tailings, suggesting a relatively low risk of Cu 

release from these sediments. However, at the downstream site, the contribution of acid-soluble 

Cu was 34.8 %, suggesting a higher risk of Cu release. The highest contributions of acid-

soluble and reducible Cu (18 %) at the reservoir site were promoted by the effective settlement 

of Cu-sorbing HAO and HFO. The Cu contents of these two fractions were 0.86 wt.%, almost 

3 times higher than that of Cu ore in Veliki Krivelj open pit mine, therefore an economically 

mineable Cu content. 
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Environmental implications of efflorescent salts along the Bor River banks 

During the summer period, the evaporation of waters from the contaminated Bor River and the 

upward capillary migration of riverbanks pore waters leads to the precipitation of metal 

sulphates which provides a temporary storage of Fe, Cu and As. These metal sulphates 

consisted of: Fe2+ (melanterite, rozenite), mixed Fe2+-Fe3+ (copiapite), Fe3+ (coquimbite) and 

Cu (chalcanthite). The dissolution test showed that a copiapite + coquimbite assemblage 

generated highest acidity (pH 1.8) owing to Fe3+ hydrolysis and released the highest 

concentrations of As (43.2 mg/L). Therefore, in the event of rainfall, copiapite and coquimbite 

could provide an instantaneous source of acidity and dissolved Fe and As to the Bor River 

waters whereas chalcanthite would provide source of Cu contamination. The flotation tailings 

covering the Bor riverbanks and floodplains could provide a source necessary for the 

continuous formation of efflorescent salts.  

Extractability of toxic elements from waste rocks 

The 4-step BCR sequential extraction procedure does not consider the underestimation of the 

oxidizable fraction due to the incomplete sulphide oxidation by hydrogen peroxide (H2O2) 

during Step 3. The current study proposes a 5-step modified BCR extraction test which includes 

a stronger oxidizing agent, the inverted aqua-regia (3HNO3:1HCl), in Step 4 to decompose 

sulphides remaining after Step 3. The results showed that chalcopyrite oxidized easily in H2O2 

to extract very high Cu contents in the oxidizable fraction (Step 3). On the other hand, covellite 

plus enargite exhibited difficult oxidation in H2O2 to extract a small fraction of Cu in Step 3, 

however were easily oxidized by inverted aqua-regia to extract very high Cu contents in the 

extreme-oxidizable fraction (Step 4). From the enargite-bearing sample, contents of As 

extracted during Step 4 were significantly higher than those in Step 3. Pyrite also exhibited 

difficult oxidation in H2O2 whereby the contents of Fe extracted in the oxidizable fraction were 

extremely lower than those in the extreme-oxidizable fraction. The new 5-step sequential 

extraction test is very useful in the determination of easy-oxidizing and difficult-oxidizing 

sulphides at natural atmospheric conditions. Additionally, the procedure can be used to 

estimate quantities of toxic elements expected to be released from mine wastes. For example, 

in fresh overburden, 39 000 t of Cu could easily be released into the environment; with 83 % 

Cu released by the oxidation of chalcopyrite-like sulphides, 10 % Cu released by reducing/ 

anoxic conditions and 7 % Cu released by rain/acidic water. 
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1. INTRODUCTION 

1.1. METAL MINING AND THE ENVIRONMENT 

Mining activities involves an array of processes, ranging from prospecting, exploration, mine 

construction, production to reclamation. Worldwide, copper (Cu) is principally mined from 

porphyry copper deposits (John et al., 2010; Khorasanipour et al., 2011) which are relatively 

low-grade, intrusion-related deposits commonly mined by open-pit operations (Berger et al., 

2008). Mining activities such as extraction and mineral processing generate large quantities of 

waste materials, ranging from overburden, waste rock, flotation tailings to spent ore piles 

(Blowes et al., 2004; Nordstrom, 2011). Through blasting, crushing, grinding and milling 

processes, large surface areas of reactive sulphide minerals are exposed to the atmosphere and 

are oxidized to generate acidic and metal-rich waters. Shafts, tunnels and drifts created by 

underground mining operations expose sulphides contained in host rock to oxidizing conditions. 

Moreover, abandoned open pits tend to fill with water that reacts with the remaining sulphide 

ore. Therefore, mining significantly accelerates the oxidation of sulphide minerals, leading to 

the generation of acid mine drainage (Lottermoser, 2010; Sun et al., 2015).  

 

1.2. RESEARCH PROBLEMS 

The quality of river waters in the Bor Cu mining region has been investigated by several authors 

(Ishiyama et al., 2012; Đorđievski et al., 2018; Adamović et al., 2021). These researchers 

reported two sources of river water contamination; (1) acid mine drainage from mine waste 

dumps and (2) wastewaters originating from the metallurgical/smelting facilities. They also 

established that smelter wastewaters have the largest environmental impact and that the 

operating conditions at the smelter causes variation in the quality of river waters.  However, 

studies on the mobility variations of toxic elements as a function of pH has not been carried 
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out. Also, a comparison in risk levels of river water contamination as a function of smelter 

operating conditions has not been performed. 

The mineralogical and geochemical characteristics of the riverbed sediments in the Bor Cu 

mining region have been investigated by Đorđievski et al. (2018) and the results suggested two 

possible sources of sediments contamination; (1) flotation tailings accidentally released from 

impoundments and into the river system and (2) toxic elements chemically precipitated from 

the overlying river waters. This PhD thesis will contribute to that previous study by estimating 

the contamination level of the sediments using pollution indices and clarifying the origins of 

the contaminants using sequential extraction techniques.    

In mine waste dumps such as overburden, sulphide minerals are usually present at the deeper 

parts. At these depths, sulphide oxidation is occurring, with the aid of sulphide oxidizing 

microorganisms, to generate solutions of high acidity and elevated concentrations of toxic 

elements. Some of these solutions seep out at the base of the overburden pile to accumulate 

into acid mine lakes or streams. Other solutions are transported to the surface by upward 

capillary migration. At the surface, high temperatures cause the evaporation of water, leading 

to the precipitation of hydrated metal sulphates. In this way, there are two mechanisms of acid 

generation and toxic metals release in overburden; namely sulphide oxidation and sulphate 

dissolution. 

Based on these two mechanisms, during a Master’s thesis, surface overburden samples were 

reacted with distilled water (pH 5.6) to investigate their acid generation potential. The 

investigation revealed that an acidic solution (pH ~3.3) was generated. However, that research 

was limited since the actual source of acidity was not detected by mineralogical investigations. 

Because of that, this PhD thesis will provide evidence that sulphate dissolution is the source of 

acidity in surface overburden.  
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Additionally, the chemical speciation of toxic elements in surface overburden and flotation 

tailings was investigated using the 4-step modified BCR sequential extraction procedure. 

However, since these waste materials generally contain low sulphide contents, the research in 

Master’s thesis could not observe the incomplete oxidation of sulphides associated with this 

procedure. For this reason, this PhD thesis will use high-sulphide mine wastes to develop an 

optimized sequential extraction procedure that will consider the incomplete oxidation of 

sulphides observed in the 4-step modified BCR sequential extraction and therefore help 

distinguish between easy-oxidizing sulphides from difficult-oxidizing sulphides. 

 

1.3. ACID MINE DRAINAGE (AMD) 

The oxidation of sulphide minerals is a naturally occurring process involving the interaction of   

sulphide-containing rocks with oxygen and water and is referred to as acid rock drainage 

(ARD) (Egiebor and Oni, 2007). In an undisturbed environment, the ARD process is relatively 

slow. When mining is involved, an acid drainage generated is termed acid mine drainage 

(AMD) (Skousen et al.,1994; Komnitasas et al., 1995; Youngerand and Wolkersdorfer, 2004; 

Seal and Shanks, 2008; Nordstrom, 2011). AMD can be visually observed in different localities 

such as at the center of abandoned open-pits as an acid mine lake or at the base of overburden 

materials either as wastewater stream or pool. Depending on the predominant precipitated 

metal oxides/sulphates, AMD can show a variety of colors, mostly red which is a characteristic 

of iron oxides and green, which indicates that copper is dominant in the AMD.  

AMD has been responsible for the acute contamination of water sources such as groundwater, 

streams and rivers. Examples of severe cases of acid mine drainage include; the AMD from the 

Richmond Mine (pH -3.6) in the Iron Mountain, California, USA (Nordstrom et al., 1999), 

AMD from Iron Duke mine (pH 0.5) in Zimbabwe (Williams and Smith, 2000), AMD of Apliki 

pit lake (pH 2.7-3.2) (Antivachis et al., 2016), AMD from overburden in mines of Old Bor (pH 
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2.6-3.4) and Veliki Krivelj (pH 3.3) in Eastern Serbia (Đorđievski et al., 2018), the Tinto River 

(pH 2.5) in Huelva, SW Spain (Sánchez-España et al., 2005; Olias et al., 2020),  Kosva River 

basin (pH 2.3-4.3) in Russia (Ushakova et al., 2022). 

1.4. SULPHIDE MINERAL OXIDATION 

The process of sulphide mineral oxidation involves a complex array of factors, among which 

the most important include oxygen, ferric ion (Fe3+), temperature, pH, Eh and the action of 

microorganisms (Nordstrom 1982; Weirsma and Rimstidt 1984). Pyrite (FeS2) is ubiquitous in 

sulphur bearing ores and is therefore used to illustrate the chemical reactions involved in the 

generation of AMD. As mentioned above, mining processes tends to expose pyrite to the 

atmosphere, to react with oxygen and water through Reaction 1.1.   

FeS2(s) + 7/2O2(g) + H2O(l) →Fe2+
(aq) + 2SO4

2-
(aq) + 2H+

(aq)    (1.1) 

2Fe2+
(aq) + ½ O2(g) + 2H+

(aq)  →   2Fe3+
(aq) + H2O(l)     (1.2)  

Fe3+
(aq) + 3H2O(l) ↔ Fe (OH)3(s) + 3H+

(aq)      (1.3) 

FeS2(s) + 14Fe3+
(aq) + 8H2O(l) → 15Fe2+

(aq) + 2SO4
2-

(aq) + 16H+
(aq)   (1.4)  

 

The dissolved ferrous iron (Fe2+) and sulphate ions (SO4
2-) produced cause an increase in the 

total dissolved solids in the water while hydrogen ions are indicative of acid generation 

(Lottermoser, 2008; Jennings et al., 2008). When there is sufficient dissolved oxygen in the 

reacting water, Fe2+
 is further oxidized to Fe3+ through Reaction 1.2 (Jennings et al., 2008). 

This step is referred to as the rate-determining step for the overall reaction sequence under pH 

< 4 (Singer and Stumm, 1970). The rate of this reaction is usually accelerated by the role of 

Fe2+
 oxidizing microorganisms (Udayabhanu and Prasad, 2010). When the pH increases to 3.5, 

Fe3+ will hydrolyze and precipitate as a solid ferric hydroxide, accompanied by the release of 

more protons into the solution (Reaction 1.3). The additional acidity generated will lower the 

pH of the waters, allowing more Fe3+
 to stay in the solution (Lottermoser, 2010).  When the 
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Fe3+-laden solution comes in contact with pyrite, the direct oxidation of pyrite by Fe3+ would 

occur (Reaction 1.4). This reaction occurs at pH conditions below 3.5 (Udayabhanu and Prasad, 

2010). This produces Fe2+ which can then be oxidized via reaction 2 to produce more Fe3+. The 

Fe3+ will, in turn, oxidize pyrite via Reaction 1.4 which produces more Fe2+ and so on. In the 

presence of sufficient atmospheric oxygen, the produced Fe2+ continues the cycle of Reactions 

1.2 and 1.3 (Younger et al., 2002). 

Microorganisms are ubiquitously present in sulphide-containing mine wastes, accelerating the 

oxidation of sulphides. There are two mechanisms of microorganism’s action in the oxidation 

of pyrite; (1) the direct mechanism, which involves the bacteria Acidophilic sulfur having 

physical contact with pyrite in Reaction 1.1 to yield Reaction 1.5; and (2) the indirect 

mechanism by the Fe2+-oxidizing bacteria Thiobacillus ferrooxidans in Reaction 1.2 to yield 

Reaction 1.6 (Southam and Beveridge, 1992; Ledin and Pedersen, 1996; Kelly and Wood, 

2000).  

FeS2(s) + 3.5O(g) + H2O(l)    →     Fe2+
(aq) + 2SO4

2-
(aq) + 2H+

(aq)   (1.5) 

 

2Fe2+
(aq) + ½ O2(g) + 2H+

(aq)  →   2Fe3+
(aq) + H2O(l)      (1.6)  

 

 

 

 

 

 

 

 

 

 

 

Acidophilic sulfur 

Thiobacillus ferrooxidans 
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2. STUDY AREA 

2.1 Climate and hydrology 

The Bor mining area is located in a town called ‘Bor’ in the Eastern Serbia and is characterized 

principally by a moderately continental climate. Cupać et al. (2014) reported that the minimum 

temperatures can be as low as -14 °C whereas the maximum temperatures can be as high as 

35 °C. Snowfall usually starts in December to February, while snowmelt occurs in March to 

April. Rainfall is frequent in the months of May to mid-July, followed by the driest and hottest 

months of August and September where average daytime temperatures range from 26-30 °C 

and relative humidity range from 40-66%. The average annual precipitation is reported at 550 

mm. The Bor mining region is found within the Timok river drainage system whose rivers 

consists of the Bor River, Krivelj River, Bela River, Ravna River and Timok River.  

2.2 Geology  

The Bor mining region lies within the Timok Magmatic Complex (TMC), an 85 km long 

complex extending from ‘Majdanpek’ village in the north to the ‘Bučje’ village in the south 

(Figure 2.1). The estimated radiometric age of the Timok magmatic complex is from 90 to 78 

Ma (Clark and Ullrich, 2004; Von Quadt et al. 2005; Banješević, 2010). The geology of TMC 

is characterized by several magmatic suites for which the ones located in the eastern part, 

covering the Bor mining region, include the Bor clastites, Timok andesite (АТ) and Metovnica 

epiclastite (ЕМ) as indicated by Figure 2.1. These volcanic rocks were formed during the Upper 

Cretaceous. 

The Timok andesite, predominantly amphibole andesite and high-potassium trachyandesites, 

occur in the eastern parts of the TMC, where they overlie Cenomanian and Turonian sediments 

and are covered by Senonian sediments and the Metovnica epiclastite (Banješević, 2015). 

These andesites are distinguished by the following facies: lava flows, lava domes, shallow 
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intrusions and various volcaniclastic rocks (Banješević, 2010). According to the high precision 

U/Pb, 40Ar/39Ar (Von Quadt et al. 2002 and Clark & Ullrich 2004), the Timok andesite age 

ranged from 89.0±0.6 to 84.26±0.67 Ma. 

 

 

Metovnica epiclastite (EM) (Figure 2.1), also known as “pyroclastites or volcanoclastites” 

(Banješević, 2010) are found in the Metovnica village, south of Bor and near to the open-pit in 

Bor. Đorđević and Banješević (1997) reported that the EM developed in the eastern part of the 

Figure 2.1 Simplified geological map of the Timok Magmatic Complex (TMC), modified 

after Jelenković et al. (2016) 
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TMC in a shallow marine environment where they infill volcanic bedrocks. The rocks are 

coarse- to fine-grained, massive, coarsely banded, sometimes even laminated. 

2.3 Mineralization 

The mineralization in the Bor mining region consists of several ore fields such as the Bor, 

Veliki Krivelj, Cerova and Brestovac ore fields.  

2.3.1 Bor ore field (Bor ore deposits) 

There are two styles of mineralization in the Bor ore system; (1) the well-developed, sub-

cropping massive, high sulphidation Cu-Au deposit on top (Armstong et al., 2005) and; (2) the 

porphyry copper deposit, known as the ‘Borska Reka’, located along the NW-SE striking Bor 

fault, below the massive sulphides (Simic and Mihajlović, 2006). These mineralization styles, 

continuously linked with one another, are hosted by the hydrothermally altered hornblende-

biotite andesites and pyroclastites. Hydrothermal alterations in the Bor deposits are 

characterized by silicification, advanced argillic, propylitic (abundant illite and chlorite) and 

kaolinisation. Advanced argillic alteration and pervasive silicification marks transition zone 

between the high sulphidation and porphyry mineralization. The key sulphide minerals of the 

high sulphidation deposit consist of chalcocite, covellite, enargite, chalcopyrite and pyrite 

whereas mineral composition of the porphyry Cu deposit includes pyrite, chalcopyrite, bornite, 

chalcocite, covellite, magnetite and hematite (Kozělj, 2002; Janković, 1980; Armstong et al., 

2005). Gangue minerals include neobiotite, gypsum, anhydrite, alunite, illite and chlorite.  

2.3.2 Veliki ore field (Veliki Krivelj ore deposits) 

The Veliki Krivelj porphyry Cu deposit is formed in the domain of dyke system above 

magmatic complexes and is hosted by the hydrothermally altered andesites and pyroclasts 

formed during the Upper Cretaceous (Armstrong et al., 2005). The mineral associations consist 

chalcopyrite and pyrite, minor hematite and magnetite, traces of covellite, enargite, bornite, 
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chalcocite and galena. Hydrothermal alterations comprise of biotitization, sericitization, 

silicification and pyritization. Gangue minerals are quartz and less often calcite, barite, siderite.  

2.3.3 Cerova ore field 

The Cerova is a small porphyry ore deposits located north of Old Bor mine. It is composed of 

sediments formed during the Lower Cretaceous as well the hydrothermally altered intrusive 

rocks and volcano-sedimentary units. The deposits show two distinctive zones: the oxidation 

zone and the secondary sulphide enrichment zone, which is exploited for Cu. The dominant 

minerals are chalcocite and covellite.  

2.3.4 Brestovac ore field (Čukaru Peki Cu-Au deposit) 

The mineralization identified at the Čukaru Peki deposit belongs to the epithermal and 

porphyry copper-gold types (Banješević and Large, 2014). The host rocks are the Upper 

Cretaceous hornblende and hornblende biotite andesites, andesite breccia and hydrothermal 

breccia. There are three styles of mineralization at Čukaru Peki deposit (1) High sulphidation 

Cu-Au massive-sulphides; (2) Porphyry Cu-Au deposits and (3) Transitional epithermal zone; 

located between the high sulphidation and porphyry Cu-Au mineralization.  

 

2.4 History of mining 

The exploitation of copper sulphide ores in the Bor mining region started in 1902 with 

underground operations at the ‘Jama Bor’ underground mine (Figure 2.2) which is still active. 

During that time, the copper ore content was 17 % (EJAtlas, 2016).  In 1912, open-pit 

operations were initiated with the opening of ‘Open-Pit Mine Bor’ which was later closed in 

1986. Currently, there are two active open-pit mines in the area, namely; Veliki Krivelj open-

pit mine (opened in 1979) and Cerovo open-pit mine (opened in 1990). Stevanović et al. (2013) 
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and Stanković et al. (2015) reported that the current estimated copper content from the open-

pit mines is around 0.3 %. The mining and mineral processing operations have been run by the 

state enterprise ‘RTB-Bor’. However, in December 2018, a Chinese company ‘Zijin Mining’ 

bought and took over the mining and smelting operations and changed the name to ‘Zijin Bor 

Copper’. 

2.5 Smelting of Cu 

The first smelting plant for metallurgical treatment of copper concentrate was commissioned 

in 1904 (Marković, 2014; Stirbanović et al., 2014). At this plant, the copper concentrate, 

produced by flotation techniques, is treated by pyro-metallurgical processes to obtain copper 

anode (Stevanović et al., 2013). This process generates two types of wastes: slag and sulphur 

dioxide which is the main source of air pollution in Bor (Urosěvić et al., 2018). Stanojlović et 

al. (2014) reported the mineralogy of the smelting slag was dominated by fayalite (60 %) and 

magnetite (30 %) and contents of Fe and Cu were 38 and 0.87 wt%, respectively. 

Metallurgical/smelter facilities generate wastewaters that have been discharged directly into 

the Bor river without treatment (Ishiyama et al., 2012; Bugarin et al., 2013; Stevanović al., 

2013; Đorđievski et al., 2018; Osenyeng et al., 2023). 
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Figure 2.2 Map of the Bor copper mining region. Features such as open-pit, overburden 

heaps and flotation tailings dams were drawn using aerial photograms from Google Earth 
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2.6 Generated mine waste materials 

Mining and mineral processing activities generate extremely large volumes of waste materials. 

Godin (1991) pointed out that an average mine immediately rejects 42% of the total mined 

material as waste rock, 52% of the ore is separated via the beneficiation processes (crushing, 

grinding, separation, flotation) as tailings, 4% leaves the smelter as slag, and only 2% is 

retained as the commodity for which the ore was extracted. In addition to the obvious 

aesthetic/visual pollution of the landscape, these voluminous mine wastes contain chemically 

reactive sulfide minerals that can generate acid mine drainage. In the Bor mining area, the 

extensive exploitation of copper ore has led to the generation of large volumes of overburden 

and flotation tailings (Figure 2.2). Bogdanović et al. (2011) and Marković et al. (2014) have 

estimated that, in total, there are about 700 Mt of overburden and flotation tailings around the 

Bor and Veliki Krivelj mines. 

2.6.1 Overburden 

Overburden is defined as any material (soil, rock and other rejects) that lies above the orebody 

and needs to be removed to access the deposit during open-pit operations (Prashant et al., 2010). 

Overburden materials are deficient in plant nutrients due to removal of biologically rich top 

soil (Maharana et al., 2015). The dissolution of sulphate minerals at the surface of the 

overburden and the oxidation of sulphide minerals at the deeper part of the overburden generate 

acid mine drainage, a significant environmental hazard. Indeed, during a Master’s thesis, 

surface overburden from the Bor Cu mining area were tested for acid-generation potential by 

reacting with distilled water (pH 5.6) and the result indicated an acidic solution with pH ranging 

from 2.7 to 4.6 after 6 hours of reaction.  

There are two overburden piles in the Bor Cu mining region; the Old Bor overburden, (Figure 

2.3a) and Veliki Krivelj overburden (Figure 2.3b). The Old Bor overburden site is significantly 
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larger than the Veliki Krivelj overburden site (Figure 2.2). These materials are light reddish-

brown and have been extensively weathered as evidenced by water erosion channels (Figure 

2.3a and b) and have particle size ranging from fine sand to gravel size. The hydrological 

system of both overburden sites receive water mainly from rain. Stanojlović et al. (2014) 

sampled and performed geochemical analysis of Veliki Krivelj overburden and reported Fe and 

Cu contents as high as 4.97 and 0.23 wt %, respectively. Đorđievski et al. (2016) sampled an 

overburden material from Old Bor and reported that the Fe, Cu and As contents were 4.5, 0.06 

and 0.012 wt%, respectively. During a Master’s thesis, results from the geochemical analysis 

of surface overburden materials indicated values ranging from 28 000-55 000 mg/kg for Fe, 

88-930 mg/kg for Cu and 7.6-108 mg/kg for As. Moreover, XRD analysis could not detect 

sulphide minerals, however, traces of pyrite were observed from all samples by reflected light 

optical microscopy. 

2.6.2 Waste rocks/ discarded ore 

Waste rock is an ore mined and transported out of the pit, however it is discarded or thrown 

out either due to very low contents of target metal or it contains minerals with undesirable 

elements (e.g. As). Waste rocks from Old Bor open-pit mine are found localized at the Old Bor 

overburden pile (Figure 2.3c) whereas from those from Veliki Krivelj mine are currently being 

dumped on Veliki Krivelj overburden (Figure 2.3d). Đorđievski et al. (2016) sampled a 

localized waste rock from the Old Bor overburden pile, performed mineralogical analyses using 

XRD and reported the presence of covellite, enargite and pyrite. The authors also performed 

XRF analysis of that sample and reported that the contents of Fe, Cu and As were 18.8, 21.9 

and 1.6 wt%, respectively. Since mining in the Old Bor open-pit was started 1912 and ended 

in 1986, it is possible that this rock represents an ore that was discarded either due to lack of 

mining technology to separate covellite from enargite as well as Cu from As in enargite. 
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Compared to overburden materials, these waste rocks are present in very small volumes and 

therefore has infinitesimal environmental impact. 

2.6.3 Flotation tailings 

Flotation tailings are waste materials left after the beneficiation process, where the valuable 

ore have been separated from the uneconomic fraction. These are usually sand- and silt-sized 

particles and are disposed of by slurry-pumping to an impoundment. There are five flotation 

tailings ponds in the Bor mining area; the Old Bor Flotation Tailings Fields 1 and 2, ‘RTH’ 

Flotation Tailings pond and Veliki Krivelj Flotations Fields 1 and 2 (Figure 2.2, Figure 2.3.e 

and f). Conic et al. (2020) reported the contents of Al, Fe, Cu and As from the Old Bor tailings 

at 6.58, 7.78, 0.2 and 0.02 wt %, respectively.  Stanojlović et al. (2014) were reported the 

contents of Fe and Cu from the Veliki Krivelj tailings at 5.18 and 0.8 wt %, respectively. The 

bulk chemical investigations of tailings conducted during a Master’s thesis indicated contents 

ranging from 27 200-75 000 mg/kg for Fe, 51-1512 mg/kg for Cu and 1.9-121 mg/kg for As. 

Similar to overburden, XRD analysis of the tailings could not detect sulphide minerals, 

however, traces of pyrite were observed from all samples by reflected light optical microscopy. 

The Old Bor flotation tailings were also tested for acid-generating potential and the results 

showed an acidic pH ranging from 2.7 to 4.5 

During the 1960s, heavy rains and dam technical failures led to the accidental release of fine-

grained flotation tailings from the Old Bor flotation tailings pond into the Bor river (Paunović, 

2010; Bogdanović et al., 2014; Stanojlović et al., 2014). These flotation tailings were 

transported by water downstream and contaminated riverbed sediments and floodplains of the 

Timok River system (Stevanović, 2012; Mikić et al., 2013; Ðorđievski et al., 2018). The 

reported contents of toxic elements from the polluted riverbed sediments in the Timok River 

system ranged from 54 800-306 000 mg/kg for Fe, 264-16 300 mg/kg for Cu and 115-673 

mg/kg for As (Đorđievski et al., 2018). 
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Figure 2.3 Photographs of the environmental signatures in the Bor Cu mining area. (a) 

Old Bor overburden, (b) Veliki Krivelj overburden, (c) Old Bor waste rock, (d) Veliki 

Krivelj waste rock, (e) Old Bor flotation tailings dam, (f) Veliki Krivelj flotation tailings 

dam, (g) Robule acid mine lake, (h) Veliki Krivelj overburden leakages, with efflorescent 

salts, (i) Jama Bor drainage water, (j) Bor metallurgical/smelter wastewaters, (k) 

Efflorescent salt at the base of Old Bor overburden, (l) Efflorescent salt along the Bor 

River 
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2.6.4 Wastewaters and acid mine drainages 

Wastewaters in the Bor mining area are classified as: acid mine drainages from overburden, 

acid mine lakes, underground mine drainage waters, open-pit drainage waters, tailings pond 

drainage waters and metallurgical/smelter wastewaters. At the toe of Old Bor overburden, there 

is an extremely acidic, deep red-colored acidic mine lake ‘Robule’ (Figure 2.2 and 2.3g). At 

the base of Veliki Krivelj overburden, there is highly acidic green–colored wastewater stream 

‘Saraka’ (Figure 2.3h). These acid mine drainages are accumulations of leached solutions 

generated by the oxidation of sulphide minerals in the Old Bor overburden and Veliki Krivelj 

overburden (Korać, 2006; Ishiyama et al., 2012; Gardić et al., 2015, 2017). There are also 

acidic and metal-loaded drainage waters originating from the ‘Jama Bor’ underground mine 

(Figure 2.3i). The blue-colored wastewaters generated at the Bor metallurgical/smelter 

facilities (Figure 2.3j) are discharged directly into the Bor River and have been reported to have 

large environmental impact on the Timok river system (Ishiyama et al., 2012; Bugarin et al., 

2013; Stevanović al., 2013; Đorđievski et al., 2018; Osenyeng et al., 2023). 

2.6.5 Evaporative salts 

Colorful and popcorn-textured efflorescent salts are observed in several locations around the 

Bor mining area. These evaporative salts are abundant in the driest and hottest season, August 

and September. There is a plethora of these salts on the banks of Lake Robule, along the flow 

paths of leakages from Veliki Krivelj (Figure 2.3h) and North-Old Bor overburden (Figure 

2.3k), Jama Bor drainages as well as on the banks of Bor River (Figure 2.3l). Since are highly 

soluble, they dissolve easily in rainwater to release acidic solutions with extremely high 

concentrations of toxic elements that can reach river waters, causing further contamination. 
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3. ENVIRONMENTAL RISK ASSESSMENT OF THE CONTAMINATION OF 

RIVER WATER AND SEDIMENTS FROM THE BOR MINING AREA, EAST 

SERBIA - SECONDARY CU ENRICHMENT AT THE RESERVOIR SITE 

 

3.1 . INTRODUCTION 

3.1.1 Contamination of river waters by the Bor Cu mining activities 

Wastewaters originating from the Bor metallurgical/smelting facilities are the main source of 

contamination for the Bor River (Ishiyama et al., 2012; Bugarin et al., 2013; Stevanović al., 

2013; Đorđievski et al., 2018). In fact, the Bor River presents a case of acute river pollution 

since its headwaters comprise solely of the untreated wastewaters from the 

metallurgical/smelting facilities, municipality and AMD leakages from the overburden. As a 

result, the Bor mining area represents a serious case of severe environmental pollution by the 

mining and processing of Cu from porphyry copper ore deposits. 

The pH conditions of the Bor River and downstream environments change largely depending 

on the running conditions of the Bor metallurgical/smelter facilities. Indeed, river waters 

observed during this PhD thesis were more acidic compared to the previous research in 2015 

(Đorđievski et al., 2018). However, the mobility of toxic elements as a function of pH 

variations in polluted rivers has not been studied. Also, the assessment of risk levels of river 

water contamination based on acidity and dissolved species of toxic metals (Ficklin et al., 1992; 

Plumlee et al.,1992) have not been performed in the Timok River system. 

3.1.2 Mobility of toxic elements –formation of HFO and HAO 

In a water column of AMD-impacted river systems, toxic metals and As are transported as 

either dissolved or fixed to the suspended particles (Montecino et al., 2020; Chikanda et al., 

2021; Ye et al., 2022). Hydrous ferric oxides (HFOs) and hydrous aluminium oxides (HAOs) 

are the suspended particles with remarkable sorption properties, owing to their poor 

crystallinity, higher porosity and larger surface areas, therefore are very important in the 
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removal of toxic elements from contaminated waters (Montecinos et al., 2020; Chikanda et al., 

2021; Lalinská-Voleková et al., 2022). Kaasalainen et al. (2019) and Lalinská-Voleková et al. 

(2022) noted that HFO include several minerals, such as schwertmannite and ferrihydrite. The 

formation of these particles is largely dependent on the pH of the surrounding waters, as well 

as temperature (Schemel et al., 2007; Ogawa et al., 2012). By extension, the adsorption of 

heavy metals and As onto HFO and/or HAO would also be pH-dependent (Lee et al., 2002).  

3.1.3 Sorption of toxic elements onto HFO and/or HAO 

In an acidic and oxidizing environment, the arsenate species [As(V)] is dominant over the 

arsenite species [As(III)]. The arsenate species forms an oxyanion (HAsO4
2-) which tends to 

preferentially adsorb onto positively charged Fe3+ mineral surfaces such as schwertmannite 

(Regenspurg and Pfeiffer 2004; Acero et al. 2006; Espana-Sanchez et al., 2007; Cheng et al., 

2009), thereby removed from the waters. Ogawa et al. (2012, 2013) reported higher contents 

of As originating from hot springs being sorbed onto HFO at pH 3.5 - 4.0. The role of the 

suspended particles in the removal of toxic elements from the river waters of the Timok river 

system has not been previously investigated. 

Nordstrom and Alpers (1999) noted that divalent cations (Cu or Zn) can either be transported 

as dissolved species, fixed in other secondary phases such as sulphates, coprecipitate with 

and/or adsorbed to the hydrous iron oxides. Lee et al. (2002) and Acero et al. (2006) observed 

that at a low pH conditions, the adsorption of metals such as Cu, Mn and Zn is very limited. 

However, Montecinos et al. (2020, 2022) mentioned that HFO chemically fractionates Cu 

between the dissolved and the particulate state at pH > 5 while HAO promotes the physical 

removal of Cu-sorbing particles through gravitational settlement at pH ~ 7. Espana-Sanchez et 

al., 2007 Cu and Zn were only slightly sorbed onto HAO at pH > 5. 
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3.1.4 Contamination of riverbed sediments 

Riverbed sediments act as natural sinks of contaminants from polluted rivers. The settlement 

of suspended materials from the contaminated river waters enriches the riverbed sediments, 

thereby causing serious pollution (Strzebońska et al., 2017; Wei et al., 2019; Sanchez et al., 

2022; Iordache et al., 2022). The accumulation of toxic elements in riverbed sediments poses 

a direct threat to the benthic organisms and consequently other aquatic life forms via the 

transfer along the food chain (Ali and Khan, 2018; Mohammadi et al., 2020). The aggregation 

of suspended nanoparticles fills the openings/interstices in the riverbeds, thereby reducing the 

quality of habitats for aquatic flora and fauna. For example, Witters et al. (1996) postulated 

that in the river system, colloidal Al can be more toxic to fish than dissolved Al. 

In the Bor mining area, researches on riverbed sediments focused mainly on bulk mineralogy 

and chemical composition (Filimon et al., 2013, 2016; Đorđievski et al., 2018). Therefore, the 

contribution of this PhD thesis will be estimating the contamination level of the riverbed 

sediments by using pollution indices such as contamination factor and ecological potential risk 

(Wei et al., 2019; Luo et al., 2020; Sakan et al., 2021; Zhuang et al., 2021; Sanchez et al., 2022). 

However, it is important to acknowledge that the use of bulk chemical composition of 

contaminants to evaluate the pollution of riverbed sediments is, in general, very limited with 

regards to chemical speciation, metal solubility and bioavailability (Ma and Rao, 1997). 

Furthermore, it is imperative to consider the fact that when the physicochemical conditions of 

the river system change, toxic elements will desorb and be released back into the water column, 

thus causing secondary water pollution (Xia et al., 2020; Miranda et al., 2021; 2022). For these 

reasons, this PhD thesis will use sequential extraction procedures to investigate the chemical 

fractionation of toxic elements in riverbed sediments thereby elucidating the strength of 

chemical bonds between the target elements and components in the riverbed sediments (Tessier 

et al., 1979; Ure et al., 1993; Filgueiras et al., 2002; Callender, 2003).  
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3.1.5 Sequential extraction techniques 

The investigations of bulk mineralogy and chemical composition of solid materials are very 

limited in the assessment of availability and toxicity of toxic elements to the environment 

(Marin et al., 1997). The concept of sequential extraction primarily involves subjecting a solid 

material, such as waste rock, tailings, overburden, sediment and soil, to successive attacks by 

a series of progressively stronger reagents to dissolve increasingly resistant minerals. These 

schemes act as a simulation of the chemical reaction that could occur under different conditions 

in the natural environment. Sequential extraction tests are very important in water-rock 

environments as they provide information about the origin, mode of occurrence, 

physicochemical availability, biomobilization and transport of potentially toxic elements 

(Tessier et al., 1979; Ure et al., 1993; Filgueiras et al., 2002; Callender, 2003). Moreover, 

sequential extraction tests can effectively facilitate the evaluation and remediation strategies of 

areas contaminated with toxic metals.  

 

3.1.5.1 BCR sequential extraction 

The four-step BCR sequential extraction procedure was established by the Community Bureau 

of Reference (BCR) as a means of standardizing the sequential extractions schemes, thereby 

providing the means to compare the results worldwide and validate other procedures. 

Additionally, the BCR procedure provided the means to improve the quality of data obtained 

from the extractions of soils and sediments and has been performed successfully in several 

studies (Ure et al., 1993; Cappuyns et al., 2007; Alvarez-Valero et al., 2009; Pascaud et al., 

2013; Zhai et al., 2014). In this procedure, there are four operationally defined steps: Step 1, 

acetic acid (0.11 mol/L, pH 2.9); Step 2, hydroxyl ammonium chloride (0.1 mol/L, pH 2); Step 

3, hydrogen peroxide (8.8 mol/L, pH 2) with ammonium acetate (1 mol l/L, pH 2); and Step 4, 

aqua-regia (1HNO3:3HCl). 
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3.1.5.2 Modified BCR sequential extraction 

The main modification of the BCR sequential extraction procedure was intended to improve 

data reproducibility in the reducible fraction (Rauret et al., 1999; Filgueiras et al., 2002). This 

modification involved the increase in concentration of hydroxyl ammonium chloride from 0.1 

to 0.5 mol/L and increasing the acidity of this reagent from pH 2 to pH 1.5 by the addition of 

nitric acid during the Step 2 extraction stage. This procedure has been used extensively in 

investigations of mine wastes (Yun-Guo et al., 2006; Alvarez-Valero et al., 2009; Kerolli-

Mustafaet al., 2015; Zheng et al., 2018; Barcelos et al., 2020).  

Several researches have reported that, during Step 3, the oxidation of organic matter and 

sulphide minerals by hydrogen peroxide is incomplete (Tessier et al., 1979; Forstner,1985; 

Campanella et al., 1995; Filgueiras et al., 2002; Galán et al., 2003; Sutherland et al., 2009; 

Favas et al., 2011). This leads to the underestimation of the oxidizable toxic metal contents and 

therefore, an underrate prediction of acid mine drainage generation. 

 

3.1.5.3 Toxic elements speciation fractions 

A description elemental targets or the retention fraction of the original and the modified BCR 

sequential procedure were provided by several authors (Tessier et al., 1979; Ure et al., 1993; 

Marin et al., 1997; Rauret et al., 1997). 

 

3.1.5.3.1 Water, acid soluble and exchangeable fraction  

The toxic elements extracted by acetic acid during this step include; water-soluble, 

exchangeable and acid-soluble contents. The water-soluble fractions include metals and As 

hosted by the hydrated metal sulphates such as melanterite (FeSO4·7H2O), chalcanthite 

(CuSO4·5H2O) etc. and can easily be released upon dissolution by rainwater or river waters. 

Exchangeable metals include those weakly adsorbed on surfaces of rocks, tailings or sediments 

by relatively weak electrostatic forces and will be released by ion-exchange processes. Acid-



 

22 
 

soluble metals are those co-precipitated with carbonates and will be mobilized by acidic waters. 

When assessing metal mobility and bioavailability in soils and sediments, this fraction is the 

most important as the sequestrated toxic metals can easily be released into the environment.  

 

3.1.5.3.2 Reducible fraction 

These include metals and As bound to Fe3+ and Mn oxides/hydroxides through processes such 

as adsorption and co-precipitation. Metal contents sequestrated by aluminium oxides can also 

be released in this step (Harrison et al., 1981; Hickey and Kittrick, 1984). Due to the instability 

of Fe and Mn oxides/hydroxides under reducing conditions, changes in the redox potential 

(from oxic to anoxic conditions) could largely influence adsorption-desorption reactions, 

leading to their dissolution and consequent release of adsorbed toxic metals. Kaasalainen et al. 

(2019) noted that the well crystalline and therefore, more resistant oxides such as jarosite and 

hematite will require stronger reducing conditions to be dissolved. 

 

3.1.5.3.3 Oxidizable fraction 

This fraction comprises of metal sulphides and metals bound to the organic matter including 

humified materials, living organisms and organic detritus (Hamilton et al.,1984; Kersten and 

Forstner, 1989; Gomez and Ruiz, 2023). There is usually less or no organic matter in mine 

wastes such as waste rock, tailings or overburden, therefore, the oxidizable fraction could 

exclusively contain metal sulphides. The oxidative weathering of metal sulphides such as pyrite, 

chalcopyrite etc.  could release metals to the environment. 

 

3.1.5.3.4 Residual fraction 

This fraction contains naturally occurring minerals, hosting trace metals within their crystalline 

matrix. Under the existing and normal environmental conditions, the metals bound in this 

fraction are highly unlikely to be released. They include detrital silicate minerals, resistant 
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sulphides and oxide minerals with well crystalline such as hematite and magnetite (Tessier, 

1979; Rauret et al., 1997; Anju and Banerjee, 2010; Dold, 2003). 

 

3.1.6 Enrichment mechanism of economical secondary metal contents in riverbed 

sediments 

Hydraulic structures such as dams decreases the flow velocity of a river and consequently 

promotes the settling of suspended particles such as silt, clay or Fe and Al oxides/hydroxides 

onto the upstream bed sediments (Jeong et al., 2014; Shim et al., 2015; Zhao et al., 2021). In 

consequence, metal(loids) fixed onto these suspended particles tend to accumulate in the 

sediments, leading to enrichment. Ogawa et al. (2013) observed that total loads of Indium (In) 

originating from acidic thermal waters decreased markedly at sites upstream of Tamagawa dam, 

leading to the enrichment of high contents of In on the reservoir sediments. Shim et al. (2015) 

reported that the enrichment of riverbed sediments with metals such as Cu and Zn originating 

from wastewaters of an industrial complex was promoted by the low flow velocity of the river 

induced by a dam.  Đorđievski et al. (2018) mentioned that the Cu content in reservoir sediment 

was 5 times higher than the Cu ore grade at the Veliki Krivelj open pit mine. The contribution 

of this PhD thesis will be to clarify the Cu enrichment mechanism compared to As, based on 

pH-dependent Cu and As mobility in the contaminated rivers as well as Cu speciation in 

sediments.  

 

3.2 METHODOLOGY 

 

3.2.1 Description of the river system 

The Bor Cu mining area belongs to the Timok river drainage system. This river system includes 

the Bor River which flows and mixes with the Krivelj River to form the Bela River which in 

turn flows into the Timok River (Figure 3.1 and Figure 3.2). There is a natural tributary, named 
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the Ravna River, which flows into the Bela River. The Bor River is solely made up of untreated 

wastewaters originating from the metallurgical/smelter facilities (Figure 3.3a), municipality, as 

well as AMD from the Old Bor overburden (Gardić et al., 2015; Đorđievski et al., 2018). The 

Krivelj River receives wastewaters originating from the Veliki Krivelj overburden (Figure 

3.3b) and flotation tailings as well as drainage waters from the Veliki Krivelj open-pit and the 

Jama Bor underground mine (Korać and Kamberović, 2007; Gardić et al., 2015, 2017).  In the 

1950s, there was an accidental release of fine-grained flotation tailings from the Old Bor 

flotation tailings dam directly into the Bor river (Paunović, 2010; Bogdanović et al., 2014) as 

indicated by Figure 3.2. These flotation tailings were transported by water through the Bela 

River to the Timok River, resulting in elevated concentrations of toxic elements on the riverbed 

sediments (Đorđievski et al., 2018). 

 

 

 

 

Figure 3.1 Map of the study area with sampling locations (modified from Đorđievski et al., 

2018). The point locations represent both river water and sediment sample. For example, 

R1 represent RW1 (water sample) and RS1 (sediment sample) 
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3.2.2 River water sampling 

 

In August 2019, a field survey was conducted around the Bor mining area to collect river waters. 

The sampling procedures and analyses followed in this study were the same as those adopted 

by Đorđievski et al. (2018). At each sampling site, temperature, pH and ORP values were 

measured using a combined hand-handled ION/pH meter (model IM-32P TOA DKK). Sample 

locations are presented in Figure 3.1, schematic diagram of the study area is presented in Figure 

3.2 while field observations of rivers are provided in Table 3.1 and Figure 3.3. Three samples 

were collected at each site, two of which were filtered via cellulose acetate hydrophilic filters 

with a pore size of 0.2 µm and the other was left unfiltered. The samples were stored in 50 mL 

pre-washed polypropylene bottles. The unfiltered samples and one set of the filtered samples 

were acidified with 5 % volume nitric acid (HNO3) to prevent precipitation of metals, growth 

of bacteria and to prevent adsorption to walls of polypropylene bottles and later analysed for 

Al, Fe, Cu, Zn, Pb, Ni, Mn, Cd and As using inductively coupled plasma mass spectrometry 

(ICP-MS; Perkin Elmer NexION), where Indium (In) was used as an internal standard. Atomic 

absorption spectroscopy (AAS; Agilent 240FS AA) was used to determine concentrations of 

Na, K, Mg and Ca from the filtered and acidified samples. Ion Chromatography (TOSO IC-

2001) was used to analyse SO4
2-, Cl-, F- and NO3

- concentrations from filtered and non-

acidified samples. The concentrations of bicarbonate ions (HCO3
-) were determined by charge 

balance calculations between major cations (Na+, K+, Mg2+, and Ca2+) and major anions (F-, 

Cl-, SO4
2- and NO3

-). To evaluate the limits of detection for elements by ICP-MS, a blank 

solution was also analysed and the values were 2 μg/L for Al, 20 μg/L for Fe, 0.1 μg/L for Cu, 

0.3 μg/L for Zn, 0.04 for Pb, 0.05 μg/L for Ni, 0.1 μg/L for Mn, 0.02 μg/L for Cd and 0.05 

μg/L for As. 
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3.2.3 Treatment of the riverbed sediments 

The riverbed sediments samples were obtained from the 2015 field survey and their locations 

are shown in Figure 3.1. They were collected at every respective point beneath the river water 

sampling location using a stainless steel shovel. The samples were then dried overnight at 

ambient temperatures and sieved to obtain < 180 μm fraction. Đorđievski et al. (2018) 

performed X-ray diffraction (XRD) analysis and acid digestion on these samples to obtain the 

mineralogical and bulk geochemical characteristics, respectively. In this study, we newly 

conducted the observation of the sediment samples by optical microscopy (outlined in Section 

5.2.2.5) and 4 step modified BCR sequential extraction procedure described below. 

 

 

 

Sample 

ID 

Sampling 

date 

Location Field observations 

RW1 23/08/2019 Bor river, downstream 

Slatina 

Dirty brown waters, efflorescent salts 

covering riverbanks 

RW2 23/08/2019 Krivelj river, Zagradje Grey colored waters 

RW3 23/08/2019 Ravna river Clear waters 

RW4 23/08/2019 Bela river, Zagradje Brown waters with an orange-yellow 

precipitate 

RW5 23/08/2019 Bela river, Rgotina Brown waters with a light brownish-

yellow precipitate 

RW6 23/08/2019 Bela river, Vrazogrnac Yellow orange precipitate on the 

riverbed 

RW7 23/08/2019 Timok river, before 

confluence with Bela River 

Clear waters 

RW8 23/08/2019 Timok river, after 

confluence with Bela River 

Clear waters 

Table 3.1 Sample locations and field descriptions of river waters  
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Figure 3.3 Field photographs of wastewaters and polluted rivers. (a) discharge of 

metallurgical/smelter wastewaters (Bluish-green color) into the Bor River (Brownish 

color) (Đorđievski et al., 2018). (b)Veliki Krivelj overburden leakage. (c) mixing of Bor 

River (right) and Krivelj River (left). (d) Upstream Bela River 

 

Figure 3.2 Schematic illustration for the contamination of the Timok river water system 
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3.2.4 The 4-step modified BCR sequential extraction 

The modified four-step BCR sequential extraction procedure used for the investigation of 

riverbed sediments was similar to the one adopted by Rauret et al. (1999) and is summarised 

in Table 3.2. In brief, Step 1 comprises water-soluble, acid-soluble (carbonates) and 

exchangeable fractions, Step 2 involves the reducible fraction (oxides and hydroxides of Fe 

and Mn) whereas Step 3 includes the oxidizable fraction (sulphides and organic matter). In this 

study, the residual fraction was determined by the subtraction of the sum of the three steps from 

the bulk chemical compositions. The pH values of the reagents were measured using a pH 

meter (HM-25R TOA DKK) and are presented in Table 3.2. This test was applied for all 

riverbed sediments and the initial weight of the sample used was 0.5 g (<75 μm). 

 

 

Fraction 

 code 

Fraction    

name 

Targets Sample Reagents Extraction 

temperature 

(°C) 

Agitation 

conditions 

Step 1 Water soluble 

+Acid soluble 

+Exchangeable 

 

Weakly 

adsorbed on 

materials 

0.5 g, 

dry 

0.11 M 

CH₃COOH 

 (pH 2.9) 

25 16 hours, 

80 rpm 

Step 2 Reducible Fe, Mn 

oxides and 

hydroxides 

Step 1 

Residue 

0.5 M 

NH2OH.HCl 

(pH 1.5) 

 

25 16 hours, 

80 rpm 

Step 3 Oxidizable Organic 

matter, 

sulphides 

Step 2 

Residue 

8.8 M H2O2 

(x2) 

(pH 2.0) 

 

1 M 

NH4COOCH3 

(pH 2.0) 

 

85 16 hours, 

80 rpm 

Step 4 Residual Sulphides, silicates       Bulk composition - Ʃ (Step 1+2+3) 

 and crystalline  

structures 

Table 3.2 The modified BCR sequential extraction procedure, adapted from Rauret et al. (1999) 
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3.2.5 Assessment of river water and sediment pollution levels 

 

3.2.5.1 River water toxicity classification 

Ficklin et al. (1992) devised a classification scheme primarily for the mine wastewaters using 

sample pH and concentrations of dissolved base metals (Cu + Zn + Cd + Co + Ni + Pb). In 

Ficklin diagrams, sample pH is plotted against the respective concentration sum of 6 dissolved 

base metals. The AMD-impacted and unpolluted rivers in the Bor mining area can be classified 

by the combination of two parameters: (1) pH - dependency, ranging from ‘near- neutral’ to 

‘ultra-acid’ and (2) dissolved base metal - dependency, ranging from ‘low metal’ to ultra-metal’ 

(Plumlee et al., 1992). Therefore, a sample could be classified as ‘high acid/extreme metal’, 

‘high acid/high metal’, ‘acid/high metal’, ‘near-neutral/high metal’, ‘near-neutral/low metal’ 

etc. 

3.2.5.2 Contamination factor (CF) 

The contamination factor was adopted in this study to assess the pollution or enrichment of the 

riverbed sediments with toxic metals (Cu, Zn, Pb, Co and Ni) and As.  The CF values are 

calculated using Equation 3.1 proposed by Hakanson (1980) 

                                 CF= Ci
 /C

i
background                                                                                (3.1) 

where Ci represents the concentration of a specific metal (loid) in riverbed sediments and 

Ci
background is the background abundance of that metal (loid). In this study, values used for  

Ci
background are the contents of the upper continental crust (Rudnick and Gao, 2003) provided in 

Table 3.3. According to Hakanson (1980), the CF values can estimate the degree of pollution 

in sediments via the following categories: CF < 1 (low contamination), 1 ≤ CF < 3 (moderate 

contamination), 3 ≤ CF < 6 (considerable contamination), CF ≥ 6 (very high contamination). 
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3.2.5.3 Ecological potential risk index (Er) 

Hakanson (1980) also proposed the ecological potential risk which combines the contamination 

factor (CF) of a specific metal (loid) with its respective toxic response factor (Tr) into Equation 

3.2.                                      

            Er = CF x Tr                                                                           (3.2)  

The Tr value account for two principles: (1) toxicity, providing information on the threat to 

humans and aquatic life due to a toxic substance and (2) sensitivity of an organism to the said 

substance and is calculated from the bio-production index (BPI) values (Hakanson, 1980). The 

Tr values of metal (loids) used in this study were: Zn=1, Cu=Ni=Co=Pb=5 and As=10 

(Hakanson, 1980). The ecological potential risk is described by the following terminology: CF 

< 40 (low potential ecological risk), 40 ≤ CF < 80 (moderate potential ecological risk), 80 ≤ 

CF < 160 (considerable potential ecological risk), 160 ≤ CF < 320 (high potential ecological 

risk), CF ≥ 320 (very high potential ecological risk). 

 

3.2.6 Thermodynamic data calculations 

The field evidence of the suspended particles in a river water column are obtained from the 

filter membrane during sampling of the river waters. The mineralogical characteristics of these 

suspended materials will then be investigated through XRD or SEM-EDS. However, in this 

Background levels Cu 

(mg/kg) 

Zn 

(mg/kg) 

Pb 

(mg/kg) 

Co 

(mg/kg) 

Ni 

(mg/kg) 

As 

(mg/kg) 

Upper continental crust 28 67 17 17.3 47 4.8 

Ravna River (unpolluted) 11.8 9.8 6.6 3.2 4.4 1.7 

Timok River (unpolluted) 9.4 15.4 9.9 4.8 5.1 1.4 

Table 3.3 Background contents of toxic elements used to calculate contamination factor 
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study, such physical evidence was not available. Instead, a geochemical model based on the 

pH and Eh data of the river waters was used to predict what minerals should be stable under 

equilibrium conditions (Alpers and Nordstrom, 1999). The thermodynamic data used was 

obtained from Majzlan et al. (2004) and is presented in Table 3.4. 

 

 

 

 

Phases/boundaries Line equations and equilibrium constants Calculations 

H2 2H+  +  é ⇌  3H2,           logK=0 Eh= -0.0591pH 

O2 vs H20 4H+  O2 +  é ⇌ 2H2O,         logK=83 Eh=1.23-0.0591pH 

Fe2+ vs Fe3+ Fe2+⇌  Fe3+ +  é,         logK=13 Eh=0.769V 

Fe3+ vs 

schwertmannite 
Fe8O8(SO4)(OH)6(s) + 22H+

(aq)    ⇌   8Fe3+
(aq) 

+ SO4
2-

(aq)+ 14H2O(l),                logK=9.6 

 

pH =1.23 

 

Fe2+ vs 

schwertmannite 

Fe8O8(SO4)(OH)6(s) + 22H+
(aq)   +8é =  

8Fe2+
(aq) + SO4

2-
(aq)+ 14H2O(l),                       

logK=113.6 

 

Eh= 0.969-0.163pH 

 

Fe(OH)3 vs 

schwertmannite 

Fe8O8(SO4)(OH)6(s) + 10H2O(l)    =  

8Fe(OH)3(s) + SO4
2-

(aq)+ 2H+ ,                  

logK=-17.6 

 

pH =8.05 

 

Pyrite vs 

schwertmannite 

8FeS2(s) + 78H2O(aq)    = Fe8O8(SO4)(OH)6(s)  

+15SO4
2-

(aq)+ 120é + 150H+,        logK=-

799.2 

 

Eh= 0.383-0.0739pH 

 

Fe2+ vs Pyrite FeS2(s) + 8H2O(aq)  = Fe2+
(aq) + 2SO4

2-
(aq)+ 

16H++14é ,    logK=-85.7 

 

Eh= 0.341-0.0676pH 

 

Fe(OH)3 vs Pyrite FeS2(s) + 11H2O(aq)    = 15é + Fe(OH)3 + 

2SO4
2-

(aq)+ 19H+,    logK= -103.6 

Eh= 0.397-0.0749pH 

 

log[Fe]=-2.0 or -2.3, Log[SO4
2-]=-1.5 or -1.8, Eh(V)= 0.05914pe, log(é)= -pe,  log(H+)= -

pH 

Table 3.4 Thermodynamic data (Majzlan et al., 2004) used to construct the pH vs Eh 

diagram 
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The diagram was constructed for the 2019 and 2015 sampling period, each using the maximum 

Fe and SO4
2- concentrations, which was the Bor River data. The constructed plots suggested 

that in the high acidity and SO4
2- concentrations waters from the Bor Cu mining region, 

schwertmannite (Fe8O8(SO4)(OH)6) should be the iron hydroxide mineral stable under 

equilibrium conditions thereby a major constitution to the suspended particles. 

 

3.3 RESULTS  

 

3.3.1 pH variations of river waters 

The summary of physicochemical characteristics of river waters, including pH, are provided in 

Appendices 1 and 2. The pH variations of river waters in 2015 and 2019 are presented in Figure 

3.4. Except for site RW2, samples collected in 2019 were highly acidic compared to those 

collected in 2015.  

 

 

 

The Bor River (RW1) was the most acidic, with a pH value of 2.9 in 2019 and 4.2 in 2015. The 

Bela River (RW4-RW6) had a pH ranging from 3.1 to 3.7 in 2019 and from 4.5 to 4.7 in 2015. 

Before the confluence with the Bela River, the Timok River (RW7) had a neutral pH of 7.3 and 

Figure 3.4 pH variations of river waters between the 2015 and 2019 sampling 

periods. Mainstream refers to those impacted by Bor metallurgical/smelter 

wastewaters. Tributaries are not impacted by such wastewaters 
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7.5 in 2015 and 2019, respectively. However, after mixing with the Bela River, the Timok 

River (RW8) had a pH value of 7.2 and 6.5, respectively in 2015 and 2019. During the 2015 

sampling period, the tributary Krivelj River (RW2) was acidic, with a pH value of 4.5 whereas, 

in 2019, waters from the Krivelj River were neutral (pH=7.8). Ravna River (RW3) was weakly 

alkaline in both sampling periods, with pH values of 8.4 and 8.3 in 2015 and 2019, respectively. 

 

3.3.2  Major component variations 

The 2019 results showed that the dissolved concentrations of major cations had values ranging 

from 5.5-94.9 mg/L for Na, 2.7-9.0 mg/L for K, 61.-112.5 mg/L for Mg and 76.9-554 mg/L for 

Ca while dissolved concentrations of SO4
2- ranged from 8.2 to 2830 mg/L. Although these 

values are generally higher than those obtained in 2015, there are no wide variations between 

the two sampling periods (Figure 3.5). The concentrations of Na, K, Mg and SO4
2- decreased 

downstream, from the Bor River through the Bela River to the Timok River. The Krivelj and 

Ravna Rivers, which were not affected by acid mine drainages (AMDs), had high HCO3
- 

concentrations at 134.1 and 243.8 mg/L, respectively. The highest concentration of bicarbonate 

ions (HCO3
-) was observed in the weakly alkaline Black Timok River (RW7=359.6 mg/L), 

which is also not influenced by AMD. However, after mixing with the Bela River, this HCO3
- 

dropped to 170.6 mg/L in the Timok River (site RW8). 

The concentrations of major anions and cations (including Al3+, Fe2+ and Cu2+) were plotted in 

stiff diagrams (Figure 3.5) to compare the chemical compositions of river waters in two 

respects; from upstream to downstream and between the 2015 and 2019 sampling periods. The 

stiff diagrams of waters from the Bor and Bela Rivers in both sampling periods had a similar 

polygon (Figure 3.5), reflecting similar concentrations of Na+K and Cl-  and the lack of 

bicarbonate ions due to acidic conditions upstream (Figure 3.5). In 2019, concentrations of 

Ca+Mg at every site were higher than in 2015.  To determine the water types at each site, the 
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highest concentration value of a cation and an anion were used and it was revealed that the 

waters of the Bor and Bela Rivers were Ca2+- SO4
2- type.  

 

 

 

Responding to the pH variations at upstream sites (Figure 3.4), stiff diagrams have shown that 

concentrations of Al, Fe and Cu were higher in 2019 than in 2015 (Figure 3.5). For example, 

at downstream Bela River (site RW6), the dissolved Al, Fe and Cu were almost completely 

Figure 3.5 Stiff diagrams showing variations in the chemistry of river waters during the 2015 

and 2015 sampling periods  

 



 

35 
 

removed from the water in 2015 whereas, in 2019, these metals remained in the water column 

(Figure 3.5d).  

At the downstream site (RW8), the concentrations of HCO3
- ions were high both in 2015 (100.4 

mg/L) and 2019 (170.6 mg/L). Although the pH value at site RW8 was lower in 2019 than in 

2015 (Figure 3.4), the observed higher HCO3
-  ions in 2019 were due to the input from the 

tributary Black Timok River (RW7) whose HCO3
- ion concentrations in 2019 (359.6 mg/L) 

were higher than in 2015 (254 mg/L). The Bor mining area is dominated by limestone (Kozelj, 

2002; Jelenkovic et al., 2016) whose dissolution by groundwater has input high concentrations 

of HCO3
- into river waters, providing higher buffering capacity (Đorđievski et al., 2018; 

Adamović et al., 2021). These bicarbonate ion levels are extremely higher than those in surface 

waters (HCO3
- =70.3-92 mg/L) from a region whose limestone is limited to surface exposure 

(Oyarzún et al., 2013) as well as the estimated world average content of HCO3
- ions (58.4 

mg/L) reported by Levinson (1974). 

The dissolution of calcite detected from the riverbed sediments of the Timok River by 

Đorđievski et al. (2018) is another source of HCO3
- ion in the water column. Regardless of the 

variations in pH at regions upstream, the presence of high concentrations of HCO3
- ions at site 

RW8 has resulted in very small concentrations of Al, Fe and Cu in both sampling periods. 

These dissolved metal concentrations were also similar in both years, as indicated by the almost 

same-shaped stiff diagram (Figure 3.5e). This shape is also almost similar to the stiff diagrams 

of unpolluted tributary Ravna River (Figure 3.5f). 

 

3.3.3 Variations in concentrations of toxic elements in river waters  

The statistical summaries of metals and arsenic concentrations in filtered and non-filtered river 

water samples collected in 2019 and 2015 are provided in Appendices 3 and 4, respectively. 
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The dissolved concentrations of metals and As in the 2019 sampling period were significantly 

higher than those in 2015, as a response to the higher acidity (Figure 3.4). In 2019, the 

concentrations of dissolved metals and As from the Bor River and Bela River had values 

ranging from 46.3-97.7 mg/L for Al, 39.7-270 mg/L for Fe, 51.1-109 mg/L for Cu and 0.02-

0.65 mg/L for As. On the other hand, in 2015, the dissolved concentrations ranged from 7.6-

16 mg/L for Al, 0.24-26.4 mg/L for Fe, 17.2-24.2 mg/L for Cu and 0.002-0.03 mg/L for As. 

Moreover, at the downstream site (RW8), the dissolved concentrations of Al and Cu in 2019 

(pH 6.5) were 0.2 mg/L and 1.6 mg/L, respectively whereas, in 2015 (pH 7.2), Al and Cu 

concentrations were 0.05 and 0.11 mg/L.  

A wide variation in the concentrations of dissolved toxic elements from the Bor River was 

observed between the two sampling periods. In 2019, when the pH of site RW1 was 2.9, the 

dissolved concentrations of Fe, Al, Cu and As were 270 mg/L, 97.7 mg/L, 109 mg/L and 0.65 

mg/L, respectively. However, in 2015 when the pH was 4.2, the dissolved metal and As 

concentrations were comparatively lower (Fe: 26.4 mg/L, Al: 16 mg/L, Cu: 24.2 mg/L, As: 

0.02 mg/L). With regard to the Krivelj River (RW2), in 2015 (pH 4.5), the dissolved 

concentrations of Al, Cu and Fe were 29.2 mg/L, 30.5 mg/L and 12.2 mg/L, respectively. 

However, their dissolved concentrations in 2019 (pH 7.8) were significantly lower (Al: 0.26 

mg/L, Cu: 0.074 mg/L, Fe: < 0.1 mg/L). 

 

3.3.4 Mineralogy of the riverbed sediments  

The mineralogical characteristics of the riverbed sediments were studied by Đorđievski et al. 

(2018) using the XRD technique. In summary, pyrite was the only sulphide mineral detected 

and was present only in the mainstream sediments (RS1, RS4-RS6 and RS8). Other Fe-rich 

minerals detected from these sediments included magnetite and fayalite, products of the 

smelting process at the Bor mine. The full XRD data can be found in Appendix 5.  



 

37 
 

 

 

 

A polished section of a sample obtained at the most upstream site (RS1) was observed under a 

microscope (Figure 3.6a and 3.6b) and the key minerals observed included pyrite, magnetite, 

chalcopyrite and covellite. In addition, magnetite and pyrite were observed in the Bela River 

sediments (Figure 3.6c) while magnetite was observed in the Timok River sediments (Figure 

3.6d). 

 

 

Figure 3.6 Photomicrographs in reflected light microscope showing sulphide and oxide 

minerals from riverbed sediments. (a) and (b), RS1: pyrite, covellite, chalcopyrite and 

magnetite. (c), RS4: pyrite and magnetite. (d), RS8: magnetite 
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3.3.5 Sequential extraction of Cu and As from the riverbed sediments  

A summary of the results from the modified BCR sequential extraction is depicted in Figure 

3.7 as extraction percentages, reflecting the individual content of an element sequestered in a 

specific fraction against the total contents of said element. The results of other toxic metals can 

be found in Appendix 21. 

 

 

  

The water-soluble, acid-soluble and exchangeable fraction (Step 1) had Cu contents ranging 

from 8.9 to 24.3 % between RS1 and RS6, but the contribution at RS8 reached 34.8 % of total 

Cu. The reducible (Step 2) Cu contents were fairly small at upstream sites (RS1 and RS4-RS6), 

with values ranging from 3.7 to 10.2 % (Figure 3.7a). However, at the downstream site (RS8), 

the amount of reducible Cu was significant, reaching 18 %. The oxidizable fraction (Step 3) 

had high Cu contents, ranging from 36.2 to 65.6 % of total Cu contents in the Bor and Bela 

riverbed sediments (Figure 3.7a). The Cu contents in the residual fraction ranged from 0 to 

48 %. With regards to As, the reducible fraction (Step 2) sequestered considerably high 

contents of As, ranging from 12 to 58 %, with the most upstream sites (RS1 and RS4) having 

the highest contents (Figure 3.7b). Across all samples, the oxidizable (Step 3) forms of As 

ranged from 2.9 to 19.7 % whereas contents of residual As ranged from 21.3 to 84.2 %.  

Figure 3.7 BCR sequential extraction of (a) Cu and (b) As from the mainstream 

riverbed sediments  
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3.4 DISCUSSION 

 

3.4.1 Mobility behaviour of metals and arsenic in river waters  

The concentrations of metals and As (Appendices 3 and 4) were converted into fluxes by 

multiplying with respective river discharges. Since the 2015 and 2019 sampling trips were 

carried out during the summer season (month of August), the values of discharge used in this 

study were assumed to be the same as those measured and reported by Đorđievski et al. (2018). 

Figure 3.8 shows the upstream-downstream pH variations with total (sum of particulate and 

dissolved fluxes), dissolved and particulate fluxes of Al, Fe, As and Cu, because of their higher 

fluxes. Fluxes for other metals are presented in Appendix 6. Just as mentioned in Section 1, 

there are essentially two major river water pollution sources in the Bor mining area; (1) the 

metallurgical/smelter wastewaters (Figure 3.3a), located upstream of the Bor River and (2) 

Krivelj mine overburden leakages (Figure 3.3b), located upstream of the Krivelj River (Korać 

and Kamberović, 2007; Ishiyama et al., 2012; Filimon et al., 2016; Gardić et al., 2015, 2017; 

Đorđievski et al., 2018; Adamović et al., 2021). 

3.4.1.1 Variations in Al mobility and the formation of HAO  

Loads of dissolved Al discharged into the Bor River from the metallurgical/smelter 

wastewaters are represented by the closest receiving site, RW1. The dissolved fluxes of Al at 

site RW1 were higher in 2019 (3.42 kg/min) than in 2015 (0.56 kg/min). In 2019, Al existed 

primarily as dissolved species in the Bor and Bela Rivers (pH 2.9-3.7) as indicated by the 

indistinguishable fluxes of total and dissolved Al (Figure 3.8a). 
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Figure 3.8 Upstream-downstream variations in mobility of metals and As during the 

2019 and 2015 sampling campaigns 
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The solubility diagram of Al(OH)3 (Figure 3.9a) shows that the data for the acidic river waters 

plot away from the Al3+ saturation line, consistent with the insignificant contents of particulate 

Al species in Figure 3.8a. However, as pH increased at the downstream site (RW8: pH 6.5) 

there was a larger amount of particulate Al species (79 % of total Al: obtained by subtracting 

dissolved species from total species).  

 

 

 

 

In 2015, there were significant contents of particulate Al species in the Bela and Timok Rivers 

(pH 4.5-7.2), ranging from 26 to 58 % of total Al (Figure 3.8b). The highest contents of the 

suspended species of Al at site RW4 (Figure 3.8b) could be explained by the high input of Al 

from the Krivelj River into the Bela River. These suspended Al particles are commonly known 

as hydrous aluminium oxides (HAO) and have been reported to form in conditions of pH 

greater than 4.6 (Schemel et al., 2000; 2007, Gammons et al., 2005). The solubility diagram of 

Al(OH)3 (Figure 3.9b) shows that in 2015, Al3+ concentration data plotted very close to the 

Al3+ saturation line, thus supporting the assertion of the formation of HAO. The decrease of 

total Al from upstream to downstream sites (Figures 3.8a and b) suggests that as the pH 

Figure 3.9 Thermodynamic diagram showing the solubility of Al(OH)3 with plotted 

concentration data of Al3+ obtained in the 2019 (a) and 2015 (b) sampling campaigns. B.C 

and A.C in the legends refers ‘before confluence’ and ‘after confluence’, respectively with 

Bela River 

 



 

42 
 

increased, HAO precipitated and settled under gravity onto the riverbed, especially at site RW8, 

thus effectively removing Al from the water column.   

3.4.1.2 Variations in Fe mobility and the formation of HFO 

Loads of dissolved Fe discharged into the Bor River (site RW1) were extremely higher in 2019 

(9.45 kg/min) compared to 2015 (0.92 kg/min). In 2019, the dissolved Fe fluxes were dominant 

in the acidic waters of the Bor River and decreased through the Bela River to the Timok River 

as pH increased (Figure 3.8c). However, 21 % of total Fe represented the particulate Fe species 

in the acidic Bor River (pH 2.9). This content increased at Bela River to values of 39 and 48 %, 

respectively at sites RW4 (pH 3.1) and RW5 (pH 3.7). Figure 3.10a (Majzlan et al., 2004), 

constructed using thermodynamic data in Table 3.4, shows that the pH and Eh data for the Bor 

and Bela Rivers plot within the schwertmannite stability field. In this way, the abundance of 

suspended Fe particles in the Bor and Bela Rivers indicated by Figure 3.8c could be related to 

schwertmannite.  From site RW6 to RW8, total Fe fluxes decreased to almost zero values 

(Figure 3.8c), suggesting that at the most downstream site (RW8: pH 6.5), Fe was effectively 

removed from the water column. 

 

 

 

  

Figure 3.10 Eh vs pH diagram for the Fe-O-S-H2O system at 25 °C (Majzlan et al., 2004) 

with plotted values of Eh and pH obtained in the 2019 (a) and 2015 (b) sampling 

campaigns. A.C in the legends refers to ‘after confluence’ with Bela River  
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In 2015, the higher pH values of the Bor and Bela Rivers (pH 4.2-4.7) provided the optimum 

conditions for the formation of the suspended hydrous iron oxides (HFO) (Gammons et al., 

2005; Parker et al., 2008; Ogawa et al., 2012, 2013). The particulate species of Fe predominated 

the waters of the Bor River up to the Timok River as indicated by Figure 3.8d. The Eh-pH 

diagram (Figure 3.10b) shows that the 2015 data plotted in the stability field of schwertmannite, 

thus supporting the suggestion of HFO formation. The particulate Fe species at the Bor River 

(RW1) accounted for 67 % of total Fe whereas, in the Bela River (RW4-RW6), particulate Fe 

fluxes ranged from 77 to 99 % of total Fe fluxes. It was further observed that after the 

confluence of the Bor and Krivelj Rivers (Figure 3.2, Figure 3.3c), the HFO were the highest 

(site RW4), showing the Krivelj River acting as a pollution source for the Bela River. Then, 

particulate Fe decreased drastically at site RW5 (Figure 3.8d) due to precipitation and 

settlement onto the riverbed. These observations indicate that in 2015 when pH was higher, the 

hydrous iron oxides (HFO) were formed even at upstream sites, transported downstream as 

suspended particles and were nearly completely removed from waters at site RW8 via settling 

onto the riverbed.  

3.4.1.3 Variations in As mobility 

The loads of dissolved As discharged into the Bor River (RW1) during the 2019 and 2015 

sampling periods were 22.9 and 0.62 g/min, respectively. The mobility of As is controlled by 

the pH variations as well as the amount of HFO present in the water column (Ogawa et al., 

2013, 2018; Chikanda et al., 2021; Lalinská-Voleková et al., 2022). Figures 3.8e and f, 

respectively, indicate that for both 2019 and 2015, As existed as a particulate species even at 

upstream sites. From the Bor and Bela Rivers, the contents of particulate forms of As in 2019 

and 2015 ranged from 75 to 96 % and 95 to 99 %, respectively, of the total As. This indicates 

that As was effectively sorbed onto the suspended HFO (Ogawa et al., 2012; Chikanda et al., 

2021; Lalinská-Voleková et al., 2022; Ye et al., 2022). In fact, for the 2015 data, the flux pattern 
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of As was similar to that of Fe (Figure 3.8d) which implies that As have been adsorbed onto or 

co-precipitated with the HFO and settled onto the riverbed. The model showing this mobility 

is illustrated by Figure 3.11.  

 

 

 

Since the HAO generally forms at conditions of pH > 4.6 (Gammons et al., 2005; Schemel et 

al., 2007), they did not have a significant role in controlling the mobility of As from the Bor 

and Bela Rivers, especially during the 2019 sampling period. It was observed that in 2015, the 

acidic Krivelj River (pH 4.5) input significant fluxes of As into the Bela River and downstream 

environments. However, in 2019, there was no pollution input from the neutral Krivelj River 

(pH 7.8). Despite this variation, the total flux of As in the Bela River was much higher in 2019 

than in 2015. This highlights the severity of the contamination that wastewaters from the Bor 

metallurgical/smelting facilities have on the Timok River system. 

 

 

 

 

Figure 3.11 Detailed illustration of the mobility of As in acidic 

waters (2019 sampling period), involving removal by hydrous 

ferric oxides (HFO)  
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3.4.1.4 Variations in Cu mobility 

The dissolved fluxes of Cu discharged from the Bor metallurgical/smelter facilities into the 

Bor River in 2019 (Cu: 3.83 kg/min) were significantly higher than in 2015 (Cu: 0.82 kg/min). 

Contrary to As, Cu was transported primarily as a dissolved species in the entire study area 

during the 2019 sampling period (Figure 3.8g), similar to Al. In 2015, Cu also existed mainly 

as a dissolved species, however, there were considerable contents of particulate Cu species 

(Figure 3.8h), also analogous to Al. Additionally, the total Cu flux decreased from upstream to 

downstream in a similar pattern to Al and Fe (Figures 3.8b and d). This suggests that, especially 

in 2015, Cu may have been adsorbed onto the suspended HAO and/or HFO and later 

precipitated and settled onto the riverbed.  The model showing this mobility is illustrated by 

Figure 3.12. It is important to note that due to the pH variations at site RW8 (Figure 3.4), the 

amount of Cu sorbed onto HAO and/or HFO in 2015 (79 % of total Cu) was higher than in 

2019 (39 % of total Cu) as indicated by Figures 3.8g and h. Montecinos et al. (2020) reported 

that at pH ~7, most of the Cu contents are sorbed onto the hydrous Al oxides. 

 

 

 

 

 

Figure 3.12 Detailed illustration of the mobility of Cu in acidic and neutral 

waters (2019 sampling period), involving removal by hydrous ferric oxides 

(HFO) and hydrous aluminium oxides (HAO) 
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3.4.2 Risk assessment of river water contamination 

 

The discharge of wastewaters from the Bor metallurgical/smelting facilities directly into the 

Bor River (Figure 3.2, Figure 3.3a) represents a major anthropogenic environmental 

contamination source to the Timok River system (Korać and Kamberović, 2007; Ishiyama et 

al., 2012; Filimon et al., 2016; Šerbula et al., 2016; Gardić et al., 2017; Đorđievski et al., 2018; 

Adamović et al., 2021). Figures 3.13a and b respectively show the 2019 and 2015 river water 

data plotted in the Ficklin diagrams to evaluate the variations in river water contamination.  

 

 

 

 

For the 2019 sampling period, data for the Bor River and Bela River were plotted near the 

boundary of the ‘high acid and extreme metal’ and ‘acid and high metal’ regions, respectively 

(Figure 3.13a). However, in 2015, the data for the two rivers was plotted in the ‘acid and high 

metal’ region (Figure 3.13b). The variation in the plotting regions was caused by the more 

acidic conditions of the Bor and Bela Rivers in 2019 (pH 2.9-3.7) than in 2015 (pH 4.2-4.7). 

The dissolved Cu contributed the most toxicity to the waters of the Bor and Bela Rivers in both 

Figure 3.13 Ficklin diagrams of 2019 (a) and 2015 (b) sampling periods. B.C and 

A.C in legends refers to ‘before confluence’ and ‘after confluence’ with Bela River  
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2019 (Figure 3.14a) and 2015 (Figure 3.14b), with values ranging from 87 to 89 %. This is 

linked to the predominance of dissolved Cu species in the Bor and Bela Rivers (Figures 3.8g 

and h). 

 

 

 

The tributary Krivelj River (RW2) was plotted in the ‘acid and high metal’ region for the 2015 

sampling period whereas, in 2019, the data was plotted in the ‘neutral and low metal’ region. 

The water chemistry results of the Krivelj River (RW2) indicated that the contents of dissolved 

Cu in 2015 (pH 4.5) were 412 times higher than in 2019 (pH 7.8). In consequence, the Cu 

toxicity contribution in 2015 was as high as 96 % (Figure 3.14b) whereas, in 2019, the Cu 

contribution was only 30 % (Figure 3.14a). Therefore, it should be highlighted that in 2015, 

the Krivelj River also acted as a serious pollution source to the Bela River and downstream 

environments. 

For the most downstream site (RW8), the 2015 and 2019 data were plotted in the ‘neutral and 

low metal’ and ‘neutral and high metal’ regions, respectively. This variation was caused mostly 

by the higher contents of dissolved Cu species in 2019 (Figure 3.8g) than in 2015 (Figure 3.8h). 

Figure 3.14 Dissolved metal toxicity contributions during the 2019 (a) and 2015 (b) 

sampling periods. Mainstream and Tributary rivers refers to those impacted and non-

impacted, respectively by Bor metallurgical/smelter wastewaters   
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Consequently, the Cu toxicity contribution in 2019 was as high as 62 % (Figure 3.14a) whereas, 

in 2015, the Cu contribution was only 44 % (Figure 3.14b). Despite the Krivelj River acting as 

a pollution source to the Bela River and downstream areas in 2015, site RW8 plotted in a region 

of higher risk in 2019 than in 2015. This further highlights the severity of water contamination 

by the Bor metallurgical/smelter facilities observed during the 2019 sampling campaign. 

The quality of the Bor River is controlled primarily by wastewaters originating from the Bor 

metallurgical/smelting facilities (Đorđievski et al., 2018; Adamović et al., 2021). So, changes 

in the acidity and loads of dissolved toxic elements in the Bor River could be linked directly to 

changes in the operating conditions of the facilities. Therefore, it can be speculated that the 

facilities discharged wastewaters with much higher acidity and dissolved toxic elements into 

the Bor River in 2019 than in 2015, which were then transported downstream (Figure 3.8), 

posing a higher risk of river water contamination as suggested by Figure 3.13.    

 

3.4.3 Environmental risk assessment of riverbed sediments contamination  

The upstream-downstream distribution of heavy metals and As concentrations in the riverbed 

sediments is illustrated in Figure 3.15. Based on the results of optical microscopy (Figure 3.6) 

and XRD (Appendix 5), the mineralogy of the riverbed sediments is primarily controlled by 

the flotation tailings released from the mineral processing plant in the 1950s into the Bor River 

and transported through the Bela River to the Timok River (Paunović, 2010; Bogdanović et al., 

2014; Đorđievski et al., 2018).  

In addition to this, heavy metals and As originating from wastewaters of the Bor 

metallurgical/smelting facilities and Veliki Krivelj mine overburden could also be possible 

sources of pollution to the riverbed sediments as suggested by the mobility behaviour of As 

(Figures 3.8e and f) and Cu (Figures 3.8g and h) in river waters as well as their chemical 
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speciation in riverbed sediments (Figure 3.7). In this section, we assess the level of pollution 

in riverbed sediments through contamination factor (CF) and ecological risk potential (Er), 

focusing on the bulk chemical composition of As and Cu and relating it to their mobility in 

river waters (Figures 3.8e to h). 

 

 

 

 

 

Figure 3.15 Bulk chemical compositions of riverbed sediments. Mainstream sediments 

refers to those impacted by flotation tailings and the Bor metallurgical/smelter 

wastewaters while Tributary sediments are impacted by neither. Data obtained from 

Đorđievski et al. (2018) 
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3.4.3.1 Contamination factor (CF) 

Figure 3.16 depicts the distribution of the contamination factor index (CF) values of Cu, As, 

Zn, Pb, Co and Ni in the riverbed sediments. 

 

 

 

Figure 3.16 Variations in the contamination factor index (CF) of metals and As from the 

riverbed sediments. Mainstream sediments refers to those impacted by flotation tailings 

and the Bor metallurgical/smelter wastewaters. Tributary sediments are not impacted by 

either 

 



 

51 
 

 According to Figure 3.16a to d, the CF values from the mainstream sediments (RS1, RS4-RS6 

and RS8) were the highest for Cu and As, ranging from 159-582 and 46-140, respectively 

whereas the CF values of other metals ranged from 24-52 for Zn and 5-29 for Pb. According 

to Hakanson (1980), a CF value ≥ 6 indicates a ‘very high contamination’ level of the riverbed 

sediments. It was observed that the CF values of Cu (Figure 3.16a) were the highest at the 

downstream reservoir sediments (RS8; CF=582) and near the Bor metallurgical/smelting 

facilities near (RS1; CF=504), suggesting a very high contamination level. 

The CF value of Cu at site RS8 could be related to the effective removal of Cu from the Timok 

River waters (RW8) through the precipitation of Cu-sorbing HFO and HAO as suggested by 

Figure 3.8h. The CF values of As were especially high in sediments of the Bor River (CF=140) 

and Bela River (CF= 69-75) and could be attributed to the widely distributed removal of As 

through sorption by HFO and settlement onto the riverbed (Figures 3.8e and 3.8f). 

 

3.4.3.2 Ecological risk potential (Er) 

Figure 3.17 depicts the distribution of the ecological risk potential index (Er) values for Cu, As, 

Zn, Pb, Co and Ni in the riverbed sediments. From the mainstream sediments (RS1, RS4-RS6 

and RS8), the Er values of Cu and As ranged from 793-2911 and 463-1402, respectively. 

According to Hakanson (1980), the Er value ≥ 320 indicates a ‘very high ecological risk’ level 

to the riverbed sediments. Based on Figure 3.17, the Er values of Cu were the highest in 

sediments at the downstream (RS8; Er=2911) and upstream sites (RS1; Er=2518), suggesting 

a very high ecological potential risk level. On the other hand, the Er value of As was very high 

at the upstream (RS1) and midstream sites (RS4-RS6), which could be attributed to the 

precipitation of As-sorbing HFO from the Bor River (RW1) and Bela River (RW4-RS6), 

similar to the CF values.  
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3.4.4 Chemical states of Cu and As in riverbed sediments and their origins 

The CF and Er values of Cu and As were much higher than those of other metals. These values 

could be divided into two constituents; (1) those yielded by Cu and As precipitated from river 

waters through sorption onto HFO and/or HAO (Figures 3.8e to h) and; (2) those yielded by 

Cu and As originating from flotation tailings. It is very important to note that the Cu and As 

sequestrated by HFO and/or HAO can easily be released back into the river waters (Marin et 

al., 1997), meaning a high risk of mobilization. On the other hand, Cu and As in sulphide 

minerals are relatively resistant to dissolution, suggesting a lower risk of release. In this section, 

we elucidate both the origins of Cu and As and the risk of mobilization based on the sequential 

extraction test (Figure 3.7).  

3.4.4.1 Speciation of Cu 

The Cu contents liberated in Step 1 (Figure 3.7a), probably weakly adsorbed onto the surfaces 

of suspended particles such as hydrous oxides (Marin et al., 1997), were the highest at the 

downstream site (RS8). The reducible Cu contents released in Step 2 were also higher at site 

RS8, possibly related to the Cu sorbed onto and/or co-precipitated with HAO and/or HFO in 

Figure 3.17 Variations in the ecological risk potential (Er) of metals and As from the 

riverbed sediments. Mainstream sediments refers to those impacted by flotation tailings 

and the Bor metallurgical/smelter wastewaters. Tributary sediments are not impacted by 

either 
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neutral waters (Montecinos et al., 2020). On the other hand, the high contents of oxidizable Cu 

observed from upstream riverbed sediments (Figure 3.7a) are hosted by the Cu sulphide 

minerals such as covellite and chalcopyrite (Figures 3.6a and b), originating from the flotation 

tailings. Owing to the incomplete digestion of sulphide minerals in Step 3, most of the residual 

Cu could also be related to the sulphides (Filgueiras et al., 2002; Galán et al., 2003; Dold and 

Fontboté, 2001; Khorasanipour et al., 2011).  

The contents of Step 1 + Step 2 forms of Cu (8610 mg/kg) at site RS8 constituted a CF value 

of 307 (Figure 3.18a) and an Er value of 1537 (Figure 3.19a) which according to Hakanson 

(1980), indicates a ‘very high contamination’ level and a ‘very high ecological risk’ level, 

respectively, of the Timok River sediments by Cu precipitated from the overlying river waters. 

It is very important to observe that these CF and Er values make up 53 % of those observed in 

Figures 3.18a and 3.19a, implying that the contribution of polluted river waters in the 

contamination of downstream sediments is slightly higher than that of flotation tailings 

(oxidizable and residual fractions). 

 

 

 

Figure 3.18 Contamination factor (CF) of Cu (a) and As (b) modified by the sequential 

extraction data to clarify sources riverbed sediments contamination. Mainstream 

sediments refers to those impacted by flotation tailings and the Bor 

metallurgical/smelter wastewaters. Tributary sediments are not impacted by either 
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According to Figure 3.18a and Figure 3.19a, the Step 1+ Step 2 forms of Cu (1922 mg/kg) at 

site RS1 respectively constituted a CF value of 69 and an Er value of 343, also suggesting a 

‘very high contamination’ and ‘very high ecological risk’ of the Bor River sediments. However, 

these CF and Er values only account for 14 % of those observed in Figures 3.16a and 4.17, 

suggesting that Cu contamination of the sediments near the Bor metallurgical/smelting 

facilities is mainly contributed by the flotation tailings.  Although the CF values (Figure 3.16a) 

and Er values (Figure 3.17) were the highest at both sites (RS8 and RS1), the risks of Cu 

mobilization are very different. The risks of Cu release from the sediments of the Timok River 

into the waters are very high while the risks of Cu mobilization from sediments of the Bor 

River into the waters are very low.  

 

 

 

 

 

 

Figure 3.19 Ecological risk potential (Er) of Cu (a) and As (b) modified by the sequential 

extraction data to clarify sources riverbed sediments contamination. Mainstream sediments 

refers to those impacted by flotation tailings and the Bor metallurgical/smelter wastewaters. 

Tributary sediments are not impacted by either 

. Mainstream sediments refers to those impacted by flotation tailings and the Bor 

metallurgical/smelter wastewaters. Tributary sediments are not impacted by either 
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3.4.4.2 Speciation of As 

The high contents of reducible As observed in upstream sediments (Figure 3.7b) is in 

agreement with the As flux patterns (Figures 3.8e and f), where particulate As species, sorbed 

onto the suspended HFO, are dominant in the entire study reach and have eventually settled to 

enrich the riverbed sediments. The photograph of site RW4 (Figure 3.3d) could provide field 

evidence of the abundance of HFO (possibly with sorbed As) in the Bela River as seen by the 

yellow coatings on the riverbed. The collective contents of As extracted from the oxidizable 

(Step 3) and residual fractions were also high (Figure 3.7b). Considering the high total As 

contents (Figure 3.15), it can be assumed that these fractions are majorly associated with the 

sulphide minerals, especially pyrite (Deditius et al., 2011; Reich et al., 2013; Franchini et al., 

2015). 

The contents of reducible As at sites RS1 (354 mg/kg) and RS4 (186 mg/kg) constituted CF 

values of 74 and 39 (Figure 3.18b), respectively, suggesting a ‘very high contamination’ level 

of the sediments near the Bor metallurgical/smelter facilities by As precipitated by with HFO. 

It is imperative to note that these CF values are 53 % (RS1) and 58 % (RS4) of those observed 

in Figure 3.16b, which implies that upstream sediments are slightly more contaminated with 

As from the river waters than from the flotation tailings. Consequently, the risks of As release 

from sediments of the Bor and Bela Rivers into the waters are very high.  

 

3.4.5 Sediment enrichment by economically mineable Cu from wastewaters 

Artificial dams generally slow down the speed of a river flow, and in doing so, promote the 

gravitational settling of suspended materials sorbing several metals and metalloids at sites 

upstream of the said dam. Ogawa et al. (2012, 2013, 2018) have observed that the reservoirs 

sometimes act as sinks for rare metals such as Ga and In originating from acidic thermal waters. 

Similar behaviour leading to the accumulation of high Cu contents was observed in this 
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research area. In fact, out of a total Cu content of 16,300 mg/kg at site RS8, this process is 

responsible for the collective 53 % (Step 1 + Step 2) (Figure 3.7a) through Figure 3.20.  

 

 

This amount to 0.86 wt % Cu and is higher than the Cu ore grade (0.3 wt %) at the Veliki 

Krivelj open pit mine reported by Stanković et al. (2015). The remaining Cu at RS8 mainly 

originates from the flotation tailings released from the Bor mineral processing plant. Despite 

the high risk of Cu release as suggested by the modified BCR extraction procedure (Figure 5a), 

this implies that with respect to mining and metal recovery, this site could provide a secondary 

Cu deposit. 

In 2019, the total concentrations of Cu and As at site RW1 were 116 mg/L and 2.7 mg/L, 

respectively, giving a Cu/As mole ratio of 51. The chemical fractionation of Cu and As occurs 

during river transport. According to Figures 3.8e and f, particulate As tends to be widely 

distributed during transport to site RW8, whereas Cu precipitates effectively between sites 

RW6 and RW8 (Figures 3.8g and h). At site RS8, the contents of Cu and As released from Step 

1 + Step 2 were 8610 mg/kg and 49.9 mg/kg, respectively (Figure 3.7), giving a Cu/As mole 

ratio of 203. Assuming that these Cu and As contents originate from Bor metallurgical/smelting 

facilities, Cu is preferentially concentrated in sediments at RS8 compared to river water at RW1, 

Figure 3.20 Schematic diagram showing the enrichment mechanism of Cu on the 

dam/reservoir sediments  
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rather than As. This fact means the effective accumulation of economically useful metals 

excluding toxic elements in the reservoir sediment (Figure 3.20). 

 

3.5 CONCLUSIONS 

The Bor and Bela Rivers were highly acidic in 2019 than in 2015 and consequently had 

extremely higher dissolved concentrations of Al, Fe, Cu and As, suggesting the severity of river 

water contamination by the Bor metallurgical/smelting facilities in 2019. The risk assessment 

of river water contamination was evaluated in a Ficklin diagram for the two sampling periods 

and it was established that in 2015, the Bor River and Bela River plotted in the ‘acid/high metal’ 

region. However, in 2019, the Bela River plotted in the ‘acid/high metal’ region whereas the 

Bor River plotted in the ‘high acid/extreme metal’ region. The dissolved Cu species contributed 

the most toxicity to the waters of Bor and Bela Rivers. Also, due to the long transport of Cu as 

a dissolved species under more acidic conditions, the downstream site (RW8) plotted in a 

region of higher risk during the 2019 sampling period.  

Fe existed in form of the suspended hydrous ferric oxides (HFO) in upstream regions and its 

removal from the water column by settlement onto the riverbed was widely distributed in the 

study area. Arsenic was sorbed onto the HFO and removed from the water column via 

settlement. Al and Cu existed primarily as dissolved species in the entire study area, especially 

in 2019. Cu fluxes decreased markedly at neutral pH conditions with suspended hydrous Al 

oxide (HAO). 

 Responding to the settling of the As-sorbing HFO, As in the riverbed sediments existed mainly 

as a reducible form at upstream sites (RS1 and RS4) whereas at downstream sites, the contents 

of reducible As were only considerable. The settling of Cu-sorbing HAO and/or HFO at the 

downstream site is consistent with high contents of acid-soluble and reducible Cu at site RS8. 
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However, at upstream sites, the higher Cu contents were associated with Cu sulphide minerals 

originating from the tailings. 

The contamination factor index (CF) indicated that all mainstream sediments exhibit a very 

high contamination level by Cu and As. The As precipitated with HFO from the overlying river 

waters contributed 54 and 22 % to the CF values of As in sediments of the Bor River and Timok 

River, respectively. On the other hand, the Cu precipitated with HAO and HFO contributed 14 

and 53 % to the CF values of Cu in sediments of the Bor River and Timok River, respectively. 

The ecological risk potential index has shown that Cu and As pose a very high ecological risk 

to the sediments of the Bor River, Bela River and Timok River. 

The reduced flow velocity of the Timok River induced by an artificial dam promoted the 

gravitational settling of the suspended Cu-sorbing particles, thereby enriching the riverbed 

sediments with economically mineable Cu contents. The amount of Cu originating from the 

flotation tailings, released from the mineral processing plant in the 1950s into the Bor River, 

was 0.77 wt %. On the other hand, the Cu settled with suspended HFO and/or HAO, which 

mainly originated from the metallurgical/smelter wastewaters, in the reservoir sediment was 

0.86 wt % and is higher than the Cu ore grade (0.3 wt %) at the Veliki Krivelj open pit mine. 
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4. OCCURRENCES AND ENVIRONMENTAL IMPLICATIONS OF 

EFFLORESCENT SALTS ALONG THE BOR RIVER CONTAMINATED BY 

COPPER MINING ACTIVITIES IN EASTERN SERBIA 

 

4.1 INTRODUCTION 

Efflorescent salts, composed mostly of hydrated metal sulphates, are very important secondary 

minerals in mine environments. Investigations of their occurrence, spatial distribution, 

mineralogy, paragenetic evolution and dissolution behaviour are crucial as these minerals tend 

to act as both solid transients of toxic trace elements and sources of water and soil 

contamination (Nordstrom, 2009; Dold, 2014, Pi-Puig et al., 2020).  

4.1.1 Formation of hydrated metal sulphates 

The evaporation of acid mine drainage during hot and dry seasons produces colorful blooms 

of efflorescences, consisting of a variety of hydrated metal sulphates (Alpers et al. 1994, 

Jambor et al. 2000). Additionally, the upward capillary migration of pore waters from mine 

wastes has been known to cause the precipitation of hydrated metal sulphates at the surface 

(Romero et al., 2006; Arranz-González et al., 2020). Efflorescent salts have been observed at 

different hydrogeological locations: on the banks of AMD-impacted rivers (Buckby et al., 

2003; Romero et al., 2006;  Cánovas et al., 2008;2010; Fosso-Kankeu et al., 2017; Cala-Rivero 

et al., 2018; Nordin et al., 2018 ); on the surface of the flotation tailings or waste-rock piles 

(Dold, 2003; Murray et al., 2014;  Khorasanipour, 2015; Grover et al., 2016; Biagioni et al., 

2020; Pi-Puig et al., 2020;  D’Orazio et al., 2021; Loredo-Jasso et al., 2021;  Islam et al., 2021; 

Gerding et al., 2021);  on the mine benches and rims of abandoned open-pits (Valente et al., 

2013;  Buzatu et al., 2016; Antivachis et al., 2017), within mine-workings (Nordstrom and 

Alpers, 1999;  Onac et al., 2003; Jamieson et al., 2005) and along the stream of flowing mine 
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waters (Valente and Gomes, 2009;  Hammarstrom et al., 2005;  Basallote et al., 2019;  Newman 

et al., 2020; Nieva et al., 2021).  

The hydrated metal sulphates with divalent cations (Me2+SO4·nH2O) are the most dominant 

mineral types (Jambor et al., 2000, Romero et al., 2006) and are usually the first to form during 

the evaporation of acidic, metal and sulphate loaded waters through Reaction 4.1. 

Me2+
(aq) + SO4

2−
(aq) + nH2O(l) ⇌ Me2+SO4·nH2O(s)                (4.1) 

where Me = Fe, Mg, Cu, Ca           n = 1 to7 

4.1.2 The role of climate on the precipitation hydrated metal sulphates 

Temperature and humidity are the primary climate variables controlling evaporation 

(Nordstrom, 2009). In semiarid to arid climates, evaporation drastically reduces the amount of 

water, promoting the concentration of solutes to a point of mineral saturation (Basallote et al., 

2019). Seal and Piatak (2012) reported that, because of the concentrating effect of evaporation, 

acidity and metal concentrations in AMD are typically several orders of magnitude greater in 

dry seasons than rainy seasons in arid environments. However, in temperate and wet climates, 

constant rains continually dilute acid and metal-laden mine waters to benign contents, thereby 

inhibiting the supersaturation of metals and sulphate concentrations (Seal and Piatak, 2012).  

 

4.1.3 Groups of hydrated metal sulphates 

4.1.3.1 Melanterite group 

The general formula of minerals in the monoclinic melanterite group is represented 

M2+SO4·7H2O and include common end members such as melanterite (M=Fe2+), boothite 

(M=Cu), zinc-melanterite (M=Zn, Cu) and mallardite (M=Mn). Melanterite (Fe2+SO4·7H2O) is 

the first Fe sulphate mineral to form from the evaporation of Fe2+ and SO4
2- rich mine effluents 
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(Bigham and Nordstrom 2000; Jambor et al., 2000; Jerz and Rimstidt, 2003; Hammarstrom et 

al. 2005; Sanchez-Espana et al., 2008). The color of melanterite ranges from pale blue to green-

blue (Hammarstrom et al., 1999, 2005; Jerz and Rimstidt, 2003; Valente and Gomes, 2009; 

Antivachis et al., 2016; D’Orazio et al., 2021). Onac et al. (2003) reported that upon exposure 

to dry air, melanterite can turn white-yellowish. Melanterite has been known to sequester high 

contents of Zn and Cu in its solid solution (Alpers et al., 1994; Frau, 2000; Jambor et al., 2000; 

Bucky et al., 2003; Hammarstrom et al., 2005; D’Orazio et al.,2021), due to the homovalent 

substitution between Fe2+ and Cu2+ or Zn2+. 

4.1.3.2 Epsomite group 

The general formula of minerals in the orthorhombic epsomite group is represented 

M2+SO4·7H2O and include common end members such as epsomite (M=Mg), morenosite 

(M=Ni) and goslarite (M=Zn). Minerals in the epsomite group are usually white colored 

(Antivachis et al., 2016; Loredo-Jasso et al., 2021). Epsomite can include only very small 

amounts of substitution for Mg by Fe, Cu or Co (Jambor et al., 2000). Romero et al. (2006) 

realized that epsomite contained significant contents of Mn (1 wt. %) and Zn (0.5 wt. %) in its 

solid solution. 

4.1.3.3 Hexahydrite group  

The general formula of minerals in the monoclinic hexahydrite group is represented 

M2+SO4·6H2O and include common end members such as hexahydrite (M=Mg), ferrohehydrite 

(M=Fe) and bianchite (M=Zn). They commonly occur as white slat blooms (Valente et al., 

2013).  In hexahydrite, the substitution of Mg for Ni has been reported (Janjic et al. 1980). 

Bucky et al. (2003) observed that hexahydrite sequester relatively low contents of trace 

elements compared to melanterite. 

 



 

62 
 

4.1.3.4 Chalcanthite group 

The general formula of minerals in the triclinic chalcanthite group is represented M2+SO4·5H2O 

and include common end members such as chalcanthite (M=Cu), pentahydrite (M=Mg) and 

siderotil (M=Fe). Chalcanthite has a characteristic deep blue color (Hammarstrom et al., 2005; 

Valente et al., 2013; Antivachis et al., 2016; Loredo-Jasso et al., 2021). A mutual Cu-Fe 

substitution has been observed in several studies (Jambor and Traill 1963; Antivachis et al., 

2016). With regards to pentahydrite, substitution for Mg by Cu and Zn have been reported by 

Palache et al. (1951). 

4.1.3.5 Rozenite group 

The general formula of minerals in the monoclinic rozenite group is represented M2+SO4·4H2O 

and include common end members such as rozenite (M=Fe), starkeyite (M=Mg) and ilesite 

(M=Mn). Rozenite usually has a white color (Hammarstrom et al., 1999; Jerz and Rimstidt, 

2003; Valente and Gomes, 2009; Paramanick et al., 2021). 

4.1.3.6 Copiapite group 

The general formula of minerals in copiapite group is represented AR4(SO4)6(OH)2·20H2O, 

where R is dominated by Fe3+ in all members and A is usually Fe2+ (copiapite) or Al3+ 

(aluminocopiapite). Copiapite is a golden yellow mineral (Nordstrom and Alpers, 1999; Jerz 

and Rimstidt, 2003; Hammarstrom et al., 2005; Jamieson et al., 2005; Valente et al., 2013; 

Paramanick et al., 2021).  

Fe2+
(aq) + 3Fe3+

(aq) + 6SO4
2-

(aq) + 22H2O(l) ⇌Fe2+(Fe3+)3(SO4)6(OH)2·20(H2O)(s) +  H+
(aq) 

         (4.2) 

The formation of copiapite requires warm temperatures, oxidizing conditions and low pH 

environments. It can form from the oxidation of Fe2+ sulphates such as melanterite or rozenite 

or precipitate directly from Fe2+-Fe3+– acid rich solutions according Reaction 4.2 (Buckby et 
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al. 2003). Theoretically, copiapite contains about 80 % of Fe3+ and 20% of Fe2+ in its solid 

solution. Copiapite has been reported to store Zn, Cu and As (Jamieson et al, 2005) in its solid 

structure. 

4.1.3.7 Coquimbite group 

The general formula of minerals in the coquimbite group is represented A2(SO4)3·nH2O, where 

A is usually occupied by Fe3+ or Al3+, and n ranges from 6 to 17. Chou et al. (2002) reported 

that coquimbite (Fe2(SO4)3·6H2O) and alunogen (Al2(SO4)3·17H2O) are the most commonly 

occurring trivalent hydrated sulphate minerals. Coquimbite is usually purple to violet in color 

whereas alunogen is colorless (D’Orazio et al., 2021). Alpers et al. (1994) observed that 

coquimbite is intimately associated with copiapite in gossan deposits and mine workings. 

Coquimbite has been reported to be enriched with high contents of As (Romero et al., 2006; 

D’Orazio et al., 2021; Nieva et al., 2021), which is owed to the sorption by the Fe3+ phase. 

4.1.3.8 Halotrichite group 

The general formula of minerals in the halotrichite group is represented by AR2(SO4)4·22(H2O), 

where R is always Al3+ or Fe3+ and A is Mg, Fe2+, Mn2+, Co2+, or Zn2+. The common end 

members of this group include halotrichite (Fe2+Al2(SO4)4·22H2O), pickeringite 

(MgAl2(SO4)4·22H2O) and apjohnite (MnAl2(SO4)4·22H2O) (Martin et al. 1999). According 

to Blowes et al. (2004) and Hammarstrom et al. (2005), the crystallization of minerals in the 

halotrichite group is paragenetically later than that of Fe, Mg and Cu salts. This is attributed to 

the fact that during the formation of such minerals, divalent cations (Fe2+, Cu2+, Mg2+) are 

removed from waters, thereby enriching waters with Al which will eventually form halotrichite 

(Jerz and Rimstidt, 2003). 
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4.1.4 Paragenetic evolutions of sulphate minerals 

Paragenesis refers to the sequence of mineral formation and alteration that occurs as hydrous 

metal sulphates form and continue to evolve with time. The precipitation and evolution of 

evaporative sulphates is controlled primarily by the dehydration and oxidation reactions 

brought about by changes in acidity, oxidation conditions, relative humidity and temperature 

(Frau, 2000; Jambor et al., 2000; Jerz and Rimstidt, 2003; Jamieson et al., 2005). Nordstrom 

and Alpers (1999) noted that a typical paragenetic sequence of mineralogical maturation of Fe 

sulphates follow a trend:  melanterite > rozenite > szomolnokite > copiapite > coquimbite > 

rhomboclase > halotrichite. 

4.1.4.1 Dehydration 

An increase in temperature or a decrease in humidity can transform hydrous metal sulphates 

from high hydration state to low hydration state. Hammastrom et al. (2005) mentioned that 

exposure of melanterite to ambient conditions will dehydrate to rozenite through Reaction 4.3. 

Other minerals with varying hydration level in the FeSO4-H2O systems include 

ferrohexahydrate (FeSO4·6H2O), siderotil (FeSO4·5H2O), and szomolnokite (FeSO4·H2O). 

The dehydration product is also controlled by solid solution composition. For example, Jambor 

and Traill (1963) observed that Cu-bearing melanterite dehydrated to siderotil (Reaction 4.4) 

whereas Cu-free melanterite dehydrated to rozenite under the same conditions (Reaction 4.3). 

Antivachis et al. (2016) also reported the transformation of melanterite into siderotil, occurring 

on the exposed surfaces of Cu-pyrite mineralization. 

 Fe2+SO4·7H2O(s)  → Fe2+SO4·4H2O(s)   + 3H2O(l)         (4.3) 

Fe2+SO4·7H2O(s) → (Cu,Fe2+)SO4·5H2O(s) + 3H2O(l)                        (4.4) 
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4.1.4.2 Oxidation 

Fe3+ minerals are usually formed through the oxidation of the Fe2+ phases under warm 

temperatures, highly acidic and oxidizing environments (Frau 2000; Jerz and Rimstidt 2003). 

The oxidation of rozenite in acidic pore waters forms copiapite which in turn can transform 

into coquimbite through Reactions 4.5 and 4.6, respectively (Chou et al., 2013).  

5Fe2+SO4·4H2O(s) +H2SO4(l)+O2(g) ⇌ Fe2+Fe3+
4(SO4)6(OH)2·20(H2O)(s)                    (4.5) 

2Fe2+Fe3+
4(SO4)6(OH)2·20H2O(s) + ½O2(g) + 3H2SO4(l) →   5Fe3+

2(SO4)3·9(H2O)(s)    (4.6) 

The general trend for the simple hydrous sulfate salts is that the Fe2+ minerals form first, 

followed by the mixed Fe2+-Fe3+ minerals, and then the Fe3+ minerals (Jambor et al., 2000). 

The newly formed secondary minerals are more stable and resistant to redissolution compared 

to their precursors. Also, the continued exposure of these minerals to oxidizing conditions 

could lead to the formation of less soluble hydroxide and oxyhydroxide minerals, such as 

schwertmannite, jarosite, ferrihydrite and goethite (Nordstrom, 1982; Levy et al., 1996). 

 

4.1.5 Transient of toxic elements from contaminated waters 

Through coprecipitation, minor contents of toxic metals are incorporated into the main crystal 

matrix (through substitution) as an impurity thereby removed from AMD waters (Jambor et al., 

2000). Additionally, hydrated metal sulphates have large surface areas, providing them with 

remarkable abilities to adsorb high quantities of trace elements, thereby immobilizing toxic 

metals from mine effluents and AMD-bearing river waters (Lin, 1997; Nordstrom and Alpers, 

1999; Berger et al., 2000). Essentially, efflorescent salts are a solid form of AMD, temporarily 

stored until the next rainstorm or snowmelt event. 
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4.1.6 Dissolution behavior of efflorescent salts 

Efflorescent salts are highly soluble and provide an instantaneous source of acidic water upon 

dissolution occurring during first rainfall event (Nordstrom, 1982; Cravotta, 1994), resulting 

in the increased acidity and metals loadings in the receiving rivers or streams (Keith et al., 

2001; Smuda et al., 2007; Valente and Gomes 2009). The instantaneous spike in dissolved 

element concentrations is referred to as ‘first flush’ AMD (Dagenhart 1980; Jambor et al., 

2000; Nordstrom, 2009). Valente et al. (2003) dissolved hydrated metal sulphates in distilled 

water (20g/L ratio) and reported different pH values for chalcanthite + halotrichite assemblage 

(pH 4.3), copiapite + szomolnokite + halotrichite assemblage (pH 2.5) and copiapite + 

rhomboclase assemblage (pH 2.0-2.1).  This PhD thesis will demonstrate the environmental 

significance of hydrated metal sulphates formed on the banks of the acutely contaminated Bor 

River as sources of acidity and toxic elements. 

 

4.2 METHODOLOGY 

4.2.1 Sample descriptions  

A variety of colourful evaporative salts were observed along the banks of the Bor River (Figure 

4.1 and 4.2) during the summer season (August and September). The salts were carefully 

sampled with a stainless steel spatula to separate the salts from substrate (soil/ rock). The 

sample were air-dried overnight at ambient temperatures. Immediately after drying, the 

efflorescent salts were sealed off in airtight Ziplocs, to avoid hydration or dehydration of the 

mineral phases. At each site, the coordinates were obtained by a GARMIN global positioning 

system (GPS). Field observations such as color, moisture and texture were also made and 

recorded appropriately.  
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A descriptive summary of salt sampling dates and field observations is provided in Table 4.1. 

Briefly, evaporative salts were sampled from two locations on the banks of the Bor River 

(Figure 4.1); upstream samples (EF1- EF3, Figure 4.2a, b and c) were obtained in August 2017 

and downstream samples (EF4 - EF6, Figure 4.2d, e and f) were collected in September 2021. 

Site EF1 was located 30m from the point discharge of the Bor metallurgical/smelter 

wastewaters whereas EF2 and EF3 were close to each other and 70 m downstream of 

EF1(Figure 4.1). The downstream samples were located 8 km from the point discharge of the 

Bor metallurgical/smelter wastewaters; site EF4 was very close to the waters of the Bor River 

while EF5 and EF6 were 3 and 10 m, respectively, away from the waters, towards the outer 

edge of the river bank (Figure 4.1). 

 

 

 

Sample 

 ID 

Sample  

date 

Field observations and descriptions 

EF1 08/08/2017 Yellowish precipitates of Bor river, after metallurgical wastewaters 

EF2 08/08/2017 Pale blue precipitate, 80 m downstream of EF1 

EF3 08/08/2017 Pale yellow precipitate, 80 m downstream of EF1 

EF4 14/09/2021 Yellowish blue precipitate of downstream Bor river 

EF5 14/09/2021 Faint blue precipitate along Bor river, 3m south of EF4 

EF6 14/09/2021 Golden yellow/faint purple precipitate of Bor river,10m south of EF4 

Table 4.1 Sample locations and field descriptions of efflorescent salts along the Bor River 
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Figure 4.1 Map of the study area with efflorescent salt sampling locations 

Figure 4.2 Field photographs of efflorescent salts along the banks of the Bor River in August 

2017 (a, b and c) and September 2021 (d, e and f) 

 



 

69 
 

4.2.2 Treatment of samples 

The samples collected in the August 2017 campaign (EF1-EF3) were analyzed by XRD 

technique for bulk mineralogical characterization immediately after collection using the 

procedure outlined in Section 5.2.2.1. The samples were then stored at ambient air temperatures 

and humidity. These samples were re-analyzed in September 2021 using the same analytical 

procedure. This was done to observe any mineralogical changes (aging effects) or 

transformation of mineral types during the 4 years’ storage time and make comparisons with 

the 2017 data. The samples obtained in the September 2021 survey (EF4-EF6) were analyzed 

immediately after collection, therefore, the mineralogy obtained represent an assemblage of 

mineral phases in the field.  

 

4.2.3 Scanning Electron Microscope-Energy Dispersive spectra (SEM-EDS) 

Pulverized efflorescent salt samples were mounted on a glass slide using a carbon tape and 

were carbon-coated two times to ensure complete coverage on the whole sample. The samples 

were analysed by a Field Emission Scanning Electron Microscope (JSM-7800F) combined 

with an energy dispersive system (SEM-EDS) to study the morphological and compositional 

characteristics (Figure 4.3). The operating settings for SEM-EDS were: accelerating voltage of 

20.0 kV, emission current of 90 μA and electron beam diameter of < 1μm. This analysis was 

conducted at Akita university. 
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4.2.4 Dissolution of efflorescent salts 

This test simulated the dissolution of efflorescent salts occurring during the interaction with 

first rainwater after prolonged dry period, leading to the release of acidity and toxic elements 

into the environment. The test was carried for all collected salts samples. A 2.0 g dried sample, 

with no particle size reduction, was mixed with 20 mL distilled water (pH 5.6), simulating 

rainwater in the Bor town. The mixtures were agitated in 50 mL polypropylene centrifuge tubes 

for 2 hours at a speed of 200 rpm (Recipro Shaker, model SR-2W) as indicated in Figure 4.4. 

After agitation, centrifugal force (Himac centrifuge, model CT6EL) was applied to the 

mixtures at a speed of 3000 rpm for 20 minutes to separate the supernatant from the solid 

residue. The leachate was then filtered using cellulose acetate hydrophilic filters with a pore 

size of 0.2 µm. 

Figure 4.3 Schematic diagram of salt sample preparation for SEM-EDS analysis  
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An aliquot of the leachate was measured for pH using a desktop pH meter (model HM-25R). 

Another split of the leachate was analysed for SO4
2- concentrations using ion chromatography 

(IC). The remainder was acidified with 1% volume HNO3  acid and later analysed for heavy 

metals using ICP-MS and analysed for major cations using Atomic absorption spectroscopy 

(AAS) based on the methods described in Section 5.2.4.1 and 5.2.4.2, respectively. This test 

was also applied for all the overburden materials (< 2mm) to assess the dissolution of soluble 

secondary sulphate minerals that may be present in the surface overburden materials. In this 

case, the agitation period was increased to 6 hours while other conditions were kept the same. 

 

4.2.5 Fe speciation analysis-spectrophotometry   

After the dissolution of evaporative salts (Figure 4.4), an aliquot of filtered sample (0.2μm 

filter size) was subjected to analysis by a spectrophotometer to obtain concentrations of 

dissolved Fe2+ (Figure 4.5). Due to the expected high concentrations of Fe in the leachates of 

Figure 4.4 A detailed schematic diagram of the salt dissolution procedure 
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hydrated metal sulphates, the solutions were first diluted 1000 or 10,000 fold with distilled 

water, to ensure that Fe concentration did not exceed calibration. 

 

 

 

 A 3mL of the diluted solution was added to two separate 15 mL polypropylene centrifuge 

tubes labelled “Fe2+” and “Total Fe”. On the “Total Fe” sample, enough amount (small 

laboratory stainless steel spatula) ascorbic acid, a reducing agent, was added to the sample to 

reduce the ferric iron (Fe3+) to ferrous iron (Fe2+). Then 3 mL of sodium acetate, a pH buffer 

solution, was added to both samples to maintain a constant pH at 3.2-3.5. Next, 3mL of 1,10 

phenanthroline solution was added to both samples. Fe2+ reacts with 1,10-phenanthroline to 

form an orange coloured complex in direct proportion to the Fe2+ concentration (Method 3500-

Fe B;1997). This is illustrated by the Equation 4.7. 

Fe2+ + 3phen →Fe(phen)3
2+       (4.7) 

The determination of the Fe2+-phen complex was carried out with a UV-VIS spectrophotometer 

(model UV-1280) at a fixed wavelength of 510 nm using external calibration based on iron 

standard solutions (Fe= 10 ppm, 5 ppm, 3 ppm, 2 ppm, 1ppm and 0 ppm). The concentrations 

of Fe2+ were calculated from the measured absorbance/intensity using a calibration curve. The 

Figure 4.5 A detailed schematic diagram of the analysis of Fe2+ and Fe3+ using the 

colorimetric analysis technique 
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concentration of Fe3+ was then obtained by subtracting Fe2+ from total dissolved Fe 

concentrations. 

 

4.3 RESULTS 

4.3.1 The mineralogy of efflorescent salts 

The mineralogy of the evaporative salts from the banks of the Bor River (Table 4.2 and Figure 

4.6) consisted of simple hydrated metal sulphates with divalent cations, trivalent cations and 

mixed divalent-trivalent cations. It is important to note that the salts from the Bor River were 

characterized by an assemblage of mineral phases and that single phases were not observed. 

 

 

 

 

   2017 analysis  2021 analysis 

    Hydrated sulphate minerals EF1 EF2 EF3  EF1 EF2 EF3 EF4 EF5 EF6 

Name Formula           

Melanterite Fe2+SO4·7H2O O  O     O O  

Rozenite Fe2+SO4·4H2O     O  O  O  

Alpersite (Cu,Mg)SO4·7H2O  O         

Chalcanthite CuSO4·5H2O      O     

Epsomite MgSO4·7H2O O O         

Hexahydrite MgSO4·6H2O   O  O   O   

Pentahydrite MgSO4·5H2O     O  O    

Starkeyite MgSO4·4H2O      O     

Halotrichite FeAl2(SO4)4·22H2O        O   

Gypsum CaSO4·2H2O  O   O O O    

Copiapite Fe2+Fe3+
4(SO4)6(OH)2·20(H2O)          O 

Coquimbite Fe3+
2(SO4)3·9(H2O)          O 

Table 4.2 X-ray diffraction mineralogical characterization of efflorescent salts 
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4.3.1.1 Upstream Bor River efflorescent salts (EF1-EF3) 

2017 XRD analysis 

The results of the 2017 mineralogical analysis are presented in Table 4.2 and they represent the 

assemblages of the hydrated sulphates that prevailed on the banks of the Bor River in the 2017 

August field survey. EF1 salt was whitish-yellow to pale blue (Figure 4.2a) and dominated by 

melanterite (Fe2+SO4·7H2O) with few epsomite (MgSO4·7H2O) and gypsum (CaSO4·2H2O) as 

indicated by Figure 4.6a. EF2 salt was blue (Figure 4.2b) and dominated by alpersite 

[(Cu,Mg)SO4·7H2O], followed by epsomite and few gypsum (Figure 4.6b) while EF3 was 

whitish-yellow (Figure 4.2c) and dominated by melanterite with traces of hexahydrite 

(MgSO4·6H2O) as shown in Figure 4.6c. 

2021 XRD analysis 

Due to the prolonged storage time (4 years), the mineralogical characterization of the 

evaporative salts detected in the 2021 analysis could represent an assemblage of mineral phases 

formed due to the aging effects, especially dehydration, of the evaporative salts sampled in 

2017. This suggestion is supported by Hammastrom et al. (2005) who asserted that minerals 

sensitive to relative humidity such as melanterite will dehydrate at ambient laboratory 

conditions unless preserved in a special way. 

Salt EF1 was predominated by rozenite (Fe2+SO4·4H2O), pentahydrite (MgSO4·5H2O), 

hexahydrite (MgSO4·6H2O) and gypsum (CaSO4·2H2O). In Salt EF2, chalcanthite 

(CuSO4·5H2O) dominated the mineralogy, followed by a few gypsum and starkeyite 

(MgSO4·4H2O). The mineralogy of EF3 salt was dominated by both rozenite and pentahydrite, 

with traces of gypsum.  
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4.3.1.2 Downstream Bor River efflorescent salts (EF4-EF6) 

Salt EF4 had yellowish-blue color (Figure 4.2d) and was dominated by melanterite, followed 

by hexahydrite and a few halotrichite (FeAl2(SO4)4·22H2O) as indicated by Figure 4.6d. Salt 

EF5 had a faint-blue color (Figure 4.2e) and its mineralogy was dominated by the both rozenite 

Figure 4.6 XRD patterns showing mineralogy of the efflorescent salts immediately after 

sampling 

 



 

76 
 

and melanterite (Figure 4.6e). In this sample, the contents of rozenite were significantly than 

melanterite. Salt EF6 had a pale yellow/faint-purple color (Figure 4.2f) and its mineralization 

was characterized by coquimbite (Fe3+
2(SO4)3·9(H2O)) and copiapite 

(Fe2+Fe3+
4(SO4)6(OH)2·20(H2O)) as shown in Figure 4.6f. The contents of coquimbite were 

higher than copiapite. 

 

 

 

Figure 4.7 SEM-EDS results of the efflorescent salts. Back scattered electron 

(BSE) images on the right with corresponding EDS spectra on the left, 

showing elements present in the salts 
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The results of tentative SEM-EDS investigations of the salts are presented in Figure 4.7, 

providing a chemical characterization and crude estimate of the elements present in the 

mineralogical make-up of the hydrated metal sulphates. 

 

4.3.2 Physico-chemical characteristics of the salt leachates  

After 2 hours of water-salt interaction, the leachates obtained very distinct colors as indicated 

in Table 4.3 and Figure 4.8. Leachates of salts EF1, EF4 and EF5 were pale yellow (Figure 

4.8a, d and e) while the leachate of EF3 was whitish-yellow with a faint blue (Figure 4.8c). 

The leachate of EF2 was pale blue (Figure 4.8b) while that of EF6 was reddish brown (Figure 

4.8f). The final pH of the leachates from the Bor River evaporative salts ranged from pH 1.8 

to 4.4, with EF6 generating the most acidic solution and EF2 generating least acidic solution. 

 

 

4.3.2.1 Variations in the concentrations of released elements 

The dissolution of efflorescent salts released extremely high contents of major cations and 

sulphate ions: Na (20.5-286 mg/L), K (0.8-43.6 mg/L), Mg (131-5320 mg/L) and SO4
2- 

Sample ID Color of the leachate pH Ca Mg Na K SO4
2- 

 Unit - mg/L mg/L mg/L mg/L mg/L 

EF1 Yellowish 2.78 8.2 5320 209 1.0 47,600 

EF2 Pale blue 4.41 7.6 5290 120 0.5 45400 

EF3 Light yellowish blue 3.29 18 5030 20.5 1.3 51,800 

EF4 Light yellowish white 3.00 107 2930 286 0.9 47,100 

EF5 Light yellowish white 3.17 33.2 1280 149 0.8 42,800 

EF6 Reddish brown 1.76 3.0 131 32.7 43.6 52,600 

Table 4.3 Physico-chemical characteristics of the salt leachates after 2-hour dissolution 

with distilled water (pH 5.6) 
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(42,800-52,600mg/L). The results of the concentrations of toxic elements released during the 

dissolution of evaporative salts are presented in Figure 4.9.  

The elements had very high concentrations: Al (25-835 mg/L), Fe (99-17,959 mg/L), Cu (2.1-

4870 mg/L), Zn (33.3-1070 mg/L), Mn (9.4-512 mg/L), Ni (0.58-11.75 mg/L), Co (2.1-25.6 

mg/L), As (0.02-43.2 mg/L), Pb (0.02-0.93 mg/L), Cd (0.03-0.95 mg/L). The highest Fe 

concentrations were released from EF5 (melanterite + rozenite), followed by EF6 (copiapite + 

coquimbite) as shown in Figure 4.9a. The highest Cu concentrations were released from EF2 

(alpersite). The concentration of released As was exceptionally high in the EF6 (coquimbite + 

copiapite) leachate (Figure 4.9f). 

 

 

 

 

Figure 4.8 Experimental photographs showing variations in the color of leachates after 2 

hours of interaction with distilled water  
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4.3.2.2 Variations in the released Fe species  

Figure 4.10 show that, as expected, Fe2+ dominated the Fe concentration released from salts 

containing melanterite and rozenite. The concentrations of Fe2+ in EF1 and EF3 were 8240 and 

8060 mg/L, respectively while Fe2+ concentrations in EF4 and EF5 were 9090 and 17,680 mg/L, 

respectively. From these Fe2+ sulphates, the concentrations of released Fe3+ accounted for only 

1.5 to 5.9 % of total released Fe (Figure 4.10), with EF1 containing the most Fe3+ (510 mg/L). 

On the other hand, at site EF6, Fe3+ was predominant (14,280 mg/L) whereas Fe2+ only reached 

(2540 mg/L) (Figure 4.10).  At site EF2, the released concentration of total Fe was the lowest 

(99 mg/L; Figure 4.9) with Fe2+ being dominant (87 mg/L) over Fe3+ (12 mg/L).  

Figure 4.9 Variations in the concentrations of dissolved metals and As released during salt 

dissolution 
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4.4 DISCUSSION 

4.4.1 Formation of simple hydrous divalent cation sulphates on the banks of Bor 

River  

The Bor River is acutely contaminated by wastewaters from the Bor metallurgical/smelter 

facilities and overburden leakages, resulting in high acidity and elevated concentrations of 

dissolved metals and sulphate (Korać and Kamberović, 2007; Ishiyama et al., 2012; Filimon et 

al., 2016; Šerbula et al., 2016; Gardić et al., 2017; Đorđievski et al., 2018; Adamović et al., 

2021; Osenyeng et al., 2023).  The hot and dry period experienced during August and 

September (sampling periods) resulted in the evaporation of river waters from the Bor River 

and allowed for the generation of colorful blooms of evaporative salts on the banks of the Bor 

River (Figure 4.2).  The upward capillary migration of the pore waters from the tailings-

covered riverbanks and floodplains could have also led to the precipitation of metal sulphates 

on the surfaces of the river banks (Nordstrom and Alpers, 1999; Nordstrom, 2009).   

Figure 4.10 Variations in the pH and 

concentrations of dissolved Fe2+ and Fe3+ 

released during salt dissolution 
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For example, as a response to intense evaporation (Figure 4.11), Fe2+ and SO4
2− combined to 

form melanterite observed at sites EF1 (Figure 4.6a) and EF3 (Figure 4.6c) and at sites EF4 

(Figure 4.6d) and EF5 (Figure 4.6e) through Reaction 4.8. Similarly, for Mg-sulphates, 

epsomite detected in salts EF1 and EF2 (Figure 4.6a and b) formed by the combination Mg2+ 

and SO4
2− through Reaction 4.9 

Fe2+
(aq) + SO4

2-
(aq) + 7H2O(aq) ⇌ FeSO4·7H2O(s)   (4.8) 

Mg2+
(aq) + SO4

2-
(aq) + 7H2O(aq) ⇌ MgSO4·7H2O(s)   (4.9) 

Alpersite [(Mg,Cu)SO4·7H2O] detected in EF2 (Table 4.2 and Figure 4.6b) belong to the 

melanterite group (Me2+SO4·7H2O), meaning it has similar crystal structure with such minerals. 

For this reason, it is usually overlooked since it is similar in color and other physical properties 

to Cu-bearing melanterite [(Fe,Cu)SO4·7H2O]  and chalcanthite (CuSO4·5H2O). Peterson et al. 

(2006) mentioned that after the dissolution of Fe2+ sulphates such as melanterite or rozenite by 

rainwater, the released Fe2+ will oxidize to Fe3+ and hydrolyze to form iron oxides, thereby 

removing Fe from the solution. The authors further postulated that if contents of Mg are 

significantly higher than Cu in the Fe2+-depleted solution, alpersite might form with epsomite. 

Figure 4.11 Schematic diagram showing the formation of efflorescent salts from the Bor 

River 
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This observation is consistent with the mineral assemblage in EF2 (Table 4.2, Figure 4.6b). 

The chemical formula of alpersite provided by XRD analysis of EF2 was 

[(Mg0.7,Cu0.3)SO4·7H2O], implying that indeed contents of Mg were significantly higher than 

Cu in the Fe2+-depleted waters. 

 

4.4.2 Paragenesis of hydrated metal sulphates  

In this thesis, the paragenesis will be discussed into 2 aspects; (1) mineralogical changes of 

upstream salts (EF1- EF3) observed between the 2017 and the 2021 analysis and; (2) 

mineralogical changes of downstream salts (EF4- EF6) precipitated sequentially further from 

the waters of the Bor River (Figure 4.1). 

 

4.4.2.1 Mineralogical evolution of upstream salts (EF1- EF3) during the 2017 and 

2021 analysis  

Melanterite is the first Fe sulphate mineral to precipitate from acidic wastewaters with 

extremely high Fe and SO4
2- concentrations via Reaction 4.8 (Jerz and Rimstidt, 2003). During 

the 2017 XRD analysis of the evaporative salts, melanterite (Fe2+SO4·7H2O) was detected in 

EF1 and EF3 samples (Table 4.2, Figure 4.6a and c). However, during the 2021 analysis, this 

mineral was not detected from those samples. Instead, rozenite (Fe2+SO4·4H2O) dominated the 

mineralogy (Figure 4.12a and c). Owing to the aging effects brought by sample storage at 

ambient temperature conditions for 4 years before the 2021 analysis, the melanterite present in 

the 2017 analysis have dehydrated to form rozenite via Reaction 4.10. Hammastrom et al. 

(2005) mentioned that unless preserved in a special way, melanterite will dehydrate at ambient 

laboratory conditions.      
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Fe2+SO4·7H2O(s) → Fe2+SO4·4H2O(s) + 3H2O(l)    (4.10) 

MgSO4·7H2O(s) → MgSO4·6H2O(s) + H2O(l)    (4.11) 

Similarly, epsomite (MgSO4·7H2O) detected in the 2017 analysis (Table 4.2) could have 

dehydrated to the lower hydrated phases such as hexahydrite (MgSO4·6H2O), pentahydrite 

(MgSO4·5H2O) and starkeyite (MgSO4·4H2O) (Table 4.2). According to Chou and Seal (2003, 

2007), the formation of magnesium sulphates, and the transition from one phase to another, as 

a function of changing humidity, follows the Reaction 4.11. 

 

 

   

The ‘magnesian’ Chalcanthite [(Mg0.4Cu0.6)SO4·5H2O] detected in EF2 (Figure 4.12b) in the 

2021 analysis could be a dehydration product of alpersite (Figure 4.6b). This assertion could 

Figure 4.12 XRD patterns showing the mineralogy of the efflorescent salts after 4 years 

of storage at ambient conditions 
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be supported by Peterson et al. (2006), who reported that alpersite dehydrate to cuprian 

pentahydrite [(Mg,Cu)SO4·5H2O], a member of the chalcanthite group (Me2+SO4·5H2O). It is 

imperative to note that ‘magnesian’ chalcanthite and cuprian pentahydrite are isostructural.   

4.4.2.2 Mineralogical evolutions in the downstream Bor River evaporative salts (EF4-

EF6) 

In this section, a discussion on the sequence of mineral formation and alteration that occurs as 

Fe-sulphates form and evolve with time will be made. Given that during evaporation, the edges 

of a water basin/river banks will desiccate first (Figure 4.11), it can be assumed that evaporative 

salts on the outermost edges of the Bor River are mature whereas those formed closest to the 

waters of the Bor River are the newest to form from river water evaporation.  

 

 

 

 

Figure 4.13 Schematic diagram showing the paragenetic sequence 

of Fe sulphates along the Bor River 
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Melanterite detected at site EF4 is a precursor mineral for other Fe sulphate minerals (Bigham 

and Nordstrom 2000; Hammarstrom et al. 2005; Jambor et al. 2000; Komnitsas et al. 1995). 

The salts at site EF5 are mature than those in EF4, therefore the existence and dominance of 

rozenite over melanterite at site EF5 is indicative of the dehydration processes, transforming 

melanterite into rozenite (Chou et al., 2002; 2013) via Reaction 4.10. This process is illustrated 

in Figure 4.13. The process of oxidation also played a vital role in the evolution of Fe sulphate 

minerals. 

Fe2+SO4·4H2O(s) + H2SO4(l)+O2(g)→Fe2+Fe3+
4(SO4)6(OH)2·20(H2O)(s)  (4.12) 

 Through oxidation, copiapite might have formed from transformation of rozenite through 

Reaction 4.12. Coquimbite [Fe3+
2(SO4)3·9(H2O)] at site EF5 (Figure 4.6f) is said represent a 

more advanced stage in the oxidation sequence of the Fe2+ sulphates (Jambor et al., 2000) as 

illustrated by Figure 4.13 

 

4.4.3 Environmental implications of the dissolution of hydrated metal sulphates 

4.4.3.1 Generation of acidity  

The lowering of the pH of distilled water during salt dissolution is due to 2 main processes; (1) 

hydrolysis of Fe3+ in the Fe3+ sulphates and; (2) hydrolysis of Al3+ in the Al-bearing phases 

(Cravotta, 1994; Jambor et al., 2000; Nordstrom and Alpers, 1999; Jerz and Rimstidt, 2003; 

Hammarstrom et al., 2005; Frau, 2011; Valente et al., 2013). Additionally, some authors have 

suggested that the Fe2+ in the Fe2+ sulphates might oxidize into Fe3+ during the dissolution 

experiment and thus generate acidity (Reaction 4.13) (Frau, 2011). To clarify the variations in 

the acid generation potential of evaporative salts in the Bor River, the results were classified 

according to the mineral assemblage phases. 
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Fe2+
(aq) + ¼O2(g) +2.5H2O(aq) ⇌ Fe3+

(aq) + 4H+
(aq)              (4.13) 

 Fe3+
(aq) + 3H2O(aq) ⇌Fe(OH)3(s) + 3H+

(aq)    (4.14) 

 Al3+
(aq) + 3H2O(l) ⇌Al(OH)3(s) + 3H+

(aq)     (4.15)   

i.   Chalcanthite + Gypsum + Starkeyite (EF2) 

The assemblage generated a leachate with pH 4.4 (Figure 4.10). This result is consistent with 

another study which revealed that chalcanthite-rich sample had lower acid producing potential, 

with a final pH of 4.3 (Valente et al., 2013). The hydrolysis of Al3+ (Figure 4.9b) could have 

provided more acidity to the leachate of EF2 salt through Reaction 4.15 (Valente and Gomes, 

2009). The very low concentrations of released Fe3+ (Figure 4.10) might not have been 

sufficient enough to lower pH of the waters during dissolution. Gypsum and starkeyite are not 

acid-forming mineral phases, and did not contribute to acidity generation (Bucky et al., 2003).  

ii.  Melanterite + Rozenite (EF1, EF3, EF4, EF5) 

The assemblage generated leachates with pH ranging from 2.8 to 3.3.  The significant amounts 

of Fe3+ measured from the leachates of the melanterite and/or rozenite (Figure 4.10) could 

suggest that Fe3+ have hydrolyzed to generate acidity (Reaction 4.14). Frau (2011) proposed 

that even small amounts of Fe3+ in a Fe2+ sulphate may promote a decrease in the solution pH. 

It is important to observe that among the Fe2+ sulphates, salts with higher Fe3+ contents (Figure 

4.10) generated leachates with higher acidity compared to those with lower higher Fe3+ contents. 

Indeed, this acid generating potential could provide proof that sulphates may have been present 

on the surface overburden material, even at trace contents, and are responsible for the acidity 

observed in the Masters’ thesis.     
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iii.          Copiapite + Coquimbite (EF6)  

This assemblage generated a leachate with pH 1.8. Through hydrolysis, the predominance of 

Fe3+ in EF6 (Figure 4.10) is responsible for the very low in the pH of the leachate via Reaction 

4.14. Nordstrom and Alpers (1999) reported a highly acidic copiapite solution, with negative 

pH values in acid drainages. 

 

4.4.3.2 Release of toxic metals into the Bor River  

The results of the dissolution experiments demonstrated the role of the hydrated metal sulphates 

as sources of secondary contamination of the Bor River during the first rains that immediately 

follow a prolonged dry period. In the Bor mining area, the first rains usually occur in 

September/October, causing a dissolution of the soluble salts, leading to a sharp increase in the 

acidity and concentrations toxic metals and metalloids of the Bor River as illustrated by Figure 

4.14. Dagenhart (1980) observed a spike in the concentrations of Al, Fe, Cu and Zn occurring 

during the first rainfall at Contrary Creek drainage basin (Virginia) which dissolved 

evaporative salts.  

 

 
Figure 4.14 Schematic diagram showing the 

dissolution of metal sulphates along the Bor River 
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The dissolution of the Fe2+-bearing sulphates (melanterite and rozenite) released exceptionally 

high concentrations of Fe (Figure 4.8a). Indeed, these Fe concentrations are extremely higher 

than the dissolved Fe concentrations usually reported from the waters of Bor River (Đorđievski 

et al., 2018; Adamović et al., 2021; Osenyeng et al., 2023). The release of high concentrations 

of Cu, Zn and Mn from the Fe2+ sulphates is consistent with the fact that these metals are 

usually incorporated into melanterite and/or rozenite solid solution by the substitution of Fe2+ 

(Giere et al., 2003; Jambor et al., 2000). Chalcanthite released the highest Cu concentrations 

(Figure 4.9b and Figure 4.14). This Cu concentration is several orders of magnitude higher than 

total Cu concentrations reported from the Bor River (Đorđievski et al., 2018; Adamovic et al., 

2021; Osenyeng et al., 2023) as well as those originating from the Bor metallurgical/smelter 

facilities (Đorđievski et al., 2018). On the other hand, it released the lowest Fe contents 

compared to other mineral assemblages. 

The dissolution of copiapite + coquimbite in EF6 released extremely high concentrations of Fe, 

dominated by Fe3+ (85 % of total Fe). This sample released the highest As concentration (43.2 

mg/L) in the entire study area (Figure 4.14). The enrichment of As in the Fe3+ bearing sulphates 

and its subsequent release have been reported in other studies (Giere et al., 2003; Jamieson et 

al., 2005; Romero et al., 2006; Nieva et al., 2021). D’Orazio et al. (2021) speculated that it is 

very likely that As enters the crystal structure of coquimbite as As5+, replacing S6+. 

 

4.5 CONCLUSION 

The continental climate of the Bor mining region, Eastern Serbia, enabled the precipitation of 

hydrated Fe, Mg and Cu sulphates in August and September. An inventory of mineralogy and 

chemical composition of these sulphates and their spatial distribution is very important for the 
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development of effective strategies to improve water quality in regions contaminated by mining 

activities.  

 

 

These minerals acted a temporary storage of toxic metals and As during the dry and hot season 

(Figure 4.15). However, being very soluble, these minerals acted as secondary contamination 

to the Bor River waters through the release of acidic and metal loaded solution. This 

instantaneous spike in acidity and toxic element contents will only last for a short period since 

a continued rainfall will lead to dilution of acidity and metal contents to benign concentrations. 

Moreover, although its contribution is significantly lower than wastewaters originating from 

the Bor metallurgical/smelting facilities, the flotation tailings covering the Bor riverbanks and 

floodplains could suggest a long term source of toxic metals and acidity necessary for the 

continuous precipitation of hydrated metal sulphates each year during the dry and hot periods. 

 

 

 

Figure 4.15 Schematic diagram showing a summary of the precipitation and dissolution of 

efflorescent salts 

 



 

90 
 

5. CHEMICAL EXTRACTABILITY OF METALS AND AS IN WASTE ROCKS 

FROM THE BOR CU MINING REGION, EASTERN SERBIA 

 

5.1 INTRODUCTION 

Several researchers have reported that in the 4-step modified BCR sequential extraction 

procedure, there is an incomplete oxidation of sulphide minerals by hydrogen peroxide during 

Step 3 (Tessier et al., 1979; Forstner,1985; Campanella et al., 1995; Filgueiras et al., 2002; 

Galán et al., 2003; Sutherland et al., 2009; Favas et al., 2011). This leads to the underestimation 

of the oxidizable fraction and therefore to the underrate interpretation of risks of metal release 

from sulphides during natural oxidation.  

During a Master’s thesis, mine wastes such as surface overburden and flotation tailings were 

investigated using the 4-step modified BCR sequential extraction procedure outlined in Section 

3.2.4. However, since these waste materials generally contain very low sulphide contents, that 

research could not observe the incomplete oxidation of sulphides associated with this procedure. 

For example, the XRD mineralogical investigation of the residues after reaction with H2O2 

could not be investigated. For this reason, this PhD thesis will use high-sulphide mine wastes 

to develop an optimized sequential extraction procedure that will consider the incomplete 

oxidation of sulphides observed in the 4-step modified BCR sequential extraction and therefore 

help distinguish between easy-oxidizing sulphides from difficult-oxidizing sulphides. 

 

5.1.1 Oxidation of metal sulphides with hydrogen peroxide (H2O2) 

Hydrogen peroxide (H2O2) is known to be an excellent oxidizing agent of metal sulphides 

(Antonijevic et al.,1997; Dimitrijević et al., 1999; Petrović et al., 2018). The oxidizing strength 

of H2O2 is attributed to its high value of oxidation-reduction potential according to the 

oxidative action (Reaction 5.1). 
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For example, the dissolution of pyrite by H2O2 in acidic solutions and very acidic solutions, 

respectively, is illustrated by Reaction 5.2 and Reaction 5.3. 

H2O2(l) + 2H+
(aq)+ 2e- → 2H2O(l)   E°=1.77 V           (5.1) 

FeS2(s) + 7.5H2O2(l) → Fe3+
(aq)+ 2SO4

2-
(aq) + H+

(aq)
 + 7H2O(l)  (5.2) 

FeS2(s) + 7.5H2O2 (l)+ H+
(aq)

 → Fe3+
(aq)+ 2HSO4

-
(aq) + 7H2O(l)  (5.3) 

The use of H2O2 is extensive in sequential extraction tests as a reagent simulating the oxidation 

conditions of sulphide minerals when exposed to the atmospheric conditions (Tessier et al., 

1979; Ure et al., 1993; Rauret et al., 1997; Marin et al., 1997; Filgueiras et al., 2002; Callender, 

2003). For example, Ferrer et al. (2021) tested the leaching capability of H2O2 by performing a 

partial extraction of a concentrate containing pyrite using 35% H2O2 for 1 h at 80 °C and 

reported that 70 % of pyrite was dissolved. 

 

5.1.2 Oxidation of metal sulphides with Nitric acid (HNO3) 

The oxidation and dissolution of metal sulphides by nitric acid (HNO3) has been studied by 

several authors (Kadioğlu et al., 1995; Habashi, 1999; Gao et al., 2009; Narangarav et al., 2014; 

Rogozhnikov et al., 2019; Dizer et al., 2022; Teimouri et al., 2022). The NO3
- ions possesses 

very strong oxidant abilities, enabling nitric acid to achieve pseudo-total oxidation of sulphides 

and the transfer of valuable metals into a solution (Gao et al., 2009). The strong oxidative action 

of NO3
-  ions in acidic solutions is based on Reactions 5.4 giving a high standard electrode 

potential (Gao et al., 2009; Tsogtkhankhai et al., 2011; Narangarav et al., 2014). 

NO3
-
(aq) + 4H+

(aq) 
  +3e-  → NO(g)  + 2H2O(l)   E° = 0.96 V  (5.4) 

Miroslav et al. (2009) reported that, depending on the leaching conditions, pyrite could be 

oxidized by the NO3 acid to simultaneously generate both elemental sulphur and sulphate, 

according to Reaction 5.5. Gao et al. (2009) observed small contents of elemental sulfur 
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suspended in the solution during pyrite oxidation. However, due to the excessive amount of 

HNO3, all the elemental sulphur was oxidized to sulphate as the reaction progressed to 

completion. 

  FeS2(s) + 8HNO3(aq) →Fe2+
(aq) + SO4

2-
(aq) + S0

(s) + 8NO2(g) + 4H2O(aq)  (5.5) 

 

5.1.3 Oxidation of metal sulphides with inverted aqua-regia (3HNO3 + 1HCl) 

Usually, metal sulphide that could not dissolve easily in an acidic solution will first need to be 

oxidized. Also, some sulphides will form an oxide layer protecting them from an acid attack, a 

process called passivation. Aqua regia (1HNO3 + 3HCl) has an excellent combination of 

oxidizing agent and chlorine, with enough HNO3 to oxidize sulphides and enough HCl to 

produce a metal chloride salts from which the metals can be dissolved. 

On the other hand, reversing the ratio from 1HNO3:3HCl to 3HNO3:1HCl, means there is lot 

more oxidizing agent in a solution and this will ensure pseudo-total oxidation of the sulphides 

especially those that would passivate easily. It is usually used to dissolve sulphides in Cu 

concentrates. Based on this description, it can be observed that inverted aqua regia is much 

stronger oxidizing agent, compared to hydrogen peroxide.  
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5.2 METHODOLOGY 

5.2.1 Sample description and collection  

For the development of the sequential extraction procedure that clarifies the incomplete 

oxidation of sulphides by hydrogen peroxide, high-sulphide mine wastes will be required. 

These will allow the observations of sulphide mineralogy before and after reaction with 

hydrogen peroxide. To do this, the ore that was discarded, either due to very low contents of 

target metal or because it contained minerals with undesirable elements, was obtained from the 

Bor Cu mining area. This discarded ore is referred to as ‘waste rock’ in this entire PhD thesis. 

Waste rocks from the Old Bor overburden dump site (R1-R3) were collected in August 2019 

whereas waste rocks from the Veliki Krivelj overburden dump site (R4-R6) were collected in 

September 2021. At each site, the sample coordinates were obtained by a GARMIN global 

positioning system (GPS) and plotted in the location map (Figure 5.1). Field observations of 

outcrops such as colour and naked-eye identification of minerals were recorded and are 

summarised in Table 5.1. Since were recently dumped, the Veliki Krivelj rocks (Figure 5.2c 

and 5.2d) are assumed to be fresh/new compared to Old Bor rocks (Figure 5.2a and 5.2b). 

Samples were either handpicked or chipped with geological hammer from a larger boulder and 

stored in airtight Ziplocs.  
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Sample 

ID 

Sample 

date   

Location Locations and field observations  

    

R1 27/08/2019 Old Bor overburden 

dump 

Dark grey rock with indigo-blue and brass 

yellow minerals observed on the surface  

R2 27/08/2019 Old Bor overburden 

dump 
Dark grey rock, shiny-brass yellow mineral 

observed on the surface 

R3 27/08/2019 Old Bor overburden 

dump 
Reddish black rock, covered with a brown 

material  

R4 05/10/2021 Veliki Krivelj 

overburden dump 

Dark grey rock with a faint green 

R5 05/10/2021 Veliki Krivelj 

overburden dump 
Grayish green rock  

R6 05/10/2021 Veliki Krivelj 

overburden dump 
Dark grey rock, shiny brass yellow mineral 

observed on the surface  

Table 5.1 Sample locations and field descriptions of waste rocks in the Bor mining region  
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Figure 5.1 Map of the study area with waste rock sampling locations 
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Figure 5.2: Field photographs of waste dumps from the Bor mining region (a) and (b) Old 

Bor open-pit waste rocks; (c) and (d) Waste rocks of Veliki Krivelj open-pit. (e) and (f) 

Photographs of sampled discarded ore/ waste rock  
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5.2.2 Mineralogy characterization techniques 

5.2.2.1 X-ray diffraction analysis (XRD) - Bulk  

To investigate their mineral compositions, all solid samples were pulverized to a fine powder 

(<63 μm) using a pestle and mortar and analysed by X-ray diffraction (XRD). Small drops of 

ethanol were added to the sample to pulverize detrital particles to a powder. As indicated by 

Figure 5.3, the sample powders were loosely pressed/mounted in round aluminium holders 

(2mm thickness, 24 mm inner diameter) using a clean glass slide. The bulk mineralogical 

determination was carried out using a Rigaku MiniFlex II desktop X-ray diffractometer 

equipped with a graphite monochromator (CuKα target, λ=1.5418 Å) x-ray tube operating at 

an output voltage of 30Kv and output current of 15mA. Samples were analysed within a scan 

range (2θ) of 2-60° and in a continuous scan mode with a scan speed of 2°/min. To identify the 

individual crystalline phases, the diffractograms were interpreted by a search/match software 

called Integrated X-Ray Powder Diffraction (PDXL), equipped with a database called the 

International Centre for Diffraction Data (ICDD). In addition to the qualitative determination 

of minerals, a combination of peak positions (CuKα=2θ) and peak intensity (Cps) were used 

to tentatively estimate the mineral abundances in each sample. All analyses were carried out 

the Graduate School of International Earth Resource Sciences, Akita University. 

 

 
Figure 5.3 Detailed illustration of the bulk XRD analysis of waste rocks and 

efflorescent salt samples 
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5.2.2.2 XRD analysis - Clay minerals  

Clay minerals in waste rocks were analysed from oriented powders of waste rocks prepared by 

mixing pulverised sample with distilled water to make a suspension. The mixture was shaken 

vigorously and allowed to stagnate for 10 seconds until the high density minerals such as 

silicates and sulphides have settled/precipitated (Figure 5.4). An adequate amount (1.5-2.0 mL) 

of the suspension (containing clay minerals) was pipetted onto a glass disc (Figure 5.4), placed 

in an incubator and dried overnight at 35° C. The dried samples were analysed within a scan 

range (2θ) of 2-40° for the identification of clay minerals. 

 

 

 

Ethylene glycol- confirmation for the presence of montmorillonite 

After the oriented-powder samples have been analysed, peaks suspected to be montmorillonite 

needed to be verified. To do this, the sample was sprayed with small amounts of ethylene glycol 

(3-4 squirts) and left to dry for 30 minutes at room temperature. The sample was then re-

Figure 5.4 Detailed illustration of the analysis of oriented powders by XRD to 

determine clay mineralogy 
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analysed following the same settings as above (Figure 5.4). If montmorillonite is confirmed 

present, the peaks would shift in the x-axis (2θ). 

 

5.2.2.3 XRD analysis- after Step 3 and Step 4 of the sequential extraction  

The solid residues of Step 3 and Step 4 of the sequential extraction procedure were also 

subjected to the bulk mineralogical analysis to primarily identify the residual sulphides. The 

amount of the sample remaining after the Step 3 and Step 4 extraction stage was very small to 

analyse by the normal XRD bulk analysis procedure (Figure 5.3). However, a solution was 

prepared by mixing the solid residue with small amount of distilled water, ensuring the 

complete suspension of all minerals. The solution (including sulphides, oxides, silicates and 

clays) was immediately pipetted onto a glass disc and dried overnight at 35° C in an incubator. 

The dried samples were analysed within a scan range (2θ) of 2-60° for the identification of the 

remaining sulphide and oxide minerals as illustrated by Figure 5.5.   

 

 

 

5.2.2.4 Preparation of standard polished sections 

Standard sections were prepared from non-pulverized waste rock and riverbed sediments by 

pouring a mixture of Petropoxy 154 resin and a curing agent (mixing ratio; 10mL: 1 mL) to 

Figure 5.5 Detailed illustration of the analysis of the Step 3 and Step 4 sequential extraction 

residues by XRD to determine residual mineralogy 
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aggregate loose particles, especially in riverbed sediments as shown in Figure 5.6. This was 

prepared in a round-folded aluminium foil (22 mm diameter of the bottom surface) and heated 

on a hotplate at 105°C for 1 hour or until complete dryness. The aggregated material was fitted 

to the bottom of a yellow caplug (20 mm depth, 28 mm diameter) and was then fixed to a 

mixture of hardener and polyester resin (Type: No.105; JP-21111001) and left to dry overnight 

(at approximately 37-40 °C). The dried sample was polished with Black Waterproof Silicon 

Carbide sandpapers of particle sizes #220 followed #320, each for 2 minutes, after which the 

sample was polished with Black Silicon Carbide powder of particle sizes #800 followed by 

#1000, each for 2 minutes. Next, the sample was polished with White Fused Alumina powder 

of particle sizes #2000 followed by #3000, each for 5 minutes.  

 

 

The sample was then placed in an ultrasonic cleaner filled with distilled water to remove the 

residual polishing powders. The final polishing involved the use of diamond polishing plates: 

6 μm, 3 μm, 1 μm and 0.25 μm fixed onto a Buehler AutoMet 250 grinder-polisher. 

Polycrystalline diamond suspensions, with particle sizes: 6 μm, 3 μm, 1 μm and 0.25 μm, were 

Figure 5.6 Detailed illustration of the preparation of polished sections for optical microscopy 

analysis  
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added to the respective diamond polishing plates and polishing was done (5 minutes for each 

plate) until 0.25 μm smooth surface of the sample was achieved. This experiment was carried 

out for all collected waste rocks and riverbed sediments.      

5.2.2.5 Optical microscopy 

To define ore mineralogy in waste rocks and riverbed sediments, reflected-light microscopy 

was adapted. Specifically, this technique was used to verify XRD mineral identifications, 

resolve overlapping data and identify minerals undetected by XRD due to either low content 

or poor crystallinity (Dold, 2003). The prepared polished sections were observed under a Nikon 

Eclipse 50i POL polarised light microscope (Figure 5.6) to identify minerals, especially 

sulphides and oxides. The microscope was connected to a computer equipped with Motic 

Images Plus 2.3S software that enabled the observation of images on a computer monitor and 

the capturing of photomicrographs. The tentative estimation of percentage composition was 

carried out by observing the sulphide mineral, particularly pyrite crystals in the microscope 

field of view (2X magnification) and comparing that to the chart prepared by Terry and 

Chilingar (1955). This analysis was carried out for all samples and was conducted at the 

Graduate School of International Earth Resource Sciences, Akita university. 

5.2.2.6 Electron probe micro-analyser (EPMA) 

In preparation of EPMA analysis, a spot to be analysed was first selected by drawing a circle 

around the area of mineralogical interest in the sample using the objective ‘draw’ function in 

the microscope (Figure 5.7). A pencil-sketch of the spot location was drawn on a notebook and 

labelled appropriately. A photomicrograph of the selected spot was captured, printed and 

labelled accordingly to allow easy identification during EPMA analysis. The sample was then 

subjected to carbon-coating.  
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The polished, carbon- coated sections of waste rock samples were analysed with Electron probe 

micro-analyser (EPMA; JEOL 733 Electron Microprobe), to qualitatively characterise 

chemical composition of the identified sulphide minerals. The technique was also used to 

confirm the composition of small crystal of minerals that could not be clearly identified by 

optical microscopy. EPMA quantitative analysis was conducted to obtain the geochemical 

characteristics of the identified the sulphide minerals i.e. to determine contents of S, Fe, Cu, 

As, Zn and Pb. Pyrite and chalcopyrite were used as internal standards. This analysis was 

conducted at Akita university. From a total of 6 waste rock samples and 3 riverbed sediment 

samples, 35 spots were selected for the analysis. The operating settings for EPMA were: beam 

current of 20 nA, electron probe diameter of 5 μm, accelerating voltage of 20.0 kV and 

spectrometer measurement between 70 and 180 mm. 

5.2.2.7 EPMA elemental mapping 

This analysis was conducted on a selected sample to verify the results obtained by the spot 

qualitative and quantitative analysis. Specifically, this analysis was conducted due to the 

observed inconsistency between the optical microscopy (colour of the enargite mineral) and 

EPMA data.  The operating settings for EPMA elemental mapping were: accelerating voltage 

Figure 5.7 Schematic diagram of sample preparation for EPMA analysis  
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of 20.0 kV, beam current of 20 nA and electron probe diameter of 1μm and image pixel size of 

200.   

 

5.2.3 Geochemical investigation techniques 

5.2.3.1 Bulk chemical composition analysis 

For the analysis of bulk chemical compositions, 0.1 g of pulverised samples (<75 μm) were 

decomposed using a conventional hotplate digestion technique involving a concentrated acid 

mixture of 0.4 mL Hydrofluoric acid (HF: 46 % conc.), 0.4 mL Perchloric acid (HClO4: 60 % 

conc.) and 1 mL Nitric acid (HNO3: 61% conc.) in 15 mL volume Teflon bottles as illustrated 

in Figure 5.8. This technique provides near-total concentrations of elements from mine wastes. 

Analysis of a blank control was used to determine limits of detection (LODs) and the certified 

reference materials, CRM (JA-2 and JR-2, provided by the Geological Survey of Japan) were 

used to assess the accuracy of measurements of elements in digested samples. The ratio of 

measured values of CRMs against the recommended values ranged from 92 to 127 %.  the All 

reagents were of analytical grade and all solutions were prepared using ultrapure water. 

Moreover, all glassware and Teflon bottles were pre-cleaned with diluted Nitric acid (HNO3) 

for at least 2 days, then rinsed with ultrapure water three times to ensure no residual metal 

contamination. The digestion solutions were diluted 100-fold and analyzed by ICP-MS with 

Indium as a standard solution. 
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5.2.3.2 The 5-step procedure (Optimised-modified BCR sequential extraction) 

Responding to the problem of incomplete oxidation of organic matter and sulphide minerals 

by hydrogen peroxide during Step 3 of the 4-step modified BCR sequential extraction 

procedure (Rauret et al., 1999), the current study will optimize it by including a very strong 

oxidizing agent to dissolve the resistant sulphides remaining after the Step 3 extraction stage. 

Table 5.2 provides a detailed summary of the procedure.  

Step 1: Accurately weighed 0.5 g of a pulverized sample was added to a 50 mL centrifuge tube 

with 20 mL of 0.11 M acetic acid (CH₃COOH, pH 2.9) and agitated for 16 hours at a speed of 

80 rpm at room temperature. The mixture was then centrifuged at 3000 rpm for 20 minutes, 

followed by filtration using 0.2 µm cellulose acetate hydrophilic filters. The solid residue was 

thoroughly washed with distilled water and stored in a freezer (-30 °C) for later use. The water-

washes were added to the extraction solution to prevent sample loss. The supernatant was 

collected in a 100 mL volumetric flask, acidified with 5% v/v of HNO3 acid, later diluted 10 

fold and analyzed by ICP-MS for the determination of Al, Fe, Cu, Zn, Mn, As and Pb 

Figure 5.8 Schematic diagram of a conventional hot plate, mixed acid digestion   

 



 

105 
 

concentrations. The elements extracted in this step corresponds to the water-soluble, acid 

soluble and exchangeable phases. 

 

Step 2: A 20 mL aliquot of freshly prepared 0.5 M hydroxyl ammonium chloride 

(NH2OH.HCl), adjusted to pH 1.5 by HNO3 acid, was added to the residue of Step 1. The 

mixture was agitated for 16 hours at a speed of 80 rpm at room temperature. The mixture was 

then centrifuged at 3000 rpm for 20 minutes, followed by filtration using 0.2 µm cellulose 

acetate hydrophilic filters. Filtration, sample handling and analysis were carried out in a similar 

way to Step 1, however extraction solutions were diluted 100 fold before analysis by ICP-MS. 

Phase 

code 

Phase name Target  Sample Reagents Extraction 

temperature 

(°C) 

Agitation 

conditions 

Step 1 Exchangeable

, Water/acid 

soluble 

 

Sulphates, weakly 

absorbed on 

materials 

0.5 g, 

dry 

0.11 M 

 CH₃COOH 

(pH 2.9) 

     25 16 hours,  

80 rpm 

Step 2 Reducible Mn and Fe oxides Step 1 

Residue  

0.5 M  

NH2OH.HCl 

(pH 1.5) 

     25 16 hours,  

80 rpm 

Step 3 Oxidizable Organic matter, 

metal sulphides 

Step 2 

Residue 

8.8 M H2O2 

(x2),  

(pH 2.0) 

  

1 M 

NH4COOCH3 

(pH 2.0) 

 

 

     85 16 hours, 

 80 rpm 

Step 4 Extreme-  

oxidizable 

Sulfides that could 

not be decomposed 

by H2O2 

Step 3 

Residue 

Inverted  

aqua-regia 

HNO3: HCl  

         3:1 

    160     - 

Step 5 Residual Silicate minerals 

and well crystalline 

structures 

Step 4  

residue    HNO3+ HClO4 +HF       135               - 

                   (mixing ratio; 1:1:2.5) 

                    (x2) 

Table 5.2 The 5-step sequential extraction procedure, modified from Rauret et al. (1999) 
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The elements obtained from this step are bound to the reducible minerals such as Fe and Mn 

oxide/ hydroxides.   

Step 3: A 5 mL (in 1 mL increments) of 8.8 M Hydrogen Peroxide (H2O2), adjusted to pH 2.03 

by acetic acid, was added to the Step 2 residue in a centrifuge tube placed in a beaker filled 

with cold water, to control exothermic reactions. The samples were then placed in a hotplate 

and heated at 85 °C for an hour or until the complete evaporation of H2O2. After cooling, a 

second 5 mL split of H2O2 was added to the mixture and the same procedure was repeated. A 

20 mL of 1.0 M of ammonium acetate solution (NH4COOCH3) was then added to the cool 

residue. The centrifuge tube was then agitated at 80 rpm for 16 h, followed by centrifugation 

at 3000 rpm for 20 minutes. The sample filtration and handling were the same as that of Step 

2. The elements dissolved in this step are retained in metal sulfides and organic matter. The 

washed residue was analyzed by XRD to identify remaining sulphide and oxide minerals, 

following the procedure outlined in Section 5.2.2.3. 

Step 4: After XRD analysis, the Step 3 residue was transferred to a 100 mL beaker and the 

inverted aqua-regia (3 mL HNO3 : 1 mL HCl) was added. The mixture was heated in a hotplate 

at 160°C for 3 hours to achieve complete evaporation/dryness. The dried residue was mixed 

with 2.5 mL of HNO3 acid and reheated at 160°C to complete dryness. A 9 mL of ultrapure 

water and 1 mL HNO3 acid were added to the cooled sample and heated again at 160°C for 3 

hours. The mixture was then transferred back to the centrifuge tube and centrifuged at 3000 

rpm for 20 minutes. The sample filtration and preparation procedure was the same as that of 

Step 2 and Step 3. The elements bound to this fraction are usually considered as residual 

(Filgueiras et al., 2002; Galán et al., 2003; Dold and Fontboté, 2001; Khorasanipour et al., 

2011). In this study, however, the elements dissolved during this step primarily correspond to 

sulphide minerals that could not be dissolved by H2O2. Additionally, a combination of HNO3 

and HCl acids can partially attack and decompose silicate minerals (Tessier et al., 1979; 
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Element, 2007). The washed residue was analyzed by XRD to identify remaining sulphide and 

oxide minerals, following the procedure outlined in Section 5.2.2 3.  

Step 5: After the XRD analysis, the Step 4 residue was decomposed by a conventional hotplate 

digestion technique with a concentrated mixture of acids: 0.4 mL HNO3, 0.4 mL HClO4 and 1 

mL HF in 15 mL Teflon bottles and heating at 135 °C overnight or to complete dryness. After 

cooling, a second split of acids, in the same volumes, were added and the digestion was 

conducted the same as for bulk chemical composition analysis in Section 5.2.3.1. This fraction 

contains elements hosted within detrital silicate minerals and well crystalline oxides as 

hematite.  

The sources of errors in the sequential extraction experiments could originate from sample loss 

during the washing process between the steps, sample transfer to a different vessel and during 

XRD analysis of residues of Step 3 and Step 4. Therefore, there is a critical need to validate 

the analytical results of the sequential extraction tests. The accuracy was evaluated by summing 

the contents of a specific element in each fraction and dividing the sum by total contents of the 

said element obtained by total decomposition as illustrated in Equation 3.1. From all the 

analyzed waste rocks, the recovery values ranged from 80-89 % for Al, 80-101 % for Fe, 77-

89 % for Cu, 81-93% for As, 91-133 % for Zn, 85-128 % for Pb and 87-98 % for Mn. The 

average recovery values reported from the previous researches range from 76 to 138 % (Marin 

et al., 1997; Sutherland et al., 2000; Anju and Banerjee, 2010; Khorasanipour et al., 2011), 

therefore, the recoveries of the current study are within the acceptable range.    

Recovery (%) = Σ (Step 1 + Step 2 + Step 3 + Step 4 + Step 5)/Total contents) ×100           (5.1) 
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5.2.4 Chemical analyses 

5.2.4.1 Inductively coupled plasma mass spectrometry (ICP-MS) 

The concentrations of metals (Al, Fe, Cu, Zn, Mn, As, Pb, Ni, Cd) and arsenic (As) were 

determined by Inductively coupled plasma mass spectrometry (ICP-MS; Perkin Elmer 

NexION) at Tohoku University. The solutions were prepared in 15 mL centrifuge tubes, 

dilutions were made by ultrapure water and an internal standard used was Indium (1 ppm), 

prepared from a reagent Cat#: XSTC-13. A filtered aliquot of river water, total digestion 

solutions and Step 2 to Step 5 sequential extraction solutions were diluted 100 fold, salt 

leachates were diluted 1000 and 10 000 fold, Step 1 sequential extraction solutions were diluted 

10 fold. In each analytical solution, 0.1 mL of Indium standard solution and 0.5 mL of HNO3 

acid (61 % conc.), making a total volume of 10 mL analytical solution. A blank solution was 

also analysed and results were used to determine limits of detection.     

5.2.4.2 Atomic absorption spectroscopy (AAS) 

The concentrations of major cations (Ca, K, Mg, Na) were determined by Atomic absorption 

spectroscopy (AAS; Agilent 240FS AA) at Akita University. The solutions were prepared in 

15 mL centrifuge tubes and all dilutions were made with ultrapure water. Four calibration 

solutions: 10 ppm, 5 ppm, 2 ppm and 1 ppm each for Na and Mg were prepared from separate 

Na (1000 ppm) and Mg (1000 ppm) standard solutions. A 10 ppm calibration solution was 

prepared from 1000 ppm K standard solution while 100 ppm, 10 ppm and 0 ppm Ca was 

prepared from a separate Ca (1000 ppm) standard solution. A 1 mL of prepared Strontium 

solution (Sr) was added to the Ca calibration solutions. Aliquots of filtered river water and salt 

leachates were diluted 10 and 100 fold. In each analytical solution, 0.5 mL of HNO3 acid (61 % 

conc.) was added and in separate solutions for Ca determinations, 1 mL of Sr was added, 

making a total volume of 10mL.  



 

109 
 

5.2.4.3 Sequential extraction analytical considerations  

Before use, all the glassware, Teflon digestion vessels and polypropylene bottles were pre-

cleaned with dilute HNO3 acid for at least 3 days and rinsed with ultrapure water three times 

to ensure no residual metal contamination. The distilled water was prepared from an Automatic 

Water Distillation Apparatus (Advantec GS-2000) and ultrapure water (18.2 MΩ·cm 

resistivity) was prepared using the Simplicity ® Water Purification System. The concentrations 

of acids used in this research were: HNO3 (61%), HClO4 (60 %), HF (46 %), and HCl (36 %). 

The 0.11 M acetic acid used for Step 1 was prepared from a 17.47 M glacial CH₃COOH acid 

and the 0.5 M Hydroxyl ammonium chloride used in Step 2 was prepared by dissolving 34.745 

g of NH2OH.HCl crystals in 1L of distilled water. To achieve the 5 mL of 8.8 M H2O2  used in 

Step 3 of the modified sequential extraction (Rauret et al., 1999), a 4.35 mL of H2O2 was 

calculated from 31 wt % H2O2 while the 1.0 M of ammonium acetate solution was prepared 

from dissolving 77.08 g of CH3COONH4 in 1L distilled water. Agitation was carried out using 

an SR-2W Recipro Shaker while centrifugation was achieved in a Hitachi Himac CT6EL 

tabletop centrifuge.  

5.2.4.4 Map creation and acquisition 

A study area location map (Figure 2.2) was prepared using a CorelDraw 2020 software (64-

bit) based on desktop reconnaissance and field survey of the Bor mining area. Aerial 

photographs from Google earth showing features including open-pits, overburden dumps, 

flotation tailings dams, mine lakes and rivers, with plotted sample locations, were pasted on 

CorelDraw. A trace function was then used to draw these features to scale.  The location map 

in Figure 4.1 was modified from Đorđievski et al (2018) through CorelDraw. The modifications 

include: location spot for the discharge of wastewaters from metallurgical/smelter facilities into 

the Bor River and the spot location of the dam on the gorge of the Timok River. The geological 
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map in Figure 2.1 was modified from Jelenković et al. (2016) using CorelDraw. Figure 7.1 is 

an aerial photograph obtained from Google Earth on November 2023 and modified by 

Microsoft PowerPoint (PPT) to delineate waste dumps and sample locations. 

 

5.3 RESULTS 

5.3.1 XRD mineralogical characterization 

A summary of the results from the XRD analysis is presented in Table 5.2, where the semi-

qualitative mineral contents are marked as: abundant (□), moderate (○) and few (∆). The 

representative XRD patterns of waste rocks showing bulk mineralogy are illustrated in Figure 

5.9.  

 

 

   R1 R2 R3 R4 R5 R6 

Silicate minerals Quartz □ □ □ □ □ □ 

 Plagioclase    □ □ □ 

 Tremolite    ○ ∆  

Clay minerals Illite   ∆ ∆  □ 

 Kaolinite ∆  ∆    

 Clinochlore    ○ □ ∆ 

 Pyrophyllite  ∆    ∆ 

Fe-rich minerals Pyrite □ □ ∆ ∆ ∆ ∆ 

 Hematite   □    

Cu-rich minerals Chalcopyrite   ∆   ○ 

 Covellite ∆      

 Enargite ∆      

Secondary 

sulphates 
Gypsum   □   ∆ 

Table 5.2 Mineralogical characteristics of the waste rocks obtained by X -ray diffraction.  
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According to Table 5.2, the waste rocks are characterized by an assemblage of silicate minerals; 

quartz (SiO2) ± Plagioclase (NaAlSi3O8) ± tremolite (Ca2Mg5Si8O22(OH)2), clay minerals; illite 

(K,H3O)(Al,Mg,Fe)2(Si,Al)4O10[(OH)2,(H2O)]) ± kaolinite (Al2Si2O5(OH)4) ± clinochlore 

[(Mg,Fe)Si3Al2O10(OH)8] ± pyrophyllite (Al2Si4O10(OH)2), sulphide minerals; pyrite (FeS2) ± 

chalcopyrite (CuFeS2)  ± covellite (CuS) ± enargite (Cu3AsS4) and oxide minerals; hematite 

(Fe2O3).  

 

 

 

 Plagioclase was very abundant in Veliki Krivelj rocks but was undetected in Old Bor rocks 

(Table 5.2). On the other hand, pyrite was ubiquitous in Old Bor rocks, especially R1 (Figure 

5.9a) and R2 (Figure 5.9b) whereas only a few peaks of pyrite were detected in Veliki Krivelj 

rocks. Small contents of covellite and enargite were detected from rock R1 (Figure 5.9a). 

Figure 5.9 XRD patterns showing bulk mineralogy of mine waste rocks. Abbreviations 

after Whitney and Evans (2010): Qz, quartz; Pl, Plagioclase; Ccp, chalcopyrite; Cv, 

covellite; Eng, enargite; Py, pyrite; Hem, hematite 
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Chalcopyrite was detected from R3 (Figure 5.9c) and R6 (Figure 5.9d), with the R6 rock 

containing higher contents. The mineralogy of rock R3 was dominated by quartz and hematite 

(Figure 5.9c). 

5.3.2 Optical microscopy investigations 

The results from optical microscopy verified those of XRD analysis, specifically in the 

detection of sulphide minerals and hematite. Also, minerals with small contents that could not 

be detected by XRD techniques due to the detection limit problem (Dold, 2003) were identified 

under reflected light microscopy. On the surfaces of polished sections of R1, R2 and R6 rocks, 

a shiny gold/brass-yellow colored mineral (Table 5.1 and Figure 5.2f), assumed to be pyrite 

was visible to the naked eye.  

 

 

Figure 5.10: Photomicrographs in reflected light microscope showing sulphide and 

oxide minerals from waste rocks. (a) R1: pyrite, covellite and enargite (b), R2: 

pyrite. (c), R3: pyrite, chalcopyrite and hematite. (d), R6: pyrite and chalcopyrite 
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Indeed, pyrite was identified in all waste rocks by optical microscopy (Figure 5.10) and its 

abundance was tentatively estimated based on the chart proposed by Terry and Chilingar (1955). 

The estimations revealed that pyrite contents ranged from 25-30 % in R1 (Figure 5.10a), 40-

50 % in R2 (Figure 5.10b), 1-3% in R3 (Figure 5.10c) and 5-7 % in R6 (Figure 5.10d). In the 

outcrop (Figure 5.2d) and polished section of R1, both under a hand magnifying glass (LOUPE 

RUPER-10X), small crystals of a blue colored mineral were observed. Indeed, under a reflected 

light microscopy, an indigo-blue covellite and yellow-brown enargite were observed in R1 

(Figure 5.10a). From rock R3, hematite was observed as a tabular, elongated and brownish 

grey mineral while chalcopyrite and pyrite were observed as yellow and whitish yellow 

minerals (Figure 5.10c), respectively. 

 

5.3.3 Chemical characteristics of sulphide minerals from waste rocks 

The results of the quantitative EPMA spot analysis (Table 5.3) provide the chemical 

composition of the identified sulphide minerals (pyrite, chalcopyrite, covellite and enargite) 

and hematite from the waste rocks. The results were converted from weight percent (wt %) to 

atomic percent (at %) such that the ratios are in agreement with the chemical formulae. The 

contents of Fe and S in the analyzed pyrite averaged 33.1 and 66.9 at %, respectively. In 

chalcopyrite, contents of Fe, Cu and S averaged 23.6, 25.6 and 50.8 at %, respectively while 

Fe and O contents in hematite were 34.7 and 65.3 at %.  The chemical composition of covellite 

was characterized by 48.1 at % Cu and 51.8 at % S whereas enargite was made up of 35.9 at % 

Cu, 52.1 at % S, 11.4at % As and traces of Fe (0.5 at %). Indeed, these results are in agreement 

with the common chemical formulae of sulphides. For example, the atomic % ratio of Cu and 

S in covellite gives Cu0.9S, which is similar to CuS. Also, the atomic % ratio of Fe and S in 

pyrite gives Fe0.5S, which is FeS2, thereby verifying the accuracy and validity of the analysis.   
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5.3.4 Bulk chemical composition of waste rocks  

A summary of the total contents of metals and As obtained from the total acid-digestion of 

waste rocks is presented in Table 5.4.  The Al contents in Veliki Krivelj waste rocks (90,900-

99,300 mg/kg) were extremely higher than in Old Bor waste rocks (Al: 1090-9340 mg/kg). On 

the other hand, the contents of Fe (273,000-305,000 mg/kg), Cu (663- 51,740 mg/kg) and As 

(24.9-6167 mg/kg) were comparatively higher in Old Bor rocks than in Veliki Krivelj rocks 

(Fe: 59,900-74,000 mg/kg, Cu: 150- 12,500 mg/kg, As: 6.6-9.2 mg/kg). The contents of other 

metal ranged from 34.4-1944 mg/kg for Mn, 57.3-816 mg/kg for Zn, 4.1-120 mg/kg for Pb, 

4.7-76.8 mg/kg for Ni and 7.8-48.2 mg/kg for Co as shown in Table 5.4. 

 

Sample 

name 

Mineral 

analyzed 

Formula Cu Fe Zn Pb As S O Total 

   at % at% at% at% at% at% at % at % 

R1 Covellite CuS 48.1 0.1 0.0 0.0 0.0 51.8 0.0 100 

 Enargite Cu3AsS4 35.9 0.5 0.1 0.0 11.4 52.2 0.0 100 

 Pyrite FeS2 0.1 32.8 0.0 0.0 0.0 67.1 0.0 100 

           

R2 Pyrite FeS2 0.0 33.2 0.0 0.0 0.0 66.8 0.0 100 

           

R3 Chalcopyrite CuFeS2 23.4 25.8 0.0 0.0 0.0 50.8 0.0 100 

 Pyrite FeS2 0.0 32.8 0.0 0.0 0.0 67.2 0.0 100 

 Hematite Fe2O3 0.0 34.7 0.0 0.0 0.0 0.0 65.3 100 

           

R4 Pyrite FeS2 0.0 33.3 0.0 0.0 0.0 66.7 0.0 100 

           

R5 Pyrite FeS2 0.0 33.8 0.0 0.0 0.0 66.2 0.0 100 

           

R6 Pyrite FeS2 0.0 32.9 0.0 0.0 0.0 67.1 0.0 100 

 Chalcopyrite CuFeS2 23.8 25.5 0.0 0.0 0.0 50.7 0.0 100 

Table 5.3 Quantitative EPMA mineralogical characteristics of the waste rocks  



 

115 
 

 

 

5.3.5 Sequential extraction of waste rocks 

Figure 5.11 depict a summary of the results from the 5-step optimized ‘modified BCR 

sequential extraction’ as percentages, reflecting the individual content of an element extracted 

in a specific fraction against the sum of the 5 fractions. The contents of metals and As extracted 

in Step 3 were dissolved by a weaker oxidizing agent (hydrogen peroxide) whereas those 

extracted Step 4 were dissolved by a stronger oxidizing agent (inverted aqua-regia) 

Al existed mainly in the residual fraction (Step 5), with contents ranging from 35.4 to 79.8 % 

of total Al across all samples (Figure 5.11a). The Al contents from the extreme-oxidizable 

fraction (Step 4) were higher in Veliki Krivelj rocks (32.4-53.3 %) than in Old Bor rocks (13.6-

20.7 %). The reducible forms of Al (Step 2) were only significant in Veliki Krivelj rocks, 

ranging from 4.5 to 5.4 %. In spite of low total contents (Table 4), Old Bor rocks contained 

higher acid-soluble and exchangeable forms of Al (1.6-21.5 %) than Veliki Krivelj rocks (1.2-

2.1 %) as indicated by Figure 5.11a.  

Fe was hosted primarily in the extreme-oxidizable fraction (Step 4), with contents ranging from 

19.3 to 88.6 % of total Fe across all samples (Figure 5.11b). The oxidizable forms of Fe (Step 

  Al Fe Cu Mn Zn Co Ni Pb As 

Unit  mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg 

R1  1090 237,000 51,800 34.4 86.7 41.1 7.6 120 6167 

R2  1200 322,000 663 36.5 816 44.8 16 39.7 25 

R3  9340 305,000 1405 49.4 45.0 7.8 4.7 9.0 33 

R4  92,700 59,900 150 1944 674 16.1 61.5 17.6 6.6 

R5  99,300 61,500 249 1546 349 17.5 10.3 20.6 8.2 

R6  90,900 74,000 12,500 322 57.3 48.2 76.8 4.1 9.2 

Table 5.4 Total concentrations of metals and arsenic from waste rocks 
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3) in Old Bor rocks and Veliki Krivelj rocks ranged from 1.4 to 29.3 % and 5.3 to 12.5 %, 

respectively. The reducible forms of Fe were only significant in Veliki Krivelj rocks, ranging 

from 2.5 to 8.3 %. The residual fraction (Step 5) was especially important in rock R3, where it 

hosted 78.9 % of total Fe (Figure 5b). From other rocks, residual Fe contents ranged from 3.4 

to 15.4 % of total Fe.  

 

 

 

According to Figure 5.11c, Cu existed primarily in the oxidizable fraction (Step 3), with 

contents ranging from 23.6 to 87.1 % of total Cu contents across all rocks. It is important to 

observe that the highest oxidizable Cu was extracted from rock R6 followed by R3 (Figure 

Figure 5.11: The 5-step modified BCR sequential extraction of Al (a); Fe (b); Cu (c) 

and As (d) from the waste rocks 
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5.11c). The highest contents of extreme-oxidizable Cu (Step 4) was extracted from rock R1 

with contents reaching 67.0 % of total Cu. The acid-soluble and exchangeable forms of Cu 

ranged from 3.6 to 14.4 %, with contents from the Old Bor rocks generally higher than those 

from Veliki Krivelj rocks. On the other hand, the reducible Cu was only significant in Veliki 

Krivelj rocks, with contents ranging from 3.0 to 8.2 % of total Cu (Figure 5.11c).  

The total content of As was extremely high at site R1 (Table 5.4), with 26.0 and 68.6 % total 

As extracted from the oxidizable fraction (Step 3) and extreme-oxidizable fraction (Step 4), 

respectively (Figure 5.11d). In addition, only 4.6 % of total As existed in the reducible phase. 

Despite the comparatively low total As contents from other waste rocks (Table 5.4), the 

contents of oxidizable As ranged from 4.5 to 33.3 % while contents of extreme-oxidizable As 

ranged from 27.4 to 64.9 % of total As (Figure 5.11d). The residual fraction was also important 

in these low As content-bearing rocks, with contents ranging from 29.1 to 41.3 % of total As. 

 

5.4 DISCUSSION 

5.4.1 Mineralogy and geochemical characteristics of waste rocks 

Mine waste rock is essentially an ore, however, with very low contents of the target metals for 

economic recovery. Therefore, the mineralogical characterization of waste rocks in the Bor Cu 

mining region (Table 5.2 and Figure 5.9) is consistent with the mineralization of the massive, 

high sulphidation Cu deposit and the porphyry Cu deposit reported in the region (Jankovic, 

1980; 1990; Kozělj, 2002; Armstong et al., 2005; Simic and Mihajlović, 2006; Jelenkovic et 

al., 2016)      

The mineralogy of the waste rocks controlled the chemical composition. According to Table 

5.2, plagioclase, an Al-rich silicate mineral was abundantly present in the Veliki Krivelj rocks 

(R4-R6) and has resulted in extremely high contents of Al (Table 5.4) in these rocks. On the 
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other hand, the absence of plagioclase in Old Bor rocks (R1-R3) has led to comparatively lower 

contents of Al in these rocks. This pattern suggest that plagioclase is the principal mineral 

controlling Al contents. To a lesser extent, clay minerals also contributed to the contents of Al. 

The dominance of pyrite in the mineralogy of rocks R1 and R2 (Table 5.2) is responsible for 

the extremely high total Fe contents (Table 5.4). Moreover, variations in the contents of pyrite 

between R1 and R2 (Figure 5.10) caused differences in the observed Fe contents. According 

to the EPMA quantitative results (Table 5.3), the contents of Fe from pyrite was about 33.1 

at%. In rock R3, the extremely high total Fe contents is associated with the predominance of 

hematite (Table 5.2 and Figure 5.10c), which is made up of 34.7 at % Fe (Table 5.3).  

 

 

The presence of Cu-sulphides, covellite and enargite in rock R1 (Figure 5.10a and Table 5.2), 

is responsible for the highest total Cu contents (Table 5.4). Based on Table 5.3, the contents of 

Cu in covellite and enargite was 48.1 and 35.9 at %, respectively. This, combined with the fact 

that contents of covellite were slightly higher than enargite (Figure 5.9a and Figure 5.10a), 

could suggest high Cu contribution from covellite than enargite. The variations in the Cu 

contents in rocks R3 and R6 are attributed to the differences in the contents of chalcopyrite 

(Table 5.2), which contains around 23.6 at % Cu. According to the results of EPMA (Table 

Figure 5.12 EPMA elemental mapping of As, Fe and Cu composition 

from a possible enargite mineral 
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5.3), enargite contains around 11.4 at % As and is therefore responsible for the highest total As 

contents observed in rock R1. Indeed, this content of As is comparable to the 12.3 at % As 

reported by Adiwidjaja and Lohn (1970) through EPMA analysis of enargite obtained from 

Bor, Serbia. This is also supported by the high composition in the As mapping of enargite 

(Figure 5.12). 

 

5.4.2 Extractability of metals and As 

5.4.2.1 Al fractionation 

The extraction of high contents of Al in the residual fraction (Figure 5.11a) is consistent with 

the fact that Al is hosted by plagioclase (NaAlSi3O8 ― CaAl2Si2O8), a silicate mineral which 

decomposes by mixture of strong acids (HClO4 + HF + HNO3). Moreover, the decomposition 

of clay minerals (Table 5.2) could have also contributed to the contents of residual Al. The 

significant contents of Al extracted in the extreme-oxidizable fraction (Figure 5.11a) proves 

that a mixture of HNO3 acid and HCl acid partially attacks and decompose silicate minerals as 

mentioned by Tessier et al. (1979) and Element (2007). The difference in the contents Al 

extracted in Step 4 between the Veliki Krivelj rocks and the Old Bor rocks could be attributed 

to the higher contents of plagioclase (Table 2) and consequently, high total Al contents (Table 

5.4) in the former than the latter. The notable contents of reducible Al observed from Veliki 

Krivelj rocks (Figure 5.11a) could be attributed to associations with the amorphous Fe and Mn 

oxy-hydroxides. The 21.5% of Al dissolved by acetic acid (Step 1) in rock R2 (Figure 5.11a) 

correspond to the Al either weakly adsorbed on the rock surface by relatively weak electrostatic 

interaction, co-precipitated with the carbonates or hosted by water-soluble secondary minerals. 

(Marin et al.1997; Filgueiras et al. 2004).  
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5.4.2.2 Fe fractionation 

The low contents of oxidizable Fe (Figure 5.11b) from the pyrite-bearing waste rocks (Table 2 

and Figure 5.9) suggest that pyrite exhibited difficult-oxidation by hydrogen peroxide. 

Nonetheless, the highest contents of oxidizable Fe observed from rock R2 (29.3 %) is attributed 

the predominance of pyrite in its mineralogy (Figure 3b and Figure 4b).  According to Figure 

5.13, after the digestion of waste rocks with H2O2 followed by subjecting the solid residues to 

the bulk XRD analysis, pyrite was still detected. This incomplete digestion of sulphide minerals 

in mine wastes by H2O2 has been mentioned in several studies (Filgueiras et al., 2002; Galán 

et al., 2003; Dold and Fontboté, 2001; Khorasanipour et al., 2011).  

 

 

 

 

Figure 5.13: XRD Diffraction of waste rocks and their residues after reaction with hydrogen 

peroxide (H2O2) and inverted-aqua regia (3HNO3: 1HCl). Abbreviations after Whitney 

and Evans (2010): Qz, quartz; Ccp, chalcopyrite; Cv, covellite; Eng, enargite; Py, pyrite; 

Hem, hematite; Kln, kaolinite; Gp, gypsum 
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The high contents of the extreme-oxidizable Fe (28,800-176,000 mg/kg) observed across all 

samples suggest that inverted aqua-regia is a powerful oxidizing agent, in comparison to 

hydrogen peroxide (Tsogtkhankhai et al., 2011). Figure 5.13 shows that all Fe-bearing sulphide 

minerals were undetected after treating the solid residues of Step 3 with 3 mL HNO3 acid and 

1 mL HCl acid, hence the complete oxidation and dissolution of pyrite and chalcopyrite. Indeed, 

after the reaction, the supernatant of the pyrite-dominated rock (R2) was yellowish, which 

could indicate extremely high concentrations of Fe transferred into a solution through the 

complete oxidative dissolution of pyrite (Figure 5.10b). Based on the established fact that a 

mixture of HNO3 acid and HCl acid can partially decompose silicate minerals (Tessier et al., 

1979; Klock et al.,1986; Element, 2007), it should be acknowledged that the Fe-bearing 

silicates could have contributed to the contents of extreme-oxidizable Fe, however to a lesser 

extent.  

The low contents of residual Fe (Figure 5.11b), except for rock R3, is consistent with the 

absence of either pyrite or chalcopyrite in the solid residues of Step 4 (Figure 5.13). This further 

highlights the total digestion of Fe-sulphides by inverted aqua-regia. Additionally, the residual 

Fe contents could be underestimated by the partial decomposition of Fe-bearing silicates during 

the preceding extraction (Step 4), however to a lesser extent.  The extremely high residual Fe 

contents observed from rock R3 (Figure 5.11b) is attributed to the well crystalline hematite 

which predominated the mineralogy of this sample (Figure 5.9c). According to Figure 7.7c, 

hematite persisted in the sample from Step 1 to Step 4 extraction stages, suggesting that it was 

not digested by the reagents. Hematite is known to be one of the oxides minerals hosting Fe in 

the residual fraction, owing to its well crystalline structure (Tessier, 1979; Rauret et al., 1997; 

Anju and Banerjee, 2010; Dold, 2003). Moreover, according to Schwertmann and Taylor 

(1989), hematite is the most stable, relatively insoluble mineral. Similar to Al (Figure 5.11a), 
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the notable contents of reducible Fe observed only from Veliki Krivelj rocks could be attributed 

to Fe oxy-hydroxides. 

5.4.2.3 Cu fractionation 

The high contents of oxidizable Cu (Figure 5.11c) suggest that it is extracted from the Cu-

sulphide minerals. The 24.7 % (10,900 mg/kg) observed from R1 correspond to the partial 

oxidative dissolution of covellite and enargite (Figure 5.10a). Based on Figure 5.13a, small 

peaks of covellite and enargite were detected in the solid residue of R1 after digestion with 

H2O2. This incomplete digestion of could be supported by Ferrer et al. (2021) who reported 

that only 10 and 15% of covellite and enargite, respectively were dissolved by 35% H2O2 after 

1 hour of reaction at 80 °C. Sasaki et al. (2010) noted that the oxidation rate of enargite is much 

slower than that of other Cu sulphides such as chalcopyrite and covellite, especially in acidic 

pH.  On the other hand, the oxidizable Cu contents of 87.1 % (8,353 mg/kg) and 85 % (929 

mg/kg) observed from rocks R6 and R3 (Figure 5.11c), respectively, suggest the almost 

complete digestion of chalcopyrite (Figure 5.10c and d) by hydrogen peroxide. This is 

supported by the absence of chalcopyrite peaks after treatment with H2O2 (Figure 5.13c). 

Indeed, after the total evaporation of H2O2, a blue precipitate was observed from R6 sample, 

which could indicate a Cu sulphate formed from the oxidation of chalcopyrite (Tsogtkhankhai 

et al.,2011; Sokic et al., 2019). This suggests that in H2O2, chalcopyrite dissolves easily in H2O2 

than covellite and enargite. Ferrer et al. (2021) tested the leaching ability of hydrogen peroxide 

by performing a partial extraction of concentrate containing chalcopyrite using 35% H2O2 for 

1 h at 80 °C and reported that 60 and 10 % of Cu and Fe, respectively, were released from 

chalcopyrite.  

The highest contents of extreme-oxidizable Cu observed in rock R1 (Figure 5.11c; 30,854 

mg/kg) suggest that inverted aqua-regia completely digested covellite and enargite (Figure 
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5.10a). To support this assertion, Figure 5.13a shows that after treating rock R1 with a mixture 

of HNO3 acid and HCl acid, the solid residue did not show peaks of these Cu-sulphides. Indeed, 

after the reaction, the filtered supernatant of R1 was bluish-green, which could indicate 

extremely high concentrations of Cu transferred into a solution through the complete oxidative 

dissolution of covellite and enargite. This color of the supernatant is consistent with the 

greenish-blue color of hydrated copper chloride which can be generated by reaction of Cu 

sulphides with a mixture of HNO3 and HCl acids. 

Similar to Al (Figure 5.11a) and Fe (Figure 5.11b), notable contents of reducible Cu observed 

only from Veliki Krivelj rocks could be attributed to Fe oxy-hydroxides. The higher contents 

of Cu in the water-soluble, acid-soluble and exchangeable fraction in Old Bor rocks, especially 

R2 (Figure 5.11c) correspond to the Cu either weakly adsorbed on the rock surface by relatively 

weak electrostatic interaction, co-precipitated with the carbonates or hosted by water-soluble 

secondary minerals, similar to Al (Figure 5.11a).  

 

5.4.2.4 As fractionation 

The highest contents of oxidizable As extracted from R1 (1494 mg/kg) correspond to the partial 

digestion of the As-bearing enargite (Figure 5.10a). Based on Figure 5.13a, a small peak of 

enargite was detected in the residue after treatment with H2O2. The treatment of the Step 3 

residue with inverted aqua-regia led to the total digestion of enargite and the transfer of As into 

a solution, accounting for the observed 68.6 % (3943 mg/kg) of total As contents. The enhanced 

significance of As in the water-soluble, acid-soluble and exchangeable fraction in rock R2 

(Figure 5.11c; 20.6 %) correspond to the As either weakly adsorbed on the rock surface by 

relatively weak electrostatic interaction, co-precipitated with the carbonates or hosted by water-

soluble secondary minerals, similar to Al (Figure 5.11a) and Cu (Figure 5.11c) 
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5.4.3 Environmental implications of the oxidation behaviour of sulphides 

The newly developed 5-step modified sequential extraction procedure simulate the chemical 

reactions that could occur under different conditions in the natural environment. Therefore, the 

reaction of sulphide-bearing waste rocks with hydrogen peroxide mimic the natural oxidation 

of these sulphides which involves interaction with atmospheric oxygen, water and the action 

of microorganisms to generate acid mine drainage (AMD) as indicated by Figure 5.14. On the 

other hand, the stronger oxidizing power and reaction temperature of inverted-aqua simulate a 

much harsher condition that is not represented by the natural environment. Therefore, it could 

represent a slow rate of sulphide oxidation in the natural environment. It also very important 

to note that the laboratory experiments conducted for sequential extractions did not include 

microorganisms/bacteria, the test result might be different from the natural oxidation processes.   

5.4.3.1 Easy oxidation-high environmental impact 

The release of 87.1 % of total Cu from a chalcopyrite-bearing rock (R6) when reacted with 

H2O2 suggest that this sulphide mineral is easily oxidized under natural atmospheric conditions. 

The easy-oxidation pattern of chalcopyrite by H2O2 was also observed from rock R3, where 

85 % of total Cu was chalcopyrite-dissolution.  This Cu speciation behaviour could suggest 

that chalcopyrite-like sulphides could pose a high environmental impact with regards to 

contamination (Figure 5.14a). Mine wastewaters such as the green-colored Saraka stream 

(Figure 2.3h) might have formed by the easy oxidative dissolution of chalcopyrite. 
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5.4.3.2 Difficult oxidation - low environmental impact 

The release of 24.7 % of total Cu from a rock containing covellite and enargite upon reaction 

with H2O2 could suggest that these sulphides exhibit difficult oxidation under natural 

atmospheric conditions (Figure 5.14b). This might imply that these sulphide have a low 

environmental impact with regards to contamination. However, it should be noted that the 

contents of Cu and As easily released by H2O2 from covellite and enargite are significant 

enough to pose risk to the environment. Additionally, the contents of Cu and As dissolved by 

stronger oxidizing reagent suggest that covellite and enargite will be available in mine wastes 

for a longer period and therefore presenting a long-term source of AMD. 

 

 

 

Figure 5.14 A detailed model simulating the easy-oxidation of chalcopyrite and difficult-

oxidation of covellite and enargite under natural atmospheric oxidation conditions 
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5.5 CONCLUSION 

A comprehensive mineralogical investigation of mine wastes using a combination of tools such 

as XRD, optical microscopy, electron probe micro-analyzer and sequential extraction is very 

useful in the predicting the contamination potential of mine wastes, thereby helping in the 

mitigation and remediation plans of both active and abandoned mine waste storages. The 

current study optimized ‘the 4-step modified BCR sequential extraction procedure’ and 

included inverted aqua-regia, a very strong oxidizing agent, to dissolve the resistant sulphides 

remaining after the treatment with H2O2. Despite the abundance of pyrite in waste rocks, low 

Fe contents were extracted in the oxidizable fraction and this was associated with difficulty of 

pyrite oxidation by H2O2. The residual pyrite was completely decomposed by inverted aqua-

regia to extract very high contents of Fe in the extreme-oxidizable fraction. Covellite and 

enargite also exhibited difficult oxidative dissolution in H2O2 to extract small contents of Cu 

(and As) in the oxidizable fraction, however were easily dissolved by inverted aqua-regia to 

release highest contents Cu (and As) in the extreme-oxidizable fraction. On the other hand, 

chalcopyrite dissolved easily in H2O2 and released the highest Cu contents in oxidizable 

fraction. The newly developed 5-step sequential extraction test is very useful in the 

distinguishing ease-oxidizing sulphides and difficult-oxidizing sulphides and therefore enabled 

the interpretation of environmental impacts from the sulphides. It can be used to infer the 

presence of small particles (1 μm) of sulphides in overburden and flotation tailings when 

conventional mineralogical characterization techniques such as XRD or optical microscope are 

unable to detect such minerals. It can be applied to a large-scale estimation of quantities of 

toxic elements expected to be released into the environment under different conditions.  
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6. APPLICATIONS OF THE SEQUENTIAL EXTRACTION DATA – A FIELD 

SCALE ESTIMATION OF RELEASED QUANTITIES OF TOXIC ELEMENTS  

 

6.1 INTRODUCTION 

The interpretation of sequential extraction data in regards to environmental assessment is 

usually based on the absolute risk obtained by simple laboratory experiments which uses a very 

small sample weight. This is very limited since it does not associate the extraction data with 

the field volume of mine waste materials to give a mass-ordered relative risk of potential 

contamination. In this PhD thesis, an application of the sequential extraction data will be 

demonstrated by estimating the quantities of toxic elements (Fe, Cu and As) that are susceptible 

to be released from mine wastes at a large scale. This will be achieved by combining the 

sequential extraction results with the estimated mass/volume of mine wastes. The estimated 

quantities could then be useful in monitoring strategies of mine wastes storages. 

 

6.2 Estimation of mass/volume of overburden and flotation tailings 

There are 2 identified overburden wastes generated by the Old Bor open-pit mine; North and 

South-eastern overburden (Figure 6.1). There is also Veliki Krivelj overburden generated from 

Veliki Krivelj open-pit mine (Figure 6.1). The volume of Old Bor Flotation Tailing Fields 1 

and 2 (Figure 6.1) were estimated by analysis of satellite images. On the other hand, the volume 

of Veliki Krivelj flotation tailings were actual volumes recorded each time during deposition 

into the impoundments. The mass of overburden was estimated by satellite image analysis for 

volume estimations. The density values of mine wastes were provided by the Mining and 

Metallurgy Institute Bor; overburden and flotation tailings was estimated at 1.8 and 1.3 g/cm3, 

respectively. 
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 By using the provided density and estimated volume, the mass of mine wastes was calculated 

using Equation 6.1. The estimated mass was then converted into tonnes and megatons as 

indicated in Table 6.1.  

    Mass (g) = Volume (cm3) × Density (g/cm3)                                  (6.1) 

According to Figure 6.1 and Table 6.1, the Veliki Krivelj Flotation Tailings Field 1 and 2 has 

the largest mass of flotation tailings at 166 and 116 Mt, respectively. RTH dam (60 Mt) has the 

third largest mass of tailings followed by Old Bor Flotation Tailings Field 2 has (19 Mt). The 

Veliki Krivelj overburden has the largest mass (200 Mt), followed by South-East Old Bor (150 

Mt) and North – Old Bor (57 Mt). 

 

 
Figure 6.1 Aerial photograph showing deposition sites of overburden and flotation 

tailings generated by Bor mining activities. The photograph was acquired on 

11/11/2023 
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6.3 Estimation of quantities of Cu, Fe and As from mine wastes – a large scale 

environmental risk evaluation  

Three samples; one representing fresh and deeper overburden material (R5); one representing 

surface Veliki Krivelj flotation tailings (FT1); and the other representing surface Old Bor 

flotation tailings (FT11) were selected to demonstrate the application of the 5-step sequential 

extraction in estimating quantities of toxic metals expected to be released from mine wastes. It 

is important to note that the Old Bor tailings are very old, weathered and were generated by 

less effective ore beneficiation processes. On the other hand, Veliki Krivelj tailings are 

relatively new, fresh and were generated through ore beneficiation technologies with high Cu 

recovery. 

Mine waste Location Estimated 

volume 

(cm3) 

Density 

(g/cm3) 

Mass (kg) Mass (t) Mass 

(Mt) 

Flotation 

tailings 

Veliki Krivelj Field 1 1.28×1014 1.3 1.66×1011 1.66×108 166.4 

Veliki Krivelj Field 2 8.94×1013 1.3 1.16×1011 1.16×108 116.2 

Old Bor Field 1 2.21×1012 1.3 2.87×109 2.87×106 2.87 

Old Bor Field 2 1.46×1013 1.3 1.90×1010 1.9×107 19.0 

RTH dam 3.33×1013 1.3 4.33×1012 4.33×107 43.3 

       

Overburden 

Old Bor-North 1.11×1013 1.8 1.99×1010 1.99×107 19.9 

Old Bor-South East 8.33×1013 1.8 1.50×1011 1.49×108 149.9 

Veliki Krivelj 1.11×1014 1.8 2.00×1010 2.00×108 200 

      

Ʃ Veliki Krivelj Flotation tailings mass   2.83×108 283 

Ʃ Old Bor Flotation tailings mass      2.19×107 21.9 

Ʃ Overburden mass    3.70×108 370 

Table 6.1 Estimated volume and mass of overburden and flotation tailings originating 

from the Bor Cu mining region 
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 According to Figure 6.2, contents of Cu, Fe and As hosted in the water-soluble + acid-soluble 

+ exchangeable fraction (Step 1), reducible fraction (Step 2) and oxidizable fraction (Step 3) 

can be easily released into the environment by dissolution and oxidation. Therefore, the sum 

of these three fractions can be used to infer a ‘total environmental impact’. Based on this 

assumption, Cu (Figure 6.2a) poses higher threat of release than Fe (Figure 6.2b) and As 

(Figure 6.2c).  On the other hand, quantities of Cu, Fe and As hosted in the extreme-oxidizable 

fraction (Step 4) will be released at a very slow rate while those hosted in the residual fraction 

(Step 5) are highly unlikely to be released into the environment.  

 

 

 

Table 6.2 shows the actual values from the newly developed 5-step modified BCR sequential 

extraction procedure. Since 0.5g weight of the sample was used in the experiment, quantities 

of Cu, Fe and As per 0.5 g of the mine wastes were calculated. Next, the obtained quantities 

were multiplied by the estimated mass (Table 6.1) to achieve the mass-ordered relative risk of 

contamination (Table 6.3). These calculations are demonstrated below in Section 6.3.1.  

 

   Step 1 + Step 2 + Step 3 Step 4 Step 5 Bulk composition 

  (mg/kg) (mg/kg) (mg/kg) (mg/kg) 

 

R5 

 Fe 7428 48,029 6444 61,499 

Cu 172 33.4 6.9 249 

As 2.7 1.9 2.0 8.2 

FT1  Fe 5832 18,946 12,490 37,268 

  Cu 724 51 0 775 

  As 1.7 0.2 0 1.9 

 

FT11 

 Fe 5671 55,253 14,468 75,392 

Cu 552 227 180 960 

As 0.2 82.7 38.9 122 

Table 6.2 Results of the 5-Step modified BCR sequential extraction from overburden 

and flotation tests 
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6.3.1 Quantities of Cu 

The sum of Step 1 + Step 2 + Step 3 forms of Cu extracted from overburden sample (R5) were 

172 mg/kg (Table 6.2). This value is read as “172 mg of Cu in 1 kg of the R5 overburden 

material”. However, the sequential extraction test only used 0.5 g of a sample. Therefore, 

quantities of Cu released from 0.5 g of a sample was calculated as; 

   172 mg of Cu: 1 kg sample 

   χ of Cu: 0.5 g of sample 

where χ was calculated as:  172 mg × 
𝑔

1000 𝑚𝑔
 × 

1

1000𝑔
×0.5 g = 8.6× 10-5 g of  Cu     (6.2) 

Figure 6.2 Chemical speciation of Cu, Fe and As in 

overburden and flotation tailings 
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Therefore; 

   0.5g of sample: 8.6× 10-5 g of Cu 

   3.70×108 t of total overburden: γ t of Cu 

γ was calculated as:  
8.6 × 10−5 g of Cu

0.5 𝑔 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒
  × 3.70 × 108  t of overburden = 64,000 t of Cu                                     

(6.3) 

This value represents the ‘total environmental impact’ of Cu release from the deeper 

Overburden (Table 6.3). However, it is very important to determine the contributions of the 

acid-soluble, reducible and oxidizable fractions to the easily released quantities of Cu (Table 

6.3). From the total of 64,000 t of Cu, the acid-soluble fraction constituted 7%, meaning that 

4500 t of Cu is bioavailable and would be released during the interaction of overburden with 

rainwater or acidic river waters (Figure 6.3a). Additionally, 10 % was contributed by the 

reducible phase, implying that 6400 t of Cu would be released upon the exposure of overburden 

to reducing/anoxic conditions (Figure 6.3a). The oxidizable fraction constituted 83 %, implying 

that the oxidation of chalcopyrite-like sulphides would be required for the release of 53,000 of 

Cu from the overburden (Figure 6.3a), thereby representing a greater threat of Cu 

contamination. On the other hand, 12,000 t of Cu (Table 6.3) would be released very slowly 

under the natural atmospheric conditions whereas 2600 t of Cu contributed by the residual 

materials is highly unlikely to be released into the environment. 
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 From the flotation tailings, 1600 and 1200 t of Cu represents the total environmental impact 

of Cu release from Veliki Krivelj and Old Bor impoundments, respectively (Figure 6.3b). 

Rainwater or acidic water will be required for the release of 2800 t Cu (17.5 %) and 9200 t Cu 

(77 %) from the Veliki Krivelj tailings and Old Bor tailings, respectively. This variation 

suggests that, upon interaction with rainwater/acidic waters, Old Bor tailings could pose a 

higher risk of Cu release than Veliki Krivelj tailings and overburden materials. The 

reducing/anoxic conditions will easily release 1100t Cu (6.9 %) and 1800t Cu (15 %) from the 

Veliki Krivelj tailings and Veliki Krivelj tailings and Old Bor tailings, respectively. However, 

the oxidation of chalcopyrite-like sulphides will release 12,000 t Cu (75 %) and 1100 t Cu 

(9.2 %) from the Veliki Krivelj tailings and Old Bor tailings, respectively. This variation is 

congruent with the fact that tailings from Veliki Krivelj are general new and fresh and may still 

contain sulphide minerals. 

   Step 1 + Step 2 + 

Step 3 

(Easily released) 

Step 4 

(Difficult to 

release) 

Step 5 

(Not 

released) 

Total estimated mass of mine 

wastes (t) 

 Estimated quantities from mine wastes (t) 

 

Overburden 

 

370,000,000 

Fe 2,800,000 18,000,000 2,400,000 

Cu 64,000 12,000 2600 

As 1000 710 740 

      

Veliki Krivelj 

Tailings 

283,000,000 Fe 128,000 415,000 274,000 

 Cu 16,000 1100 0 

 As 37 5 0 

Old Bor 

Tailings 

21,900,000 Fe 124,000 1,200,000 317,000 

Cu 12,000 5,000 4,000 

As 4 1,800 850 

Table 6.3 Estimated quantities of Fe, Cu and As inferred by the 5-step modified sequential 

extraction test and mass of overburden an tailings 
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6.3.2 Quantities of Fe 

According to Table 6.3, the estimated quantities of Fe that would be easily released from 

overburden, Veliki Krivelj flotation tailings and Old Bor tailings are 2,800,000 t Fe, 128,000 t 

Fe and 124,000 t Fe, respectively. Figure 6.3b shows that the easy-oxidation of Fe-sulphides 

will release 1,200,000 t Fe (44 %) from overburden; 86,000 t Fe (67 %) from Veliki Krivelj 

tailings; and 17,000t Fe (14 %) from Old Bor tailings. The reducing/anoxic conditions will 

release 1,100,000 t Fe (38 %) from overburden; 34,000 t Fe (27 %) from Veliki Krivelj tailings; 

and 105,000t Fe (85 %) from Old Bor tailings. The high quantities of reducible Fe in Old Bor 

tailings is in agreement with the fact that these materials are very old and have been exposed 

Figure 6.3 The contribution of acid-soluble (Step 1), reducible (Step 3) and oxidizable 

fraction (Step 3) to the total environment impact (easily released) posed by Cu, Fe 

and As. The terms ‘V.K’ and ‘O.B’ refers to Veliki Krivelj and Old Bor, respectively 
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to weathering conditions for a prolonged period. Rainwater or acidic water will interact with 

mine wastes to release 500,000 t Fe (19 %) from overburden; 7600 t Fe (6 %) from Veliki 

Krivelj tailings; and 2000t Fe (2 %) from Old Bor tailings. 

  

6.3.3 Quantities of As 

According to Table 6.3, the estimated quantities of As that would be easily released from 

overburden, Veliki Krivelj flotation tailings and Old Bor tailings are 1000 t, 37 t and 4t, 

respectively. Based on Figure 6.3c, all of the 4t of As in Old Bor tailings will be easily released 

by either rainwater or acidic waters. However, a reducing condition will be required for the 

release of 15 t and 170t of As from Veliki Krivelj tailings and overburden, respectively. 

Additionally, easy-oxidation of sulphides (containing As) will be needed for the release of 22 

t and 810t As from Veliki Krivelj tailings and overburden, respectively. 

 

6.4 Estimation of quantities of Cu, Fe and As from weathered tailings during 

interaction with rainwater 

During a Master’s thesis, the estimation of quantities of toxic elements expected to be released 

from weathered tailings was evaluated by reacting with distilled water to simulate rainwater 

interaction. The concentrations of Fe, Cu and As (mg/L) obtained from the tailings leachates 

were converted into mg/kg based on the 1:10 tailings-water mixing ratio. Next, quantities of 

Cu, Fe, As in 3 g of sample were calculated following Equation 6.2, followed by multiplying 

with total mass of tailings (Table 6.1) to achieve mass-ordered relative risk of potential 

contamination. It is imperative to note that these quantities are mostly from the metal sulphates 

that may be present, even at trace contents, on the surface tailings. In this PhD thesis, a 
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comparison will be made between the quantities obtained from Step 1 fraction (Figure 6.3) and 

the water-dissolution test (Figure 6.4). 

 

 

 

 

According to Figure 6.4, the quantities of Cu, Fe and As expected to be released from tailings 

upon interaction with rainwater are 11 000, 5100 and 51 t, respectively. Interestingly, the 

quantities of Cu released by rainwater (Figure 6.4) is similar to the ones released during Step 

1 of the sequential extraction (Figure 6.3). This proves that the hydrated metal sulphates present 

in tailings poses a higher risk of Cu and As contamination than sulphide minerals.    

 

 

 

 

 

 

Figure 6.4 Quantities of Cu, Fe and As expected to be released from the surface Old Bor 

tailings upon interaction with rainwater 
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7. SUMMARY 

 

The Bor Cu mining region presents a case of acute contamination of the environment by mining 

activities. These potential risks of pollution have been observed in both mine wastes systems 

and river systems (Figure 7.1). 

In mine waste systems, sulphide minerals are usually present at the deeper parts of overburden 

dumps. At these depths, sulphide oxidation is occurring, with the aid of sulphide oxidizing 

microorganisms, to generate solutions of high acidity and elevated concentrations of toxic 

elements. According to the newly developed 5-step modified BCR sequential extraction 

procedure, chalcopyrite will easily dissolve under simulated natural oxidizing conditions, 

causing a higher impact to the environment. On the other hand, covellite and enargite will 

exhibit difficulty in dissolving under simulated natural oxidizing conditions, causing a lower 

impact to the environment. At the surface of the overburden dumps, there are usually sulphate 

minerals, formed by upward capillary migration of pore waters of the weathered materials. 

Since are highly soluble, these metal sulphates dissolve easily by rainwater to release acidic 

and metal loaded solutions. Both solutions formed by sulphide oxidation and sulphate 

dissolution can either accumulate into streams or acid mine lakes or flow into river waters, 

causing contamination.  

In the river system, at upstream and acidic conditions, As was sorbed onto and removed from 

the water column by the suspended HFO through precipitation onto the riverbed sediments, 

consequently enriching the upstream riverbed sediments with contents of As. On the other hand, 

at downstream and neutral conditions, Cu was sorbed onto and removed from the water column 

by the suspended HFO and HAO through the gravitational settlement onto the riverbed 

sediments, consequently enriching the downstream riverbed sediments with contents of Cu. 

The enrichment of Cu at the downstream site was also aided by the artificial dam which 
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decreased the river velocity, thereby promoting the precipitation of the Cu-sorbing HAO/HFO. 

Additionally, the artificial dam has very important environmental significance as it prevents 

the downstream transportation of toxic elements. Based on the BCR sequential extraction 

results, the As-sorbing HFO and the Cu-sorbing HAO/HFO could be dissolved when the 

riverbed sediments are exposed to anoxic conditions, causing the release of Cu and As into the 

environment. Also, the chalcopyrite-like sulphides observed at upstream sediments could be 

easily oxidized to release Cu into the river system. 

 

 

 

On the banks of the acutely contaminated Bor River, there are Fe2+, Fe3+, Cu2+ and Mg2+ 

sulphates that form during the summer period either by evaporation of waters from the Bor 

River or by upward capillary migration of pore waters of the tailings-covered riverbanks. These 

sulphates are temporary storage of toxic elements from river waters. However, since are highly 

soluble, they will release acidity and toxic metal contents upon interaction with water, 

providing further contamination to the river system.  

Figure 7.1 A schematic diagram summarizing environmental risks associated with mining activities 

in the Bor Cu mining region 
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7.1 EFFECTS OF CLIMATE CHANGE ON SUSTAINABLE MINE WASTE 

MANAGEMENT 

 

The projected trends in climate change suggest an increase of land and ocean temperatures; 

drier summer periods and torrents/floods in winter periods. This makes investigations of the 

systematic management of water resources increasingly important. Additionally, the 

understanding of contaminants transport from upstream to downstream in different climates is 

very important. The general expected change in climate in the Bor mining region is increased 

and decreased rainfall in the winter and summer, respectively. This means that in the winter 

season, due to higher rains, floods could occur and thereby transport pollutants from the mining 

sites by the river system, causing further contamination to the downstream areas. There could 

also be a second case of the accidentally release of flotation tailings from the impoundments 

into the Bor river system, causing contamination to sediments and floodplains. Higher rains 

could also suggest higher chances sulphide oxidation from the mine wastes, hence higher 

probability of acid mine drainage and metal release. On the other hand, drier and hotter summer 

periods, means lack of water resource. It also means the precipitation of hydrated metal 

sulphates, hence removal of toxic elements from the watercourses. 

 

7.2 APPLICATION OF THE PhD THESIS 

 

This PhD thesis has global applications in the fields ranging from Water and Soil Resource 

Management, Mine Waste Management, Environmental Geochemistry, Environmental Impact 

Assessment (EIA) as well as Exploration Geochemistry. Since it is generally focused on 

different tools and techniques of assessing and evaluating the risks of contamination from mine 

wastes, it can easily be applied in every study area where there is mining activities and 

influence of waste materials in the environment. 
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For example, there is plethora of mines in Botswana extracting resources such as diamond, 

copper, nickel, gold, coal etc. These mining activities have generated voluminous amounts of 

waste materials such as overburden, tailings, waste rock and slag, similar to these generated in 

the Bor Cu mining region. In spite of this, there are no thorough geochemical investigation on 

these mine wastes to determine their potential as sources of acid mine drainage. Moreover, 

despite the fact that Botswana has shortage of surface water due to lack of rains, there are no 

systemic studies that focus on the quality of water bodies in the vicinity of mining sites to 

determine pollution levels. Therefore, this PhD thesis will provide me with the ability to 

investigate the environmental risks for mine waste generated by the Cu, Ni, Au or coal mines 

in Botswana as well evaluating the river water and groundwater quality.  
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APPENDICES 

 

 

 

 

 

 

 

 

Sample  pH Eh Na K Mg Ca F- NO3
- Cl- SO4

2- aHCO3
- 

ID  - mV mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 

RW1 
 

2.85 655 56 8.7 112.5 356 6.2 0.0 32.5 2830 - 

RW2 
 

7.75 439 94.9 6.7 84.5 554 - 50.7 14.1 1800 134.1 

RW3 
 

8.31 400 5.5 2.7 6.1 95.4 0.01 6.2 4.6 27 243.8 

RW4 
 

3.09 635 58.7 7.4 90 374 3.6 14.8 23.1 2110 - 

RW5 
 

3.68 533 63.6 9.0 74.1 410 3.2 6.6 21.8 1810 - 

RW6 
 

3.14 652 53.1 8.2 80 416 3.1 6.8 25.7 1920 - 

RW7 
 

7.45 42 29.5 4.1 10 76.9 0.02 0.0 19.8 8.2 359.5 

RW8 
 

6.53 416 26.5 4.4 25.1 146.2 0.4 1.4 17.8 380 170.6 

Appendix 1 Physical parameters and concentrations of major cations and anions in filtered 

waters samples collected in August 2019 

https://doi.org/10.1007/s11368-017-1853-7
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 Discharge  pH Eh Na K Mg Ca Cl- SO4
2- HCO3

- 

Unit  (m3/min)  mV mg/L mg/L mg/L mg/L mg/L mg/L mg/L 

LOD 
 

– – – 0.005 0.03 0.002 0.7 0.03 0.03 – 

RW1 
 

35 4.17 697 54.5 8.6 83.4 291 32.3 1510 – 

RW2 
 

33.7 4.49 707 98.2 12.5 79.3 477 41.1 2060 – 

RW3 
 

6.6 8.41 636 8.4 3.5 10.4 76.4 5.5 42.2 249.9 

RW4 
 

43.4 4.45 687 71.1 10.5 78 343 33.1 1590 – 

RW5 
 

55.6 4.66 688 57.8 7.9 71.4 298 29.4 1360 – 

RW6 
 

44.1 4.46 815 54.5 7.7 62.4 276 30.8 1430 – 

RW7 
 

174 7.29 420 20 2.9 12.2 73.9 17.9 46.7 254 

RW8 
 

218 7.22 541 30.1 4.8 25.6 118 20.3 348 100.4 

RW9 
 

218 7.9 647 8.9 2.1 11 94.2 7.9 118 206.9 

RW10 
 

218 8.02 615 7.8 2.2 9.9 95.6 6.6 111 213.2 

Appendix 2 Physical parameters and concentrations of major cations and anions in 

filtered waters samples collected in August 2015 
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 Al Fe Cu Mn Zn Ni Co Cd As Pb Tl 

Unit μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L 

RW1 Unfilt 98,700 341,700 116,300 10,800 14,900 1430 235 841 2694 673 7.8 

Filt 97,700 270,000 109,300 10,600 11,000 1050 184 831 653 399 7.6 

RW2 Unfilt 11,200 9190 3080 6960 156 77.6 138 1.5 3.1 4.38 0.07 

Filt 260 80 73.9 6480 32.3 41.3 101 1.2 1.6 0.04 0.04 

RW3 Unfilt 167 127 4.2 5.6 10.1 4.4 0.27 0.02 1.8 0.17 0 

Filt 140 60 1.6 1.6 0.72 4.4 0.22 0.02 1.7 0.08 0 

RW4 Unfilt 61,300 196,000 68,100 8610 7740 628 143 497 1548 306 4.5 

Filt 59,300 120,300 66,800 8210 7080 628 138 497 129 238 4.5 

RW5 Unfilt 49,700 153,300 52,600 6740 6280 505 110 391 1350 296 3.9 

Filt 46,300 80,000 51,100 6520 5590 488 105 391 38 199 3.9 

RW6 Unfilt 53,700 84,700 55,200 6810 6480 534 118 425 499 385 4 

Filt 52,700 39,700 54,700 6770 6130 531 114 422 16.6 354 4 

RW7 Unfilt 180 100 10.1 22.6 10.3 3.6 0.33 0.22 2.7 0.53 0 

Filt 147 100 1.8 22.2 7.7 3.6 0.33 0.22 2.7 0.27 0 

RW8 Unfilt 873 1170 2560 1300 1038 87.8 19.3 64.5 6.3 5.89 0.69 

Filt 187 140 1550 1240 772 85.6 18.8 61.9 3.6 0.75 0.65 

Appendix 3 Concentrations of metals and arsenic from filtered and unfiltered river water 

samples collected in August 2019 
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Sample ID Al Fe Cu Mn Zn Ni a Co Cd As Pb 

 Unit μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L 

RW1 Unfilt 17,100 79,800 26,300 7770 2500 392 112 21.9 352 54.9 

Filt 16,000 26,400 24,200 6650 3190 420 106 22.2 17.7 20.4 

RW2 Unfilt 32,600 46,100 31,500 7460 714 93.7 213 5.9 60.2 1.2 

Filt 29,200 12,200 30,500 5880 998 107 225 6.4 1.3 0.45 

RW3 Unfilt 46.2 <100 2.6 7.24 2.5 <0.6 0.087 <0.02 2.8 0.17 

Filt <4 <100 <0.4 <0.2 <1 <0.6 0.01 <0.02 1.5 <0.02 

RW4 Unfilt 32,400 32,000 39,900 8190 3160 265 168 18.1 1830 218 

Filt 14,900 19,300 24,200 6020 3014 280 141 15.1 28.6 9.4 

RW5 Unfilt 14,300 48,900 21,000 5040 1680 215 136 13.7 395 62.8 

Filt 10,600 11,200 18,900 5530 1838 234 136 13.5 8.3 8.9 

RW6 Unfilt 12,700 45,400 23,100 5010 1540 223 122 12.7 373 43.1 

Filt 7550 240 17,200 4620 2020 219 119 14.3 2.4 7.8 

RW7 Unfilt 41 <100 4.5 38.3 3.6 <0.6 0.115 <0.02 2.3 0.26 

Filt 53.6 <100 3.8 34.9 10.7 <0.6 0.124 <0.02 2.4 1.2 

RW8 Unfilt 120 670 535 1490 127 37.1 24.6 1.4 7.2 0.47 

Filt 50.4 <100 114 1100 87.5 31.5 19.9 2.5 2.9 0.77 

Appendix 4 Concentrations of metals and arsenic from filtered and unfiltered river water 

samples collected in August 2015 
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  RS1 RS2 RS3 RS4 RS5 RS6 RS7 RS8 RS9 RS10 

Silicate 

minerals 

Quartz + + + + + + + + + + 

Plagioclase  + +  + + + + + + 

Amphibole + + +  + + + + + + 

Clay 

minerals 

Illite  + + + + + + + + + 

Kaolinite +   +      + 

Chlorite  + +  + + + + +  

Pyrophyllite  +  + + +     

Fe-rich 

minerals 

Fayalite +   + + +     

Magnetite +   + + +     

Pyrite + +  + + +  +   

Sulfate 

minerals 

Jarosite         + + 

Alunite         + + 

Gypsum        +   

Carbonate 

minerals 
Calcite   +    + 

+ 
  

Appendix 5 Mineralogical characteristics of the riverbed sediments obtained by X-ray 

diffraction. Data published by Đorđievski et al. (2018) 
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Appendix 6: Upstream-downstream variations in mobility of toxic metals during the 2019 

and 2015 sampling campaigns 
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Appendix 7 Map of the study area showing sample locations of flotation tailings, overburden 

and evaporative salts precipitated from the mine wastes 
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Appendix 9: Bulk XRD patterns of Veliki Krivelj waste rocks 

Appendix 8: Map of the study area showing sample locations of tailings on a floodplain near 

the confluence of Bela River and Timok River (Vrazogrnac village) 
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Appendix 10: Bulk XRD patterns of the evaporative salts from Old Bor and Veliki mine 

waste  
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Appendix 11: SEM-EDS results of the efflorescent salts from Old Bor and Veliki Krivelj 

mine wastes. Back scattered electron (BSE) images on the right with corresponding EDS 

spectra on the left, showing elements present in the salt 
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Appendix 12: Concentrations of dissolved metals and As released into solution during the 2-

hour dissolution of evaporative salts with distilled water (pH 5.6) 

Appendix 13: pH and concentrations of dissolved Fe, Fe2+ and Fe3+ released into solution during 

the 2-hour dissolution of Old Bor and Veliki Krivelj evaporative salts with distilled water (pH 

5.6) 
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Appendix 14: Variations in pH and concentrations of dissolved metals and As released into 

solution during the 6-hour distilled water (pH 5.6) dissolution of flotation tailings (FTs) and 

overburden (OBs) after exposure to simulated weathering conditions 
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Appendix 15: Variations in pH after reacting riverbed sediments with distilled water (a), 

HCO3
- at different concentrations (b), and H2SO4 solution at different pH condition (c) 

Appendix 16: Comparison in contents of toxic metals extracted by BCR Ʃ (Step 1+2+3) vs 

HCl extraction from riverbed sediments  
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Appendix 17: Results from the five-step sequential extraction of waste rocks 
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Appendix 18: Results from the five-step sequential extraction of overburden 
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Appendix 19: Results from the five-step sequential extraction of flotation tailings 
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Appendix 20: Results from the five-step sequential extraction of tailings-covered river 

floodplains  
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Appendix 21: BCR sequential extraction of toxic metals from the mainstream riverbed 

sediments 
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Appendix 22: 5-step modified BCR sequential extraction of toxic metals from the Krivelj 

River shallower floodplain (RS3) sample after exposure to weathering conditions for 5 

weeks 
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Appendix 23: 5-step modified BCR sequential extraction of toxic metals from the Krivelj 

River deeper floodplain (RS4) sample after exposure to weathering conditions for 5 

weeks 


